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Abstract 

MicroRNA s ( miRNA s ) are short RNA s that post-transcriptionally regulate gene e xpression b y binding to specific sites in mRNAs. Site recognition 
is primarily mediated by the seed region ( nucleotides g2–g8 in the miRNA ) , but pairing be y ond the seed ( 3 ′ -pairing ) is important for some 
miRNA:target interactions. Here, we use SHAPE, luciferase reporter assays and transcriptomics analyses to study the combined effect of 3 ′ - 
pairing and secondary str uct ures in mRNAs on repression efficiency. Using the interaction between miR-34a and its SIRT1 binding site as a 
model, w e pro vide str uct ural and functional e vidence that 3 ′ -pairing can compensate f or lo w seed-binding site accessibility, enabling repression 
of sites that would otherwise be ineff ective. W e show that miRNA 3 ′ -pairing regions can productively base-pair with nucleotides far upstream of 
the seed-binding site and that both hairpins and unstr uct ured bulges within the target site are tolerated. We use SHAPE to show that sequences 
that o v ercome inaccessible seed-binding sites by strong 3 ′ -pairing adopt the predicted str uct ures and corroborate the model using luciferase 
assa y s and high-throughput modelling of 8177 3 ′ -UTR targets for six miRNAs. Finally, we demonstrate that PHB2, a target of miR-141, is an 
inaccessible target rescued by efficient 3 ′ -pairing. We propose that these results could refine predictions of effective target sites. 

Gr aphical abstr act 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/20/11162/7306678 by U

ppsala U
niversitetsbibliotek user on 28 N

ovem
ber 2023
Introduction 

MicroRNAs ( miRNAs ) are small non-coding RNAs ( ∼22nt )
that function as posttranscriptional regulators of gene expres-
sion. MiRNAs bind Argonaute ( Ago ) proteins to form an
RNA-induced silencing complex ( RISC ) , with the miRNA act-
ing as a guide that recognizes mRNAs via base-pairing, lead-
ing to decreased expression of the gene product. Gene regu-
lation by miRNAs is prevalent, with more than half of hu-
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ecognition is initiated by binding to the miRNA ‘seed’ region,
omprising nucleotides 2–8 of the guide RNA ( referred to as
2–g8 ) ( Figure 1 A ) . The complementary ‘seed-binding site’ in
he mRNA is the most conserved element of miRNA targets
n animals ( 13 ,14 ) and the basis for widely used site predic-
ion algorithms such as TargetScan ( 15 ) . MiRNAs with iden-
ical seed sequences are grouped into families, whose mem-
ers share a subset of their target genes through common seed
airing ( 16 ,17 ) . Although binding of the seed alone is some-
imes sufficient for effective downregulation ( 18–21 ) , pairing
f miRNA nucleotides outside the seed ( referred to here as the
 

′ -pairing region, starting from the g9 residue ) can contribute
o increased target repression ( 2 ,19 ) and act as a determi-
ant of targeting specificity within miRNA families ( 4 , 6 , 22 ) .
tructural data show that binding of a seed-matched target
o RISC induces a conformational shift in helix 7 of the Ago
rotein, which exposes nucleotides g13–g16 ( known as the
upplementary region ) for potential pairing in a comparable
ay as the seed region in guide-only structures ( 23 ,24 ) . It has

lso been demonstrated that strong 3 

′ -pairing may compen-
ate for mismatches or nucleotide bulges in the seed region,
eferred to as 3 

′ -compensatory pairing ( 19 ,25 ) . These findings
uggest that 3 

′ -pairing can be an important factor for miRNA
arget specificity and efficacy. 

In addition to the sequence complementarity between the
iRNA and target site, the degree of repression can be af-

ected by the formation of secondary structures in the mRNA
aking the seed-binding site of the target inaccessible to the
iRNA ( 26–28 ) . The observed statistical tendency for effec-

ive sites to reside in AU-rich regions ( 2 ) could plausibly be
elated to decreased formation of stable blocking structures,
nd it has recently been proposed that RNA-binding proteins
roadly function to open up mRNA structures, enabling regu-
ation by miRNAs ( 29 ) . However, less is known about the po-
ential interplay between 3 

′ -pairing and secondary structures
n the mRNA, present prior to miRNA binding or formed as
art of the target:miRNA complex, in determining the final
utcome of miRNA-mediated repression. 
A structural model of the guide RNA of the conserved miR-

4a ( 30 ) bound to a validated target site in the transcript of
ilent information regulator 1 ( SIRT1 ) ( 31 ) has recently been
olved by NMR and its dynamics described ( 8 ) . In this struc-
ure, a ground state of a seven-nucleotide seed helix was found
o exist in equilibrium with a transient excited state ( ES ) in
hich the seed helix is extended by a closing G:U base-pair
t the 3 

′ -end ( Figure 1 B, C ) . Simulations showed that the al-
ered seed shifts the bending angle between the seed and 3 

′ -
airing helices, suggesting a model in which RISC undergoes
 transition after binding to the seed, allowing the miR-34a
 

′ -pairing region to pair with complementary residues in the
IRT1 mRNA ( see also ( 32 ) ) . Mutating the site to create a
anonical eight-nucleotide seed helix resulted in base-pairing
nd interhelical bending angles identical to the excited state. 

Here, we study the effect of 3 

′ -pairing on repression of
RNA target sites with a range of different structures, using

he interaction between miR-34a and SIRT1 as a model sys-
em. We use luciferase reporter assays to quantify downregu-
ation, R NA: R NA b inding by S HAPE ( RABS ) ( 33 ) to deter-
ine base-pair formation in target sites in the presence or ab-

ence of miRNA binding, and analysis of deposited transcrip-
omics data to validate hypotheses. Based on measured repres-
ion of sites with different degrees of 3 

′ -pairing and compu-
ational predictions of binding energy, we propose a model
in which pairing beyond the seed has the capacity to compen-
sate for a structurally inaccessible seed. We experimentally test
this model using an artificial and a natural target:miRNA in-
teraction, and provide structural and functional data demon-
strating that 3 

′ -pairing can overcome the energetic penalty im-
posed by low seed-binding site accessibility, enabling repres-
sion of sites which are non-functional when seed pairing alone
is available. 

Materials and methods 

Cell culture 

HEK293T cells ( ATCC ) were cultured in Dulbecco’s modified
essential medium ( DMEM, Gibco ) supplemented with 10%
fetal bovine serum ( FBS, Gibco ) . The cells were tested for my-
coplasma contamination ( Mycoplasmacheck, Eurofins ) , and
were mycoplasma-free. 

Cloning of reporter plasmids 

For dual luciferase reporter assays, we generated plasmids
containing the SIRT1 target site and a number of mutant sites
ranging from 22 to 67 nucleotides in length ( Supplementary
T able S1 ) . T arget sites were cloned into a psiCHECK2 vector
between the XhoI and NotI restriction sites. The plasmid was
cleaved by XhoI ( NEB, #R0146 ) and NotI ( NEB, #R3189 )
in CutSmart buffer ( NEB, #B7204 ) with calf intestinal phos-
phatase ( NEB, #M0290 ) . Cleavage products were separated
on a 1% agarose gel and the linearized plasmid was purified
with QIAquick Gel Extraction Kit ( Qiagen, #28706 ) . Com-
plementary synthetic DNA oligos coding for the target sites,
with restriction site overhangs for XhoI and NotI, were pur-
chased from IDT. Inserts were phosphorylated by incubation
with T4 polynucleotide kinase ( NEB, #M0201 ) in T4 DNA
ligase buffer ( NEB, #B0202 ) at 37ºC for 30 min, and then an-
nealed by heating to 95ºC for 5 min followed by incubation at
room temperature. Annealed inserts were ligated into the vec-
tor with T4 DNA ligase ( NEB, #M0202 ) in T4 DNA ligase
buffer, with 20 min incubation at room temperature. Ligated
vectors were transformed into competent bacteria ( One Shot
TOP10 Esc heric hia coli ; Invitrogen ) and grown overnight on
ampicillin plates. Selected colonies were grown overnight in
LB medium and plasmids were purified using PureLink Plas-
mid Miniprep Kit ( Invitrogen, #K210011 ) or Qiagen Plasmid
Midi Kit ( Qiagen, #12145 ) . Correct insertions were verified
by Sanger sequencing ( LightRun, Eurofins ) . The psiCHECK2
vector was a gift from J. Weidhaas ( Addgene plasmid #78258;
http:// n2t.net/ addgene:78258 ; RRID:Addgene_78258) ( 34 ). 

miRNA oligo preparation for reporter assays 

Synthetic guide and passenger strands for hsa-miR-34a-5p
and hsa-miR-141-3p were purchased from IDT, resuspended
in nuclease-free duplex buffer (30 mM HEPES, pH 7.5; 100
mM potassium acetate) (IDT, #11-01-03-01) and annealed by
heating to 95ºC for 2 min followed by incubation at room
temperature. The nucleotide sequences for each strand are
listed in Supplementary Table S2. Guide strands were ordered
with 5 

′ -phosphorylation. 

