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Introduction

Primary microRNA (pri-miRNA) mimics have been shown to 
mediate effective gene silencing,1–3 while providing several 
advantages over conventional short hairpin RNAs (shRNAs) 
and avoiding pathway saturation4 and cellular toxicity.5 Pri-
miRNA mimics derived from endogenous miRNA precursors 
and expressed from a polymerase II promoter6–8 can provide 
controlled, tissue-specific expression of exogenous guide 
RNAs, suitable for sustained posttranscriptional gene silenc-
ing. About 4,500 human miRNA precursors are available on 
the online miRNA repository,9,10 but mimic design has thus far 
relied on only several precursors.11–18 In particular, the model 
miR-30 backbone1,2 has been widely used in therapeutic 
applications against a number of diseases and pathogens, 
including the hepatitis B virus14 and human immunodefi-
ciency virus,8,16,19 and is included in ongoing clinical trials 
against various cancers.20,21 The potential of thousands of 
other pri-miRNAs as scaffolds in mimic design has not yet 
been explored.

Pri-miRNA mimics, like endogenous pri-miRNAs, are pro-
cessed in the miRNA biogenesis pathway.22 Pri-miRNAs fold 
into a characteristic hairpin structure, with a terminal loop, 
imperfect duplex stem region of ~33 bp and unstructured 
flanking sequences.23 Pri-miRNA processing is typically 
modular in nature, where cleavage by the Drosha-DGCR8 
microprocessor24–26 is reliant on both elements of the second-
ary RNA structure and pri-miRNA sequence, but to different 
extents for different pri-miRNAs.27–29 In productive processing, 

Drosha recognizes the basal ssRNA-dsRNA junction and 
basal UG motif, cleaving as a molecular “ruler” at ~11 bp 
from the basal junction; and a DGCR8 dimer recognizes the 
stem, apical ssRNA-dsRNA junction, and loop UGU motif to 
facilitate processing fidelity.28,30 Noncanonical features within 
the stem also contribute to cleavage site selection,31,32 while 
structural distortions in proximity to cleavage sites may facili-
tate efficient cleavage.33,34 In addition, methylation motifs in 
the proximity of miRNA genes promote processing.35 The 
precursor miRNA (pre-miRNA) produced by Drosha-DGCR8 
cleavage is subsequently cleaved by the RNase III enzyme 
Dicer,36–39 to produce a staggered 5p/3p miRNA duplex with 
3′ dinucleotide overhangs. One strand of the duplex is incor-
porated into the RNA-induced silencing complex40 where it 
acts as a mature ~22 nt miRNA and directs posttranscrip-
tional gene silencing.

Optimal properties of the pri-miRNA secondary RNA 
structure have been described that enable efficient recog-
nition and processing. These include a large terminal loop 
(≥10 nt),41 moderate basal stem (≥8 bp) with an optimal 
length of ~11 bp,27 and at least 40 nt of flanking sequence 
on either side of the pre-miRNA, that lack a strong second-
ary structure.23,42,43 These structural properties should be 
implemented in the design of effective pri-miRNA mimics. 
However, a number of pri-miRNA structures are expected to 
contain slightly shorter or longer basal stems, which are not 
necessarily maintained when mimics are generated from an 
expression construct. In particular, interactions between the 
hairpin and incorporated flanking sequences may potentially 
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support or disrupt the formation of a conventional basal stem 
and hairpin.

Here, we investigated the function and processing of miR-
NAs from expressed pri-miRNAs with various basal stem con-
formations (9–13 bp), where the canonical hairpin was either 
well or poorly maintained in the predicted secondary RNA 
structure of the expressed pri-miRNA sequence. The suitabil-
ity of such pri-miRNAs as scaffolds was assessed through 
the design and characterization of corresponding pri-miRNA 
mimics. In their design, we have shown that minor variations 
in the basal stem length of pri-miRNA mimics were tolerated, 
while established stability features of the guide region were 
important and should be considered in mimic design. Several 
novel pri-miRNA scaffolds were characterized and are ideal 
for applications requiring exogenous guide sequences.