Dual luciferase reporter assays 

HEK293T cells were seeded in 24-well plates 24 h prior to
transfection. At 80–90% confluency, cells were either trans-

http://n2t.net/addgene:78258
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Figure 1. The SIRT1 : miR-34a complex as an experimental model. ( A ) Schematic of a target:miRNA interaction, with target site unfolding followed by 
miRNA binding. The seed-binding and 3 ′ -pairing sites are shown in blue and green respectively. Canonical seed-binding sites are shown in the box ( N 

represents an arbitrary nucleotide ) . ( B ) Secondary str uct ure of the wild-type SIR T1 : miR-34a comple x ( left ) and the trapped e x cited st ate ( right ) . Mut ated 
residues in black. ( C ) Seed dynamics of the SIRT1 : miR-34a complex. ( D ) Mean RABS reactivities ( n = 3 ) of nucleotides in a scrambled target site ( top ) 
wild-type SIRT1 ( middle ) and the trapped excited state ( ‘ES’, bottom ) , in unbound form or bound to miR-34a or miR-34a :AGO2, where reactivities below 

0.5 indicate base-pairing. ( E ) Sequences of miR-34a target sites with 8mer, 7mer-m8 and 7mer-A1 seed regions, with or without fully complementary 
3 ′ -pairing. ( F ) MiR-34a regulation of dual luciferase reporters after 24 h with the target sites in ( E ) , transfected into HEK293T cells. Each datapoint 
represents an independent experiment ( n = 3 ) . SCR is a seed-scrambled control. Fold changes are calculated from mean normalized Renilla / Firefly ratios. 
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fected with 0.8 μg plasmid and 0 or 30 nM hsa-miR-34a
duplex, using Lipofectamine 2000 (Invitrogen) in Opti-MEM
(Gibco) according to the manufacturer’s protocol. After 24 h
incubation, cells were washed once with 0.1 ml phosphate-
buffered saline (PBS) and luciferase activity was measured
with the Dual Luciferase Reporter Assay System (Promega,
E1910) according to the manufacturer’s instructions. Mea-
surements were made on a Promega GloMax 96 luminome-
ter with 1 s delay and 10 s integration time. For each sam-
ple, the signal from Renilla luciferase (carrying the miR tar-
get site) was normalized to the signal from Firefly luciferase.
For each plasmid, the Renilla / Firefly (R / F) ratio of the 30
nM miR-34a sample was normalized to the R / F ratio of the
0 nM miR-34a sample. In each experiment, a negative con-
trol plasmid with a scrambled seed region (referred to as SCR)
was included (sequence in Supplementary Table S1). Statistical
analysis was performed with scipy (version 1.10.1; one-way
ANOVA, using the function stats.f_oneway) and statsmodels
(version 0.13.5; Tukey’s Honestly Significant Difference, func-
tion stats.multicomp.pairwise_tukeyhsd). Hierarchical clus- 
tered heatmaps were generated with seaborn (version 0.12.2; 
function clustermap). All reporter assay measurements can be 
found in Supplementary File 1. 

Preparation of miR-34a :AGO2 for RABS assays 

The AGO2 gene was cloned into a pFastBac expression vec- 
tor (Thermo Fisher), with an amino-terminal His-tag followed 

by a TEV cleavage site. The vector was transformed into 

DH10EmBacY cells (Geneva Biotech) to generate a recom- 
binant bacmid, which was confirmed by blue / white screen- 
ing, bacmid isolation and PCR analysis. Sf9 cells were trans- 
fected with recombinant bacmid (P0-AGO2), with amplifi- 
cation through two rounds of additional transfections (P1- 
A GO2 and P2-A GO2). 300 mL P2-A GO2 baculovirus stock 

was filtered and FBS was added to a final concentration of 2%.
AGO2 overexpression was verified by Western blot (Abcam,
anti-6X His-tag AB [ab18184]). 
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Sf9 cells grown in Sf-900 II SFM media (Thermo Fisher)
ere transducted with P2-AGO2 baculovirus stock, followed
y expression of AGO2 for ∼72 h at 27 

◦C in an orbital shaker.
elleted cells were washed with PBS and resuspended in IMAC
uffer A (50 mM Tris–HCl, 300 mM NaCl, 10 mM Imidazole,
 mM TCEP, 5% glycerol v / v), to which 25 × EDTA-free pro-
ease inhibitor cocktail (Merck) was added. Cells were lysed
y three freeze-thaw cycles on dry ice, sonicated for 10 min
30% amplitude, 10 sec ON, 10 sec OFF) and centrifuged
or 1 h at 50 000 RCF and 4 

◦C. The supernatant was passed
hrough a 0.22 μm sterile filter and applied to a HisTrap-Ni
+ columns (Cytiva, HisTrap HP) preequilibrated with IMAC
uffer A. A linear gradient was applied with buffer A and
uffer B (50 mM Tris–HCl, 300 mM NaCl, 300 mM Imida-
ole, 1 mM TCEP, 5% glycerol). Protein-containing fractions
ere pooled and concentrated with a 30 kDa cut-off Amicon

entrifugal filter unit (Sigma Aldrich). Next, AGO2 was in-
ubated with in vitro transcribed miR-34a at 37 

◦C for 4–5 h
o allow loading of guide RNA. The loaded protein solution
as dialyzed (Spectrum, 3000 MWCO). After addition of 200
l TEV, the solution was dialyzed against 2 l IMAC buffer A
vernight at 8 

◦C. Following centrifugation, the supernatant
as loaded onto a HisTrap-Ni 2+ column to remove TEV-
rotease and other impurities. The flowthrough was applied
o a size exclusion chromatography (SEC) column (Cytiva,
iLoad 16 / 600 Superdex 200 pg) preequilibrated with buffer
 (20 mM HEPES, 100 mM KCl, 1 mM TCEP, 5% glycerol).
ll fractions of HisTrap-Ni 2 + columns and SEC were ana-

yzed by SDS-PAGE (Thermo Fisher, NuPAGE 4 to 12%, Bis–
ris, 1.0 mm). The protein concentration was determined by a
radford-based assay (Thermo Fisher, Pierce Detergent Com-
atible Bradford Assay Kit) using BSA as standard. Loading
f guide RNA into AGO2 was assessed by Northern blot ( 35 ).

NA-RNA binding by SHAPE (RABS) 

he design and preparation of RNA scaffolds was carried out
s previously described ( 33 ). mRNA sequences were inserted
nto the target region of the main loop (Supplementary Figure
1A) and DNA templates were produced with primer assem-
ly and the Primerize web server ( 36 ). Phusion High-Fidelity
CR Master Mix with HF buffer (Thermo Fisher) was used
o amplify each DNA template. Then, the RNA scaffolds were
n vitro transcribed (each reaction (Vt = 100 μl): 100 mM
ris–HCl pH 8.0, 10 mM MgCl 2 , 10 mM dithiothreitol, 20
M spermidine, 5 mM GMP, 3 mM NTPs, 0.3 mg / ml T7
olymerase (inhouse produced) ( 37 ), 0.1 mg / ml inorganic py-
ophosphatase (iPPase, inhouse produced) ( 38 ), 3.6 ng / ml of
sDNA template), and purified using RNAClean XP beads
Beckman Coulter). 

RABS probing of the unbound construct, followed by
robing of binding of the second component ( miR-34a or
GO2 loaded with miR-34a ) was monitored by capillary elec-

rophoresis (Supplementary Figure S1B). For RABS probing
nd primer extension we followed the protocol of Cordero
t al. ( 39 ). The RNA scaffolds were folded in Na-HEPES
uffer (pH 8), for 3 min at 95 

◦C, 30 min on ice, followed
y 30 min incubation at room temperature (final concentra-
ion per reaction (V t = 15 μl): 0.08 μM RNA, 67 mM Na-
EPES, 10 mM MgCl 2 ). For each scaffold, 8 reactions were

ncluded: (i) a control reaction with no RNA modifier; (ii) 3
eactions (technical replicates) with RNA modifier (1-methyl-
-nitroisatoic anhydride (1M7) ( 40 )); (iii) 4 reactions with no
RNA modifier, used as Sanger ladders. 1.72 μl of 1M7 (from
100 μM stock) were added per reaction to those containing
RNA modifier. For reactions containing no modifier, the same
volume of ddH 2 O was added to adjust the total volume. To
recover the RNA scaffold, 9.8 μl of Recovery mix (0.25 M
Na-MES (pH 6), 1.5 M NaCl, 0.006 μM 5 

′ -poly-dA-FAM-
labeled primers (IDT), 1.5 μl poly-dT Dynabeads (Thermo
Fisher)) was added per reaction. After 3 washing steps with
70% ethanol (each time 100 μl) and air drying, 2.5 μl of
ddH2O and 2.5 μl of reverse transcription (RT) mix (1 μl
5 × First strand buffer (Thermo Fisher), 0.01 M DTT, 1.6 mM
dNTPs, 0.1 μl SuperScript III Reverse Transcriptase (Thermo
Fisher)) were added to all reactions but the sequencing lad-
der. For the Sanger sequencing ladder reactions, separate RT
mixes were prepared, using a 1:6 ratio of dNTPs:ddNTP. For
the RT step, all samples were incubated at 50 

◦C for 30 min.
Next, for RNA hydrolysis, 5 μl of NaOH (0.4 M) was added,
then samples were incubated at 90 

◦C for 3 min, and cooled on
ice for another 3 min. To neutralize the pH, 5 μl of Acid mix
(1 volume of 1.25 M NaCl, 1 volume of 0.5 M HCl, 2 vol-
umes of 1 M NaOAc) was added per reaction. To purify the
cDNA, samples were washed 3 times with 70% ethanol (each
time 100 μl) followed by 1 h of airdrying at room tempera-
ture. The cDNA was eluted from Dynabeads by adding 11 μl
of Formamide-ROX mix (1000 μl Hi-Di Formamide (Thermo
Fisher), 8 μl of 350 ROX size standard (Thermo Fisher)) per
reaction and incubating at room temperature for 15 min. Fi-
nally, the samples for capillary electrophoresis were prepared
in two different dilutions—‘saturated samples’ (1:2 dilution
of the eluted cDNA with Formamide-ROX mix) and ‘diluted
samples’ (1:15 dilution of the eluted cDNA with Formamide-
ROX mix). 

RABS experiments were performed for miR-34a or hu-
man Argonaut protein 2 (AGO2) loaded with miR-34a
(AGO2: miR-34a ). The second component (i.e. miR-34a or
AGO2: miR-34a ) was added after re-folding of the mRNA tar-
get scaffold (after the first ice incubation step). For experi-
ments with miR-34a only, a 1:2 RNA scaffold: miR-34a ra-
tio was used. For experiments with AGO2: miR-34a, a 1:1
RNA scaffold:AGO2: miR-34a ratio was used. After 1M7-
modification, described above, 45 μl of proteinase K (PK) mix
(20 ug proteinase K PCR grade (Sigma Aldrich), 50 mM Tris-
Cl pH 7.5, 75 mM NaCl, 6.25 mM EDTA, 1% SDS (w / v)) was
added per reaction and the samples were incubated at 65 

◦C
for 1 h to digest the AGO2 protein. After inactivating pro-
teinase K (120 μl of 70% ethanol, followed by 5 min incuba-
tion on ice), 19.6 μl of Recovery mix was added. per reaction.

Capillary electrophoresis profiles were analyzed using the
HiTRACE pipeline ( 41 ). Reactivity values of the nucleotides
in the main loop were normalized to the averaged reactivity
values of the buffer nucleotides, the nucleotides before and af-
ter the target sequence in the main loop (Supplementary Figure
S1A). The reactivity was limited to 0–1 ( 42 ), which addresses
the question of base-pairing while eliminating negative reac-
tivity due to averaging artifacts and large positive values, rep-
resenting different levels of dynamics, which are not relevant
in this context. In line with previous work ( 43 ), we use a reac-
tivity value of 0.5 as a cutoff for probable base-pairing, with
nucleotides above this value considered likely to be unpaired.
This was previously verified for the wild-type SIRT1 : miR-34a
complex by NMR ( 8 ). Raw and processed RABS data can be
found in Supplementary File 2. 
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Secondary structure predictions of luciferase 

constructs 

Modules from the ViennaRNA package ( 44 ) were used for
prediction of the secondary structures of miRNA-target com-
plexes. The energy of binding between miR-34a and a target
site was predicted with the RNAcofold module. The impact
of mRNA unfolding on interactions with miR-34a was pre-
dicted with the RNAup module, using the full-length mRNA
sequence of Renilla luciferase from the psiCHECK2 plasmid,
including the 3 

′ -UTR containing the miRNA binding site. For
both RNAcofold and RNAup predictions, pairing to specific
regions of the miRNA was disallowed by means of a con-
straint on the prediction (using the –constraint argument).
For all RNAup runs, pairing to the seed (residues g1–g7) was
enforced to avoid off-target predictions. Correlation coeffi-
cients between predicted binding energies and luciferase re-
porter data were computed with the scipy Python library (ver-
sion 1.10.1; using the function scipy.stats.linregress). Illustra-
tions of secondary structures were drawn with StructureEdi-
tor from the RNAstructure package ( 45 ). Predicted structures
and energies are provided in Supplementary File 3. Analysis
code is provided in Supplementary File 4. 

Analysis of deposited transcriptomics data 

The analysis was performed on a microarray dataset mea-
suring the transcriptomic response to transfections of seven
miRNAs in HCT116 cells at 24 h ( 46 ). Log 2 fold changes
were downloaded from Agarwal et al. (Supplementary File
2 from ( 15 )). One miRNA ( miR-200b ) was excluded from
the analysis as the TargetScan database does not list it
as a confidently annotated miRNA. Target site predic-
tions, miRNA sequences and UTR sequences were down-
loaded from TargetScan ( https:// www.targetscan.org/ cgi-bin/
targetscan/data _ download.vert80.cgi ). Modules from the Vi-
ennaRNA package were used for structure predictions. For
each miRNA, genes with a single 8mer or 7mer seed-binding
site were analyzed. For prediction of 3 

′ -pairing, we searched
for perfect matches to at least four continuous residues in the
g12–g17 region of the miRNA, with a maximum offset of
four nucleotides. For each site, the unfolding energy of eight
nucleotides spanning the seed-binding site ( �G unfolding ) was
predicted with RNAup. To save computational time, the pre-
dictions were limited to a sequence window with 150 nu-
cleotides flanking the seed in both directions (upstream and
downstream). This likely covers most secondary mRNA struc-
tures affecting the miRNA binding site (see ( 47 ) on opti-
mizing accessibility predictions for siRNA design). The seed-
binding energy ( �G binding ) was predicted for each seed type
of the miRNAs with RNAeval. Target genes were binned ac-
cording to the overall strength of the predicted seed interac-
tion ( �G unfolding + �G binding ). Statistical analyses were per-
formed with scipy (version 1.10.1; one-way ANOVA, function
stats.f_oneway and Wilcoxon’s test, function stats.ranksums).
Analysis code is provided in Supplementary File 4. 

Prediction of inaccessible seed-binding sites for 
experimental validation 

Target site predictions, miRNA sequences and UTR
sequences were downloaded from the TargetScan
database ( https:// www.targetscan.org/ cgi-bin/ targetscan/
data _ download.vert80.cgi ). Modules from the ViennaRNA
package were used for structure predictions. For 8mer and
7mer sites for miRNAs labelled as broadly conserved in the 
database, we predicted pairing between the miRNA 3 

′ -end 

(residue g9 and beyond) and 24 nucleotides immediately 
upstream of the seed with the RNAsubopt module and 

retained minimum free energy (MFE) structures meeting 
a set of criteria (full pairing to g13–g16, no mismatches,
no GU wobble pairs, at most four bulged nucleotides on 

the target side). For sites with 3 

′ -pairing, we predicted lo- 
cally stable structures in the 3 

′ -UTR with the RNALfold 

module, allowing a maximum base-pair span of 100 nu- 
cleotides. Unique target site folds were extracted from the 
ensemble of structures. For these, we calculated the number 
of bases in the seed paired downstream, the MFE of the 
fold (using the RNAeval module) and the frequency of the 
fold in the full ensemble of structures spanning the target 
site predicted by RNALfold. Analysis code is provided in 

Supplementary File 4. 