Results
Predicted secondary RNA structure of pri-miRNAs with 
various basal stem conformations
MicroRNA precursors with various basal stem conformations 
were selected from the online miRNA repository,9,10 which 
lists experimentally identified miRNAs and associated stem-
loop structures, and five example precursors for human miR-
NAs were investigated further: miR-520b, miR-23a, miR-934, 
miR-34a, and miR-513a-2. To assess pri-miRNA folding con-
formations, predicted secondary RNA structures were gener-
ated for each naturally occurring pri-miRNA with 15–50 nt of 
sequence flanking the anticipated Drosha-DGCR8 cleavage 
site, using the mfold web server44 with default parameters 
(Supplementary Figures S1 and S2). Predicted second-
ary RNA structures were also generated for RNA sequences 
derived from the expression vector, to assess folding of the 
expressed pri-miRNA. Canonical hairpins were present in 
the most stable pri-miRNA structures generated with 15–20 
nt of flanking sequence (Figure 1a). These hairpins were 
defined as structures with a terminal loop, an upper stem 
harboring the miRNA, a basal stem (8–13 bp), and at least 
4 nt of unstructured residues flanking the expected Drosha-
DGCR8 site on one side.27 Stem regions were counted to 
include Watson-Crick pairs and G–U wobble pairs, while the 
potential contribution of single symmetrical mismatches was 
also considered. The basal stem region of pri-miR-520b, for 
example, was slightly shorter (7 bp), but two non-Watson-
Crick pairs can also stack within the stem and contribute to 
its length (~9 bp). Interestingly, canonical hairpin structures 
were not necessarily maintained in predicted pri-miRNA con-
formations generated with 30–50 nt of sequence flanking the 
cleavage site or with full flanks of the expressed pri-miRNA 
(Figure 1a,b). Canonical hairpins were commonly generated 
for pri-miR-23a and pri-miR-934 structures with extended 
flanking sequences but were not generated at all for cor-
responding pri-miR-520b structures, where predicted inter-
actions with the flanking sequences produced a truncated 
hairpin. Predicted structures for pri-miR-34a typically had an 
extended ~16–19 bp basal stem or a canonical ~9 bp basal 
stem lacking adjacent unstructured residues. In addition, pre-
dicted structures encompassing a canonical hairpin were not 
always the most stable (*), as noticed for pri-miR-34a and 
pri-miR-513a-2.

Functionality of endogenous pri-miRNAs with various 
basal stem conformations
Predicted secondary RNA structures are not a perfect 
indication of dynamic RNA conformations in the cell. How-
ever, in predicted structures of the expressed pri-miRNAs 
that included the extended flanking sequences, the ratio 
of canonical to noncanonical structures with similar levels 
of stability was lower for specific pri-miRNAs (Figure 1b). 
Therefore, in addition to variation of the basal stem length, 
the basal stem may be further disrupted in the expressed 
pri-miRNA sequence. Expressed pri-miRNAs with addi-
tional, noncanonical hairpin conformations could conceiv-
ably show reduced miRNA-mediated silencing, making 
these structures less suitable as mimic scaffolds. We there-
fore proceeded to functionally characterize selected 
pri-miRNAs.

The processing and silencing capabilities of the selected 
pri-miRNAs were investigated in cell culture through north-
ern blot analyses and luciferase reporter assays. A shRNA 
designed to express each major guide sequence was 
included for each corresponding pri-miRNA as a positive 
control for guide production and function. Mature ~22 nt 
guides were detected for exogenously expressed pri-miRNAs 
with a range of basal stem lengths (9–13 bp) and efficient 
silencing (63–91 %) of corresponding targets was observed 
 (Figure 2a). Pre-miRNAs (55–65 nt) were also detected, thus 
supporting cleavage at the anticipated processing sites. The 
most effective target silencing was observed for pri-miR-934, 
while target silencing of over 80% was observed for both pri-
miR-34a and pri-miR-513a-2. Complementary strands of the 
miRNA duplex were detected for each pri-miRNA, but effec-
tive target silencing was only observed for miR-34a-3p (68%) 
and miR-513a-2-5p (92%) (Figure 2b), implying that these  
minor miRNAs can also be effectively loaded into RNA-
induced silencing complex. Larger (75–120 nt) RNA products 
were also detected across all samples in several blots and 
were presumed to be endogenous background RNAs that 
bind nonspecifically to the probe. Reporter gene suppression 
was specific to individual guide–target interactions, as no 
silencing was observed in the absence of a target sequence 
(Supplementary Figure S3). Similar assay results were also 
obtained in the Huh-7 cell line (Supplementary Figure S4). 
These data suggest that minor variation in the basal stem 
length and additional, noncanonical folding of the basal stem 
were not restrictive in conventional pri-miRNA processing. 
Functional miRNAs were effectively derived from pri-miR-
NAs where the canonical hairpin was present in almost all 
(pri-miR-934), most (pri-miR-23a), or none (pri-miR-520b) 
of the predicted structures including the extended flanking 
sequence of the expressed pri-miRNA. However, as canoni-
cal hairpins were present in predicted structures generated 
with 15–20 nt of flanking sequence for all pri-miRNAs, these 
data also suggest that structures including the local flank-
ing sequence were more useful in assessing the processive 
form.