Results 

Secondary structure of the SIRT1 : miR-34a complex 

Interactions between miRNAs and their target sites are ini- 
tiated by binding to the seed region ( 48 ,49 ), comprising nu- 
cleotides 2–8 of the guide RNA (referred to as g2-g8, num- 
bered from the 5 

′ end). The formation of the target:miRNA 

complex may require unfolding of existing mRNA secondary 
structure to expose the seed-binding site for interaction with 

the miRNA (Figure 1 A, top structure). Sometimes seed- 
binding is followed by pairing to the remainder of the miRNA,
referred to as the 3 

′ -pairing region (starting at residue g9), if 
complementary target residues are available upstream of the 
seed-binding site (Figure 1 A, lower structure). When present,
residues predicted to bind the miRNA 3 

′ -pairing region will 
be referred to as the 3 

′ -pairing site. For the sake of consistency 
between target sites of different length, we will number target 
nucleotides from the 3 

′ end, starting with t1, by the guide nu- 
cleotide they are predicted to align with in the target:miRNA 

complex. Most regulation by miRNAs is thought to be medi- 
ated by the so-called canonical seed-binding sites, which fea- 
ture full g2-g7 complementarity ( 2 ,12 ). They are commonly 
divided into 6mer (g2–g7 match), 7mer-A1 (g2–g7 match with 

an adenosine opposite g1), 7mer-m8 (g2–g8 match) and 8mer 
(g2–g8 match with an adenosine opposite g1) sites, in increas- 
ing order of average efficiency (Figure 1 A). 

As a model system to investigate the impact of different 
structural elements on miRNA-mediated regulation, we chose 
the SIRT1 : miR-34a target:miRNA complex, which consists of 
a 7mer-A1 seed and a strong 3 

′ -pairing helix separated by a 
four-nucleotide bulge in the target (Figure 1 B, left structure).
An NMR structural model ((8); described in the Introduction) 
showed the existence of a transient excited state (‘ES’, Figure 
1 C) which can be stabilized by mutation to create a canon- 
ical 8mer seed (Figure 1 B, right structure). In the model, the 
seed and 3 

′ -pairing helices of the SIRT1 : miR-34a complex are 
separated by a four-nucleotide bulge, whose position shifts by 
one nucleotide depending on the dynamics of the seed. 

We probed the secondary structure of the SIRT1 : miR-34a 
complex with RABS ( 33 ). The degree of 1M7 reactivity of the 
nucleotides inversely reflects binding to the target RNA and 

was determined for a scaffold carrying the SIRT1 sequence 
alone, and in the presence of guide RNA ( miR-34a ) or RISC 

(AGO2 loaded with miR-34a ) (Supplementary Figure S1A, B).

https://www.targetscan.org/cgi-bin/targetscan/data_download.vert80.cgi
https://www.targetscan.org/cgi-bin/targetscan/data_download.vert80.cgi
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n a scrambled seed site, containing a mutated seed-binding
ite but retaining potential pairing to the miR-34a 3 

′ -pairing
egion, there was no reactivity change in the seed-binding site
n the presence of miR-34a guide RNA or miR-34a :AGO2
Figure 1 D, ‘Scrambled control’, see also ( 33 )). The guide RNA
as base-paired outside the seed-binding site, whereas the
iR-34a :AGO2 complex showed little overall difference com-
ared to the unbound target. 
In the wild-type SIRT1 sequence, the reactivity pattern
atched the NMR model, with an overall decrease in reac-

ivity across the seed and 3 

′ -pairing sites, but no reduction in
he bulge, in the presence of miR-34a or miR-34a :AGO2 com-
ared to the unbound state (Figure 1 D, ‘WT’). The same pat-
ern was observed for the 8mer seed mutant corresponding to
he excited state (Figure 1 D, ‘Trapped ES’; cf. ( 8 )). In the 7mer-
1 seed, the Ug7:At7 closing base pair appears less stable than

he other seed pairs, which is also in line with prior NMR data.
onsistently low reactivities for repeated cytidine residues,

ven in the unbound condition, complicated analyses involv-
ng these sequences, which is a previously described artefact
f this assay ( 33 ). Overall, the well-characterized structural
roperties of this target:miRNA complex makes it a suitable
ystem for exploring the impact of 3 

′ -pairing on target repres-
ion. 

To determine the baseline repression efficiency of differ-
ntial seed types alone for miR-34a targeting, we cloned
equences with 8mer, 7mer-m8 and 7mer-A1 seeds and ei-
her complete or no Watson–Crick (WC) base-pairing to the
iR-34a 3 

′ -pairing region (g9–g22) (Figure 1 E, referred to
s all-WC and no-WC respectively) into dual luciferase re-
orter plasmids. The plasmids were co-transfected with miR-
4a duplex in HEK293T cells to determine the repression of
ach target site after 24 h, in three independent experiments.
he 8mer and 7mer-m8 seeds were similarly downregulated

0.47 ± 0.05 and 0.52 ± 0.03), to a greater degree than the
mer-A1 target (0.62 ± 0.024) (Figure 1 F, statistical analysis
n Supplementary Figure S2A). For each seed type, complete
iRNA 3 

′ -pairing increased repression by around three-fold
ompared to the corresponding seed without 3 

′ -pairing, main-
aining differences between the seed types. Nonetheless, all
ypes of 7mer and 8mer seed pairing were sufficient for sub-
tantial downregulation relative to the luciferase baseline even
n the absence of 3 

′ -pairing (Figure 1 F). 

he supplementary and tail regions substantially 

mpact repression efficiency 

o understand how structural features of target:miRNA com-
lexes interact to determine site efficiency, we first sought to
arry out a comprehensive investigation into the impact of dif-
erent parts of the miR-34a 3 

′ -pairing region, in the context
f different types of seed-binding sites (7mer-A1 or 8mer) and
n the presence or absence of a four nucleotide bulge bridg-
ng the seed and 3 

′ -pairing helices. We divided the 3 

′ -pairing
ite into the central (t9–t12), supplementary (t13–t16) and tail
t17–t22) domains ( 3 ) and generated luciferase reporter plas-
ids carrying target sites in which each of the three domains
ere mutated to disrupt pairing to the corresponding residues

n miR-34a (Figure 2 A). These mutations will be referred to as
C (central), �S (supplementary) and �T (tail) respectively.
he 3 

′ -pairing helix of the SIRT1: miR-34a complex contains
wo mismatches: a GU wobble at position 11 and a CU mis-
atch at position 19. We included sites with the mismatched
nucleotides (referred to as WT) or full complementarity (all-
WC). Figure 2 B shows the predicted effect of the �C, �S and
�T mutations on the binding of SIRT1 to the miR-34a guide
RNA. 

In the luciferase reporter assay, wild-type SIRT1 , with a
7mer-A1 seed-binding site and a four-nucleotide bulge, was
moderately affected by disruptions in any of the three domains
of 3 

′ -pairing (Figure 2 C, upper left panel; statistical analysis in
Supplementary Figure S2B). The �C, �S and �T mutants all
repressed at roughly the same level as the 7mer-A1 seed-only
site (Figure 2 C, upper left panel, compare blue data points
to dotted line indicating seed-only repression). The �S and
�T mutants of the 7mer-A1 all-WC site also achieved down-
regulation comparable to the seed-binding site alone, though
substantially less than the all-WC site with intact S / C / T do-
mains and the �C mutant (Figure 2 C, upper left panel, orange
data points). For bulged sites with the stronger 8mer seed-
binding site, there was markedly little difference between the
all-WC and WT variants (Figure 2 C, upper right panel). No-
tably, in the presence of a bulge the all-WC �S variants were
less downregulated than the corresponding WT sites, which
was the only observed case of theoretically more favourable
pairing resulting in a small decrease in efficiency. 

Removing the bulge reduced the difference between the WT
and all-WC 3 

′ -pairing variants for 7mer-A1 sites (Figure 2 C,
lower left panel). The efficiency of the WT site increased with-
out the bulge, and like the all-WC variants it became less sen-
sitive to the �C mutation, while �S and �T regions remained
consequential. Targets with an 8mer seed-binding site showed
a broadly similar pattern of downregulation with and without
the bulge (Figure 2 C, upper and lower right panels), regard-
less of base-pairing differences between the WT and all-WC
variants. Interestingly, in the absence of a bulge between the
seed and 3 

′ -pairing helices the �S mutants were less downreg-
ulated than their respective seed-only targets (Figure 2 C, lower
panels, compare to dotted lines), demonstrating that the differ-
ences observed in the reporter assay cannot be fully explained
by base-pairing potential alone. 

Overall, pairing to the central region (g9–g12) was dis-
pensable for most variants, whereas the supplementary re-
gion (g13–g16) was universally consequential. The tail region
(g17–g22) generally had a strong impact, with the �T mu-
tation sometimes obviating the positive effect of 3 

′ -pairing
on downregulation. The relative importance of the three 3 

′ -
pairing regions was largely the same regardless of the seed type
and the presence of a bulge, the most notable exception being
that the �S and �T mutants were sometimes indistinguishable
(Figure 2 D). Beyond the 3 

′ -pairing region disruptions, the dif-
ferences between the sites appear to be driven primarily by
seed type, and at least for 8mer seeds secondarily by the pres-
ence or absence of a bulge between the seed and 3 

′ -pairing
regions (Figure 2 D). 

Full 3 

′ -pairing distant from the seed increases 

repression 

After investigating the roles of 3 

′ -pairing regions in site ef-
ficiency, we next sought to determine the impact of struc-
tures contained within the target:miRNA binding complex.
The SIRT1 : miR-34a complex contains a four-nucleotide bulge
between t7 and t8 (or t8 and t9 in the excited state), separating
the seed and 3 

′ -pairing helices. We decided to investigate the
impact of this bulge on the outcome of the SIRT1 : miR-34a in-
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Figure 2. The supplementary and tail regions substantially impact repression efficiency. (A) Sequences of SIRT1 and perfectly complementary target 
sites with disrupted pairing to the central ( �C), supplementary ( �S) or tail ( �T) regions. (B) Predicted secondary str uct ures of miR-34a (white) in 
complex with SIRT1 target sites with wild-type, �C, �S and �T 3 ′ -end binding sites, with disruptions in black. (C) MiR-34a regulation of dual luciferase 
reporters after 24 h with the target sites in (A) , with indicated mutations, transfected into HEK293T cells. Each datapoint represents an independent 
experiment ( n = 3). Lines indicating seed-only pairing, for the corresponding seed type, are based on Figure 1 F. SCR is a seed-scrambled control. (D) 

Clustered heatmap of the mean normalized Renilla / Firefly ratio of each site in (C) . 
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teraction, by progressively lengthening the bulge through the
addition of uracil nucleotides (Figure 3 A, B). 

We first wanted to determine how the structure of the
SIRT1 : miR-34a complex is affected by the length of the bulge.
To this end, we performed RABS on scaffolds containing sites
with bulges from zero to fourteen nucleotides (Figure 3 C). For
all the SIRT1 mutants, the presence of RISC or guide RNA re-
sulted in base-pairing in both the seed and 3 

′ -paring sites rel-
ative to the respective unbound target sites. By contrast, the
base-pairing propensity in the predicted bulges remained the
same or even decreased, suggesting that the nucleotides in the
bulges are unstructured. This indicates that even the fourteen-
nucleotide bulge can be accommodated by RISC without alter-
ing the overall structure of the target:miRNA complex. In the
longer bulges (+12 and + 14, but also + 0) we observe pairing
in the bulge and / or 3 

′ -pairing site in the absence of a ligand,
suggesting binding within the site or to adjacent regions in the
scaffold. 

Having shown the capacity for binding of the miR-34a 3 

′ -
pairing region to residues distant from the seed-binding site,
we next investigated the effect of the different bulge lengths 
on downregulation efficiency. We therefore cloned the SIRT1 

bulge mutants (with the mismatched WT 3 

′ -pairing site) into 

a luciferase reporter plasmid, as well as a corresponding set 
of targets with fully complementary (all-WC) 3 

′ -pairing sites 
(Figure 3 A). There was a clear difference in repression me- 
diated by the WT versus all-WC 3 

′ -pairing regions for tar- 
get sites containing bulges ranging from zero to fourteen nu- 
cleotides (Figure 3 D). With bulge lengths between zero and ten 

nucleotides, full 3 

′ -complementarity resulted in a roughly two- 
fold increase in downregulation relative to the mismatched 3 

′ - 
pairing site (Figure 3 D). 

For targets with mismatched WT 3 

′ -pairing sites, increas- 
ing the bulge length from four to six nucleotides was suf- 
ficient to decrease downregulation to a similar level as the 
7mer-A1 seed-binding site by itself (Figure 3 D, compare to 

dotted lines indicating seed-only repression). Target repression 

remained at comparable levels with the addition of further 
uracil residues, with no clear trend towards higher or lower 
efficiency. The WT 8nt bulge mutant was notably inconsistent 
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Figure 3. MiR-34a 3 ′ -pairing distant from the seed increases site efficiency. (A) Sequences of SIRT1 and perfectly complementary target sites with 
varying bulge lengths from 0 to 14 nucleotides. (B) Predicted secondary str uct ures of miR-34a (white) in complex with SIRT1 target sites with 0, 4 and 
14 nucleotide bulges. (C) Mean RABS reactivities ( n = 3) of nucleotides in SIRT1 with 0–14 nucleotide bulges, in unbound form (top) or bound to 
miR-34a (middle) or miR-34a :AGO2 (bottom), where reactivities below 0.5 indicate base-pairing. (D) MiR-34a regulation of dual luciferase reporters after 
24 h with the target sites in (A), with indicated mutations, transfected into HEK293T cells. (E) Sequences of target sites with a 14-nucleotide hairpin 
separating the seed and 3 ′ -pairing regions, with either full or abrogated supplementary ( �S) 3 ′ -pairing. (F) MiR-34a regulation of dual luciferase reporters 
after 24 h with the target sites in (E), with indicated mutations, transfected into HEK293T cells. In (D) and (F), each datapoint represents an independent 
experiment ( n = 3). Lines indicating seed-only pairing are based on Figure 1 F. SCR is a seed-scrambled control. 
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etween replicates, but since its RABS reactivity profile was

imilar to the other targets (Figure 3 C) we attribute this to
xperimental variability rather than a functional difference. 

In contrast to the WT sites, all-WC 3 

′ -pairing increased
ownregulation compared to a seed-only target even with
ourteen unpaired nucleotides between t7 and t8. For both

T and all-WC 3 

′ -pairing sites, shortening or fully removing
he bulge improved efficiency. In summary, our data provides
tructural confirmation that RISC can bind targets contain-
ng long unstructured bulges and shows that even at a large
istance from the seed-binding site individual mismatches in
the central (g9-g12) and tail (g17 and beyond) regions of a
miRNA can affect the outcome of an interaction with a target
site. 

Sites containing hairpin structures can be 

efficiently repressed 

Because long-distance target sites containing unstructured
bulges can be downregulated by miRNA, though with de-
creasing efficiency as the bulge gets longer (Figure 3 D), we
next asked if miRNAs are also capable of downregulating sites
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containing stable secondary structures, such as hairpins. To in-
vestigate this, we cloned luciferase reporter plasmids carrying
target sites in which an 8mer or 7mer-A1 seed-binding site and
a fully complementary (all-WC) 3 

′ -pairing site were separated
by a fourteen-nucleotide hairpin with a C(UUCG)G tetraloop
(Figure 3 E), which is a highly stable loop motif ( 50 ). 

We found that these hairpin-containing sites were strongly
downregulated by miR-34a in the presence of all-WC 3 

′ -
pairing (Figure 3 F), with the 7mer-A1 site being some-
what more efficient than the equivalent site with a fourteen-
nucleotide unstructured bulge (cf. Figure 3 D, +14 all WC site).
However, disruption of supplementary (t13–t16) pairing ( �S)
led to severe decreases in downregulation, with both the 8mer
and 7mer-A1 targets mediating considerably less repression
than their respective seed-only sites (Figure 3 F). These results
indicate that mRNA hairpins can be accommodated inside the
target:RISC complex without a strong adverse impact on site
efficiency, raising the possibility that sequences complemen-
tary to a miRNA 3 

′ -pairing region that are far upstream of the
nearest seed-binding site may be brought within the range of
functional interaction by the formation of bridging structures.
The ability of miRNAs to bind hairpin-containing sites has
previously been established by an interaction between miR-
122 and hepatitis C viral RNA ( 51–53 ) where the binding ap-
pears to protect the viral RNA from 5 

′ exonuclease activity.
Here, we show that the presence of a hairpin within a miRNA
target site does not in principle prevent strong downregula-
tion. Indeed, for the 8mer site with full 3 

′ -pairing, there is
no difference between a four-nucleotide bulge and a fourteen-
nucleotide hairpin (cf. Figure 2 C, upper right, and Figure 3 F).

Target site accessibility modulates repression 

dependent on 3 

′ -pairing strength 

Our investigation into the relative impact of different 3 

′ -
pairing regions of miR-34a showed that removing the possi-
bility of pairing to the supplementary (g13–g16) and in some
cases tail (g17–g22) region typically resulted in downregula-
tion comparable to that mediated by seed binding alone (Fig-
ure 2 C, �S and �T mutants). Notably, some targets with dis-
rupted pairing to these regions were less efficient than their
respective seed-only targets (Figure 2 C, lower panels), suggest-
ing that even in the artificial context of a reporter construct,
differences in repression cannot be attributed to base-pairing
alone. As the sequence differences between these sites are con-
siderable, with mutations altering four ( �C, �S) or six ( �T)
nucleotides in the 3 

′ -pairing site, we hypothesized that the dis-
crepancies could be attributed to changes in the structural ac-
cessibility of the site within the luciferase mRNA constructs. 