Nonstructural determinants are also expected to contribute 
to the observed pri-miRNA function. Pri-miRNA sequences 
were analyzed for the presence of recently described 
sequence motifs, including the basal UG and CNNC motifs, 
the loop GUG motif, the mismatched GHG stem motif, and 
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nearby METTL3 motifs27,29,35 (Figure 3a). Several potential 
motifs were identified for each pri-miRNA sequence and are 
expected to contribute to the observed function in a modu-
lar manner specific to each pri-miRNA. The contribution of 
individual pri-miRNA sequence motifs was not assessed, as 
these motifs were initially well characterized.27,29 However, it 
is interesting to note that pri-miR-520b potentially has all four 
pri-miRNA sequence motifs (Figure 3b) which are expected 
to compensate for the suboptimal basal stem length and 
permit conventional Drosha-DGCR8 processing.29 Simi-
larly, pri-miR-23a has all four potential pri-miRNA sequence 
motifs, which may permit processing in the context of vari-
ous basal stem conformations (Supplementary  Figure 
S1); while pri-miR-934 only has two potential pri-miRNA 
sequence motifs, but a well-maintained conventional basal 

stem. Pri-miRNA sequences were also analyzed for the pres-
ence of the 5′-GGAC-3′ METTL3 motif35 in the  context of both 
the expressed and genomic sequences  (Figure 3c). Motifs 
occurring within 100 nt of the pre-miRNA in the genomic 
context were typically preserved in the cloned pri-miRNA 
sequence, with the exception of pri-miR-34a and pri-miR-
513a-2 where a single motif was omitted. However, this was 
unlikely to have a major impact on function, as one or two 
original motifs were still retained in pri-miR-34a and pri-miR-
513a-2 sequences, which were processed to give effective 
target silencing (>80%). In addition, an extra motif was pres-
ent in the expressed pri-miRNA sequence of all five pri-miR-
NAs. In principle, these data suggest that effective miRNAs 
can be embedded and processed from within exogenously 
expressed pri-miRNAs with various basal stem lengths and 

Figure 1 Predicted secondary RNA structures of selected pri-miRNAs. (a) (Left) Structures were generated with the local flanking 
sequence (15 nt) and are representative of the conventional hairpins predicted for each pri-miRNA. (Right) Structures were also generated 
with extended regions of the flanking sequence (30 nt) and show the additional alternative structures predicted for some pri-miRNAs. The 
anticipated (miRBase) major (red) or minor (blue) 5p or 3p miRNA guide sequences, and total free energy of the predicted structure (mfold 
ver. 3.5) are indicated. (b) The proportion of predicted secondary RNA structures with a canonical pri-miRNA hairpin generated using local 
(20 nt) or extended flanking sequences of the expressed pri-miRNA.
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motif combinations, while potentially disruptive interactions 
predicted to occur between the basal stem and flanking 
sequences appear to be of little consequence.

Design and functionality of pri-miRNA mimics
Since each characterized natural pri-miRNA appeared suit-
able for use as a scaffold into which functional exogenous 
miRNA/siRNA sequences can be embedded, we proceeded 
to determine the efficacy of corresponding pri-miRNA mim-
ics. Pri-miRNA mimics were designed by replacing the 
endogenous miRNA guide sequences with one of four pre-
viously characterized therapeutic siRNA guides45–47 target-
ing the expression of tat, int, gag, or long terminal repeat 
(LTR) regions of the human immunodeficiency virus genome 
 (Figure 4a). The original miRNA sequence was replaced 

with 20–22 nt of a therapeutic guide, depending on the 
length of the original miRNA. Resulting minor variations in 
the  3′-terminal 1–3 nt of the miRNA were not expected to 
drastically influence the function of mimics within each guide 
sequence set, where there was a minimum of 20 nt of com-
mon 5′ guide sequence, including the seed region,48 and a 
minimum of 19 complementary guide–target interactions.