To better understand the patterns of downregulation of tar-
gets in which we disrupted pairing to different 3 

′ -pairing re-
gions in miR-34a (Figure 2 A), we performed thermodynamic
RNA secondary structure predictions using the ViennaRNA
package ( 44 ). All target sites in Figure 2 A were included in
the simulations, as well as the 8mer and 7mer-A1 seed-only
sites (Figure 1 E, F). We considered two binding models: (i)
a one-step hybridization between the single-stranded target
RNA and miRNA (single-stranded model), and (ii) a two-step
process in which the Renilla luciferase mRNA must first un-
fold to expose the target site, which adds an energetic penalty
depending on the target sequence (unfolding model). We con-
sidered pairing to the full miR-34a sequence (Figure 4 A, B,
upper panels) as well as pairing to the seed only (g1–g8) (Fig-
ure 4 A, B, lower panels), to test the relevance of 3 

′ -pairing.
In both the single-stranded and unfolding models, we found a 
weak correlation between the predicted binding energy of the 
entire target:miRNA complex and the downregulation in the 
luciferase reporter assay ( R 

2 = 0.29 and R 

2 = 0.34 respec- 
tively) (Figure 4 A, B, upper panels, solid lines). 

We next explored the possibility that the binding energy 
might be a better predictor of downregulation for some groups 
of mutants than for others. To this end, we separately analyzed 

correlation for sites with strong potential 3 

′ -pairing (no muta- 
tion and �C) and sites with weaker potential 3 

′ -pairing ( �S,
�T and seed-only). We found that the correlation between 

predicted binding energy and downregulation was higher for 
the former group (no mutation and �C; Figure 4 A, B, blue and 

purple dots, dashed lines) than for the latter ( �S, �T and seed- 
only; Figure 4 A, B, red, orange and black dots, dotted lines) 
when we considered pairing to the entire miR-34a sequence,
whereas the opposite was true for the seed-only predictions 
(Figure 4 A, B, cf. upper and lower panels). Notably, when we 
considered binding to the seed alone in the two-step model 
(Figure 4 B, lower panel), the correlation between predicted 

binding energy and luciferase downregulation was strong for 
sites with weak 3 

′ -pairing ( R 

2 = 0.81), but minimal for sites 
with strong 3 

′ -pairing ( R 

2 = 0.078). In particular, in the un- 
folding model the two �S mutants which mediated the least 
repression had lower predicted seed interaction energy (calcu- 
lated as the sum of the mRNA unfolding and miRNA binding 
energies) than the 8mer and 7mer-A1 seed-only targets. 

Thus, the repression of sites with strong 3 

′ -pairing corre- 
lated best with a model taking into account the mRNA unfold- 
ing energy and binding to the full miRNA, while repression of 
sites with weak 3 

′ -pairing correlated best with a model tak- 
ing into account unfolding and binding of the seed-binding 
site alone. This suggests that sites with weak 3 

′ -pairing are 
particularly sensitive to the structural accessibility of the seed- 
binding site in the mRNA, while sites with strong 3 

′ -pairing 
are efficiently repressed regardless of seed accessibility. We rec- 
ognize that the predicted energies in the unfolding model vary 
with the choice of UTR termination site (Supplementary Fig- 
ure S3A), which is likely to be variable in reality ( 54 ), but the 
conclusions are unaffected (Supplementary Figure S3B). 

Based on these simulations, we propose a model in which 

one potential function of 3 

′ -pairing is to stabilize a tar- 
get:miRNA interaction in a way that can compensate for less- 
than-ideal initial binding conditions, such as a weak or struc- 
turally inaccessible seed-binding site (Figure 4 C). Accordingly,
if a site has limited potential for 3 

′ -pairing the ability to estab- 
lish an interaction with the seed in the first place becomes a 
stronger relative determinant of the final outcome. 

3 

′ -pairing can rescue sites with low seed 

accessibility 

To experimentally test our proposed rescue model (Figure 4 C),
we designed two artificial miR-34a target sites, one with and 

one without potential 3 

′ -pairing, in which the seed-binding 
site can pair to a complementary downstream sequence and 

form a stable hairpin (Figure 4 D, structures 1 and 2). We 
probed these constructs with RABS to determine the com- 
bined impact of low seed accessibility and 3 

′ -pairing on the in- 
teraction with miR-34a . In the unbound condition, both con- 
structs with an inaccessible seed-binding site, with or with- 
out potential 3 

′ -pairing, displayed low reactivities in the seed- 
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Figure 4. MiRNA 3 ′ -pairing can rescue sites with low seed accessibilit y. (A) Correlation bet ween t arget: miR-34a interaction energy in a one-step binding 
model (predicted with RNA cof old) and do wnregulation in luciferase reporter assa y s (Luciferase data were taken from Figure 2 C and Figure 1 F (seed-only 
sites), and is shown as the mean ± standard deviation). (B) Correlation between target: miR-34a interaction energy in an unfolding / binding two-step 
model (predicted with RNAup) and downregulation in luciferase reporter assays. Constraints were imposed on the str uct ure predictions as indicated in 
each plot. (Luciferase data same as abo v e). (C) Proposed model for the capacity of strong 3 ′ -pairing to compensate for suboptimal seed-binding 
conditions. (D) Predicted secondary str uct ures of artificial miR-34a target sites with inaccessible seed and 3 ′ -pairing sites as indicated. (E) Mean RABS 
reactivities ( n = 3) of nucleotides in str uct ures 1, 2 and 3 in (D), as indicated, in unbound form or bound to miR-34a or miR-34a :AGO2, where reactivities 
below 0.5 indicate base-pairing. (F) MiR-34a regulation of dual luciferase reporters after 24 h with the target sites in (D), with indicated mutations, 
transfected into HEK293T cells. 
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binding site and the complementary hairpin stem, but high
reactivities everywhere else (Figure 4 E). This suggests that the
hairpin forms as predicted while the remaining nucleotides are
accessible for pairing, with no additional interfering structure.

In the absence of available 3 

′ -pairing, there were no changes
in reactivity anywhere in the sequence upon addition of miR-
34a or miR-34a :AGO2 (Figure 4 E, upper panel). Although we
cannot directly distinguish between intra- and intermolecular
pairing in this assay, we note that there was no increased re-
activity in the hairpin stem, which would be expected if the
seed-binding site was instead bound to the miRNA (thus re-
leasing the hairpin stem to be modified by the 1M7 reagent).
This indicates that the target hairpin structure predominates,
preventing substantial interaction with the miRNA. By con-
trast, with full 3 

′ -complementarity available upstream of the
seed-binding site there was both substantial 3 

′ -pairing and in-
creased reactivity in the hairpin stem in the presence of miR-
34a or miR-34a :AGO2 (Figure 4 E, middle panel), which sug-
gests that under these conditions RISC is able to compete with
the pre-existing target structure. 

Although the reactivity also increased in the seed-binding
site compared to the unbound form, it is important to con-
sider that the measured reactivities reflect an equilibrium of
multiple target:RISC interactions, and the overall reactivity
changes in the stems suggest that the strong hairpin in the un-
bound condition has been destabilized. Considering the com-
paratively small differences in reactivity observed in the 3 

′ -
pairing site of the seed-scrambled control (Figure 1 D, upper
panel), it is unlikely that RISC would interact so strongly with
the 3 

′ -pairing site without any seed interaction. 
Next, we wanted to investigate the case of an accessible

seed-binding site and inaccessible potential 3 

′ -pairing. To this
end, we designed another construct in which the 3 

′ -pairing site
can bind to a complementary upstream sequence and form a
hairpin, while the seed-binding site is unpaired (Figure 4 D,
structure 3). The RABS reactivity profile for this site in the
absence of ligands was consistent with the predicted struc-
ture, with low reactivity in the hairpin stem regions compared
to the loop and seed nucleotides (Figure 4 E, lower panel).
When RISC was added, we observed lower reactivities in the
seed-binding site, indicating pairing to the miRNA. Reactiv-
ity changes in the 3 

′ -pairing site were much smaller, indicating
that the pre-existing structure prevents intermolecular pairing,
although a small increase in reactivity in the hairpin stem rel-
ative to the 3 

′ -pairing site suggests competition with pairing
to the miRNA. 