The predicted secondary structure (mfold)44 of pri-miRNA 
mimics was kept as close as possible to that of the endog-
enous pri-miRNAs, as structural features, like internal bulges, 
may be crucial to maintain productive processing23,31,32,49 
(Supplementary Figure S5). Alterations to the complemen-
tary strand of the guide region were used to maintain these 
structural features. To assess potential changes in the pri-
miRNA conformation, the predicted secondary RNA structure 

Figure 2 Processing and silencing efficacy of expressed pri-miRNAs. (a) (Upper panel) Major guide sequences were detected through 
northern blot analyses, following transfection of HEK293 cells with the corresponding pri-miRNA or shRNA (positive control) expression 
vectors. A mock expression vector (pCI/pTZ Mock) and nonspecific pri-miRNA expression vector (pri-non) were included as negative controls. 
Guide signal intensities were quantified relative to U6 signal intensity and are shown as a ratio of pri-miRNA-derived guide to shRNA-derived 
guide. (Lower panel) Target gene silencing by derived guides was measured by the mean ratio of Renilla luciferase: Firefly luciferase (hRluc: 
hFluc) (n = 3, ± SD). Values were normalized with respect to the relevant mock sample. Sample means differed significantly (one-way analysis 
of variance (ANOVA), ***P < 0.0001). (b) The processing and function of minor miRNA sequences was similarly assessed through northern 
blot analyses (upper panel) and target gene silencing (lower panel). Included shRNAs were only designed to express the major miRNA guide. 
ns: no significant difference between sample means (one-way ANOVA, P > 0.05); 934-3p: P = 0.0003.
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of each mimic was again examined with both the local and 
extended sequence flanking the anticipated Drosha-DGCR8 
site (Supplementary Figure S6). Although structural predic-
tion results differed slightly for some pri-miRNA mimics, such 
as pri-miR-520-tat (local sequence) and pri-miR-23, -934 
and 34a derivatives (extended sequence) (Supplementary 
 Figure S7), the ratio of canonical to noncanonical forms was 
typically similar to that of the original pri-miRNA.

The processing and silencing efficacy of guides derived 
from pri-miRNA mimics was again assessed by northern 
blot analyses and luciferase reporter assays (Figure 4b–e). 
ShRNAs expressing each guide sequence, sh-tat,50 sh-int,51 
sh-gag,52 and sh-LTR,52 were included as positive controls. 
In contrast to the original pri-miRNAs, functional miRNAs 
were not effectively derived from all pri-miRNA mimics. Exog-
enous ~22 nt guides with effective target silencing were 
detected more frequently for certain pri-miRNA scaffolds. 
Target silencing of ~80% or more was observed for two mim-
ics based on both the pri-miR-34a and 513a-2 scaffolds, but 
for only one mimic based on each of the pri-miR-520b, 23a, 
and 934 scaffolds. As a group, mimics based on the pri-mR-
34a scaffold had the highest average target silencing, while 
mimics based on the pri-miR-520b scaffold had the lowest 
average target silencing. Effective therapeutic guides were 

also detected more frequently for certain mimic sets. Target 
silencing of ~80% or more was observed for four of the LTR 
mimics, but none of the tat mimics. As a group, the LTR mimic 
set was generally the most successful with the greatest aver-
age decrease in target silencing, followed by the gag, int, 
and tat mimic sets, respectively. This ranking was reflected in 
target silencing by the set of pri-miR-520b mimics (pri-miR-
520-tat: 0%, int: 12%, gag: 45%, ltr: 79%). Luciferase assay 
results were specific to individual guide–target interactions 
and no significant difference was observed between sample 
means (Supplementary Figure S8a). Guide sequences 
were detected for pri-mir-34-tat and pri-mir-513-tat despite 
poor target silencing. However, recalculating target silencing 
values relative to each respective endogenous pri-miRNA 
only produced slightly improved values for the tat mimic set 
(Supplementary Figure 8b,c). Minor variations in mimic 
design did not significantly affect target silencing results. 
While the exact number of complementary guide–target inter-
actions was expected to vary, no correlation was observed 
between the total (19–22 bp) or consecutive (18–22 bp) 
 number of guide–target interactions and target silencing 
(Figure 4f). Noncomplementary 5′ guide–target interactions 
of gag and LTR mimics (1–2 nt) may be expected to slightly 
reduce target silencing but occurred uniformly within each set 