In order to test the impact of seed accessibility versus 3 

′ -
pairing on target repression, we generated luciferase plasmids
carrying the sequences described above. For comparison, we
also included matching target sites where the blocking stem
sequence was removed, rendering the seed accessible for inter-
action (Figure 4 D, structures 4 and 5). The site with an inac-
cessible seed and no potential 3 

′ -pairing (structure 1) was not
downregulated at all compared to a seed-scrambled control,
consistent with the apparent lack of target:RISC interaction
in the RABS experiment (Figure 4 F, statistical analysis in Sup-
plementary Figure S2C). An inaccessible seed with 3 

′ -pairing
(structure 2) resulted in comparable downregulation to an ac-
cessible seed with inaccessible 3 

′ -pairing (structure 3) and an
accessible seed without 3 

′ -pairing (structure 4), with no sta-
tistically significant differences between any of the three sites.
As expected, an accessible seed with 3 

′ -pairing (structure 5)
was most strongly repressed. These results suggest that pair-
ing beyond the seed can compensate for low seed accessibility,
although not to the point of fully cancelling out the deleterious 
influence of a stable secondary mRNA structure. 

Transcriptome-wide analysis demonstrates that 
sites with efficient 3 

′ -pairing are less sensitive to 

low seed accessibility 

After confirming the capacity of 3 

′ -pairing to overcome an 

inaccessible seed-binding site and confer repression in a de- 
signed experimental system, we sought to examine how seed- 
binding site unfolding and miRNA binding energies pre- 
dict downregulation across the transcriptome for sites with 

and without 3 

′ -pairing (Figure 5 A). We downloaded microar- 
ray datasets measuring responses to transfection of six miR- 
NAs (Figure 5 B) in HCT116 cells at 24 h ( 15 ,46 ). For each 

gene:miRNA combination, we examined target site predic- 
tions from the TargetScan database ( 15 ), focusing our anal- 
yses on genes with one 8mer or 7mer seed-binding site for the 
relevant miRNA. We checked each site for the presence of po- 
tential 3 

′ -pairing (defined as at least four continuous Watson- 
Crick base-pairs to the g12–g17 region, with a maximum off- 
set of four nucleotides on either the miRNA or the target side).
For each target, we also predicted the unfolding energy of 
eight nucleotides spanning the seed-binding site ( �G unfolding ) 
with RNAup. The unfolding energy was summed with the pre- 
dicted seed-binding energy ( �G binding , calculated for each seed 

type of the miRNAs using the RNAeval module) to obtain the 
interaction energy for the seed. 

When target sites were divided into bins by quartile of 
seed interaction energy ( �G unfolding + �G binding ), we found 

a steady decrease in mean downregulation (shown as a log 2 
fold change) with weaker predicted interaction (Figure 5 C),
as a proxy for the accessibility of the seed-binding site. In- 
triguingly, only two of the six miRNAs showed a statistically 
significant increase in downregulation with the presence of 3 

′ - 
pairing (Figure 5 D), indicating that the importance of pairing 
to the supplementary region may vary between miRNAs (see 
also ( 55 )). 

When all six miRNAs were grouped, sites with and with- 
out 3 

′ -pairing were similarly affected by the seed interaction 

energy (Figure 5 E, left panel, orange and blue bars). The same 
was true for the four miRNAs for which predicted 3 

′ -pairing 
had no significant impact (Figure 5 E, middle panel). However,
for the remaining two miRNAs which displayed improved 

downregulation with functional 3´-pairing (Figure 5 D), we 
saw diverging trends for sites with and without potential 3 

′ - 
pairing (Figure 5 E, right panel). The mean repression of sites 
without 3 

′ -pairing showed a steady downward trend with de- 
creasing seed accessibility, whereas for sites with 3 

′ -pairing we 
observed a break in the trend, with an increase in mean re- 
pression in the quartile of lowest seed-binding site accessibility 
(weakest seed interaction). Although the small number of sites 
with 3 

′ -pairing adds uncertainty to the analysis, these findings 
are consistent with strong 3 

′ -pairing decreasing the sensitivity 
of target site repression to seed-binding site accessibility. 

3 

′ -pairing rescues an inaccessible seed in a 

naturally occurring target site 

After validating the model using artificial target sites, we 
looked for human biological target sites with relevant struc- 
tural properties (Figure 5 F). To this end, we downloaded 

predicted binding sites from the TargetScan database ( 15 ) 
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Figure 5. Validation of the 3 ′ -pairing rescue model in biological target sites. (A) Pipeline for the analysis of interplay between seed accessibility and 
3 ′ -pairing at the transcriptomic le v el. (B) Sequences of miRNAs in the dataset. (C) Mean log 2 fold change in each quartile of seed interaction strength 
( �G unfolding + �G binding ) for all miRNAs. (D) Effect of predicted 3 ′ -pairing on downregulation for each miRNA. Plots show the mean log 2 fold change with 
95% confidence intervals. (E) Mean log 2 fold change in each quartile of seed interaction strength ( �G unfolding + �G binding ) for sites with (orange bars) and 
without (blue bars) predicted 3 ′ -pairing, for indicated groups of miRNAs. Error bars in (C–E) indicate 95% confidence intervals. Statistical significance 
was tested by a one-way ANO V A (C) or Wilcoxon’s ranksums test (D-E). (F) Pipeline for the discovery of targets with inaccessible seed-binding sites for 
e xperimental v alidation. (G) P redicted secondary str uct ures of wild-t ype and mut ant variants of the miR-141 t arget site in PHB2 . (H) MiR-141 regulation 
of dual luciferase reporters after 24 h with the target sites in (G) , with indicated mutations, transfected into HEK293T cells. Each datapoint represents an 
independent experiment ( n = 3). 
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for miRNAs from broadly conserved seed families. For tar-
get:miRNA complexes with substantial 3 

′ -pairing (at mini-
mum, full canonical WC pairing to g13–g16, with at most
a four-nucleotide bulge on the target side), we predicted an
ensemble of locally stable secondary structures in the 3 

′ -
UTR using RNALfold ( 44 ). We searched for target site folds
with a predicted minimum free energy (MFE) lower than –
10 kcal / mol, in which at least five bases in the seed-binding
site were paired downstream, and where this fold was present
in at least 75% of all structures spanning the target site. We
found 1136 (2.6%) target:miRNA pairs with a predicted UTR
fold meeting these criteria out of 43 922 pairs with 3 

′ -pairing,
although these numbers vary greatly depending on the pre-
cise definition of 3 

′ -pairing and selection criteria for target site
folds chosen. 

From these candidates, we selected the interaction between
miR-141 and its binding site in prohibitin 2 ( PHB2 ). This site,
which consists of an 8mer seed-binding site and full 3 

′ -pairing
complementarity, has the potential to be completely blocked
by a hairpin structure in its native transcript (Figure 5 G, struc-
ture 1). This structure is highly stable, with a predicted MFE
of –28.0 kcal / mol, and no competing 3 

′ -UTR folds spanning
the miR-141 target site were present in the ensemble. Impor-
tantly, the fold maintained its predicted structure in response
to mutations in the target sequence. 

To test the potential influence of this structure on miR-141 -
mediated downregulation, we cloned luciferase plasmids car-
rying the full-length hairpin (Figure 5 G, structure 1), as well as
variants in which only the seed-binding site was inaccessible
(Figure 5 G, structure 3) or the entire target site was accessible
(Figure 5 G, structure 5). For each variant, we also mutated
part of the 3 

′ -pairing site (t12-t15) to disrupt the interaction
with miR-141 (Figure 5 G, structures 2, 4 and 6). When nec-
essary, corresponding mutations were introduced in the hair-
pin stem to preserve the overall structure. We found that the
wild-type target site within the full hairpin was moderately
downregulated by miR-141 (Figure 5 H, structure 1, statisti-
cal analysis in Supplementary Figure S2D). However, when 3 

′ -
pairing was disrupted (structure 2), the level of repression was
similar to the seed-scrambled control. Making the 3 

′ -pairing
site accessible by removing part of the hairpin substantially
increased downregulation (structure 3), but again disrupting
pairing beyond the seed (structure 4) led to a complete loss of
functionality, indicating that in both cases where the miRNA
has to compete with a prior mRNA structure to initiate seed
binding, the additional pairing is required for observable re-
pression. When the seed-binding site was accessible (struc-
ture 5), mutating the t12–t15 residues decreased downregu-
lation (structure 6) but the site remained viable, comparable
to the SIRT1 �S (t13–t16) mutants (cf. Figure 2 C, lower right
panel). 

Discussion 

The functional role of pairing beyond the seed in miRNA tar-
get selection referred to as 3 

′ -pairing, remains an important
question. Here, we used the SIRT1 : miR-34a complex, which
has previously been studied by NMR ( 8 ), as a model system
for studying the interaction between seed pairing, 3 

′ -pairing
and target site accessibility in determining the degree of repres-
sion mediated by a miRNA target site. Using RABS ( 33 ) for
determination of secondary structure in vitro and luciferase
reporter assays to measure downregulation in cells, we found
that for sites with weak 3 

′ -pairing, repression correlates well 
with the combined predicted �G of seed unfolding and sub- 
sequent binding to the miRNA (Figure 4 B, lower panel, dot- 
ted line), whereas sites with stronger 3 

′ -pairing were less sen- 
sitive to seed-site accessibility. We further demonstrate that 
hairpin structures blocking a miRNA binding site can reduce 
target:miRNA interactions to non-functional levels when only 
seed pairing is available, but that 3 

′ -pairing can overcome this 
hindrance and enable significant downregulation. Analysis of 
transcriptomic-wide response to miRNA overexpression sup- 
ported a degree of differential sensitivity to seed accessibility 
for target sites with and without effective 3 

′ -pairing. Our re- 
sults thus suggest that 3 

′ -pairing can play an important role in 

compensating for suboptimal initial seed-binding conditions. 

The supplementary and tail regions of miR-34a 

both enhance target repression 

With regards to the different sub-regions of 3 

′ -pairing, our 
findings are broadly compatible with prior data emphasizing 
the supplementary region (comprising, at minimum, residues 
g13 to g16), while also showing substantial contribution from 

the tail region (g17–g22). Conversely, pairing to the central 
g9–g12 region had low impact on repression, consistent with 

a recently published crystal structure of a target:RISC com- 
plex in which the miRNA binds to the seed and supplemen- 
tary regions of the target but not to the central residues, even 

though they are complementary ( 24 ). We note that miR-34a 
has G residues at positions 17–18, which means that if full 
3 

′ -end pairing is available, this region would be expected to 

make a significant energetic contribution towards stabiliz- 
ing the target:miRNA helix. This would be in line with re- 
cent studies showing that the binding preferences of different 
miRNAs vary depending on their 3 

′ -end sequence ( 10 ,56 ). Im- 
portantly, our data suggests that even in a reporter assay con- 
text, target:miRNA base-pairing differences alone are not suf- 
ficient to explain variations in outcome. 

Choice of Ago paralog for RABS experiments 

This work aimed to determine the function of 3 

′ -pairing in 

mediating repression, with an emphasis not only on sequence 
and binding strength, but also on structure. We therefore pre- 
dicted the structure adopted by target:miRNA complexes us- 
ing ViennaRNA modules, and validated these using RABS to 

confirm that repression efficiency, assessed in luciferase assays,
reflected our predicted pairing and structure. RABS was per- 
formed with miR-34a , or miR-34a loaded into AGO2. In hu- 
man cells, other Ago paralogs are present that could influ- 
ence target repression ( 57 ). Ago paralogs largely load simi- 
lar populations of miRNAs, but do exhibit some differential 
miR loading ( 58 ) as well as paralog-specific repressive func- 
tions ( 57 ). AGO2 has long been thought of as the only para- 
log with slicing activity ( 59 ,60 ) but AGO3 can also mediate 
slicing, in a guide RNA-specific manner ( 61 ). Therefore, the 
dual luciferase reporter results do not purely reflect the target 
recognition by AGO2 in the cell. However, inducible knock- 
downs of individual Ago proteins in HEK293T cells indicate 
that AGO2 has a larger effect on miRNA-mediated regula- 
tion in this cell line than the other paralogs ( 62 ). Thus, we be- 
lieve that the structures inferred from RABS experiments with 

miR-34a :AGO2 can be meaningfully related to the observed 

repression of the reporter proteins. 
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Figure 6. Possible mechanisms of 3 ′ -pairing rescue. In Model 1, the 
3 ′ -pairing site assists the formation of a transient encounter complex, 
which is then stabilized by seed pairing displacing the mRNA self-pairing 
via a toehold mechanism. In Model 2, the mRNA unfolds independently 
of the miRNA, but the unf a v ourability of this reaction is compensated for 
b y slo w er dissociation of the miRNA from its target due to increased 
st abilit y from 3 ′ -pairing, relative to a target with seed-only pairing. 
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echanistic implications for miRNA binding 

ased on structural and functional data from RABS and re-
orter assays, we propose a model in which the negative ef-
ect on site efficiency of secondary structures in an mRNA
estricting the formation of target:miRNA interactions can be
artially offset by 3 

′ -pairing, enabling downregulation of the
ene product (Figure 4 C). This potential compensatory role
f 3 

′ -pairing could be seen as a parallel to the so-called 3 

′ -
ompensatory target sites ( 19 ,25 ), in which mismatches or
ingle-nucleotide bulges inside the seed helix are tolerated due
o pairing beyond the seed. Although our data do not provide
nsight into the step-by-step kinetics of the binding process,
t least two models could plausibly explain our observations
Figure 6 ). 

One possibility is that RISC directly causes unwinding
f the helix blocking the seed-binding site. In this scenario,
n extensive 3 

′ -pairing site may transiently interact with the
iRNA, forming an unstable encounter complex. This could

llow time for seed pairing to form via the replacement
f mRNA self-pairing by mRNA:miRNA pairing (Figure 6 ,
Model 1’). Speculatively, this could involve a strand displace-
ent mechanism, where an invading RNA strand (here the
iRNA guide) pairs to a single-stranded region (called a toe-
old) that was previously paired to an incumbent strand (here
nother part of the mRNA), potentially leading to full dis-
lacement of the incumbent strand by the invading strand
( 63 ). This mechanism allows for competitive binding even if
the energetic barrier to spontaneous dissociation of the incum-
bent strand is high, as fraying of single base-pairs can be suf-
ficient to form the toehold. Note that such a mechanism does
not require RISC to possess any helicase activity. 

Another possibility is that the mRNA must independently
unfold to expose the seed-binding site prior to miRNA bind-
ing, but that the presence of substantial 3 

′ -pairing limits sub-
sequent miRNA dissociation and thus compensates for the de-
creased number of initial target:miRNA interactions when the
seed is less accessible (Figure 6 , ‘Model 2’). In a physiologi-
cal context, the structure of a 3 

′ -UTR is likely variable due
to ribosome movement ( 28 ), interactions with RNA-binding
proteins ( 29 ) and competition with alternative internal struc-
tures. Consequently, even a strong blocking structure is un-
likely to fully prevent the formation of target:miRNA inter-
actions, but in some cases seed pairing alone may be insuffi-
cient to overcome the energetic penalty imposed by the neces-
sity for preliminary target site unfolding, requiring increased
target:miRNA affinity through more extensive base-pairing.
Notably, we observed moderate repression of the wild-type
PHB2 : miR-141 complex (Figure 5 G, H), in which both the
seed- and 3 

′ -pairing sites are fully bound to downstream
residues. In this case, some degree of spontaneous mRNA un-
folding is required for any interaction with the miRNA to oc-
cur, assuming the sequence folds as predicted in vivo . 

In a situation where the seed is freely accessible to bind but
potential 3 

′ -pairing is blocked, our results indicate that the 3 

′ -
pairing does not contribute to increased repression relative to
the seed by itself (Figure 4 F). This is either because the for-
mation of a target:miRNA seed interaction does not by itself
lead to the unfolding of adjacent secondary structures, or al-
ternatively because the hairpin interferes with the diffusion
of RISC along the mRNA ( 48 ,49 ) and thus limits the initial
seed-binding step. However, as RISC moves along the mRNA
from the 3 

′ end, a structured element immediately upstream
of the seed would be expected to interfere less than a down-
stream one. Indeed, the repression of sites with an internal
hairpin shows that structures in the vicinity of the seed are
not necessarily strongly detrimental to the formation of a tar-
get:miRNA complex (Figure 3 E, F). 

Concluding remarks 

In summary, our data demonstrates that one potential func-
tion of miRNA pairing beyond the seed is to compensate for
a structurally inaccessible seed-binding site, with strong 3 

′ -
pairing having the capacity to overcome a maximally inacces-
sible seed-binding site and substantially downregulate a target
site that would otherwise be non-functional. Our results fur-
ther suggest that it may sometimes be useful to consider the
structural accessibility of different regions of a miRNA tar-
get site separately, as a seed-bound miRNA may not be able
to compete for 3 

′ -pairing with mRNA structures further up-
stream. We propose that such considerations can be useful for
prediction of effective miRNA target sites as well as design of
siRNAs. 

Data availability 

Raw data from structural probing, luciferase reporter assays,
secondary structure predictions and analysis code are included
as supplementary files. 
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Supplementary data 

Supplementary Data are available at NAR Online. 
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