Figure 3 Potential pri-miRNA sequence motifs. (a) Schematic illustration of a typical pri-miRNA showing the location of potential sequence 
motifs. Primary sequence motifs27 may occur in the 5p arm preceding (−) the Drosha-DGCR8 cleavage site (arrows), the 3p arm after (+) the 
Drosha-DGCR8 cleavage site or the terminal loop within the pre-miRNA (P) sequence. A mismatched GHG-type motif29 may also be present 
at position 7–9 of the 3p basal stem. Methyltransferase-like 3 (METTL3) recognition motifs35 may occur at nonspecific locations of the pri-
miRNA sequence outside of the pre-miRNA. (b) Potential basal, stem, or loop motifs. (c) Potential METTL3 recognition motifs in the natural or 
expressed pri-miRNA sequence or within 100 or 500 nt of sequence flanking either side of the expected pre-miRNA in the genomic context.
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of mimics and were also expected for the respective shRNA 
controls. Pre-miRNAs (55–65 nt) were also detected for sev-
eral mimics, again supporting cleavage at the anticipated 
Drosha-DGCR8 sites. Together, these results indicated that 
exogenous miRNAs can indeed be effectively derived from 
expressed pri-miRNAs with a variety of basal stem lengths 
and motifs, where the canonical hairpin was present in 
almost all, most, or none of the predicted structures includ-
ing the extended flanking sequence, but the level of target 
silencing differed for mimics with the same scaffold or core 
guide sequence.

Stability of the pri-miRNA guide region
Differences in pri-miRNA mimic functionality could not 
be attributed to changes in the overall form of predicted 

secondary RNA structure or known primary sequence motifs, 
which were unaltered in mimic design. However, we won-
dered whether these differences could be explained by the 
more subtle thermodynamic changes of the pri-miRNA stem 
incurred in guide replacement. We therefore investigated 
the stability of predicted pri-miRNAs over the guide region. 
A characteristic bias in pri-miRNA stability and common 
thermodynamic features of functional pri-miRNAs have been 
described in previous studies.23,33,49,53 The region correspond-
ing to the 5′ end of the mature miRNA is less stable than the 
region corresponding to its 3′ end,49 as revealed by thermody-
namic profiling of pri-miRNAs using mfold values. In particu-
lar, the most unstable position of the stem corresponds to the 
first position of the expected miRNA.23,53 This approach relies 
on the predicted secondary RNA structures of pri-miRNAs, 

Figure 4 The design and functional characterization of expressed pri-miRNA mimics. (a) Each original guide sequence was replaced 
with a therapeutic guide against tat, int, gag, or LTR (long terminal repeat) regions of the HIV-1 (human immunodeficiency virus-1) genome. 
(b–e) The functional characterization of pri-miRNA mimic sets. (Upper panel) Processed antiviral guide sequences were detected in northern 
blot analyses, following transfection with the corresponding pri-miRNA mimic, shRNA (positive control) or mock (negative control) expression 
vectors. Guide signal intensities were again quantified relative to U6 signal intensity and are shown as a ratio of pri-miRNA-derived guide 
to shRNA-derived guide. ND: not detected. (Middle panel) Dual luciferase reporter assays show silencing of respective target sequences in 
cell culture, measured by mean hRluc: hFluc (n = 3, ± SD). A nonspecific pri-miRNA (pri-non) expression vector was included as a negative 
control. Sample means differed significantly for each set of mimics (one-way analysis of variance, ***P < 0.0001). (Lower panel) Expected 
guide–target interactions showing complementary base pairing (red). (f) The total or consecutive number of expected base pair interactions 
was plotted against the corresponding decrease in hRluc: hFluc (n = 20). No significant (ns) correlation was observed. Spearman (ranked) 
correlation coefficient (rsTOTAL = 0.19), (rsCONS. = 0.27) (two-tailed P value > 0.2).
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which can differ from experimentally determined structures, 
especially at positions within the terminal loop and flank-
ing sequences.49 However, the percentage of correctly pre-
dicted base pairs tends to be high (88.4%),49 supporting the 
predicted conformation of the upper pri-miRNA stem. We 
applied thermodynamic profiling to investigate stability of the 
pri-miRNA stem along the guide region for various pri-miRNA 
and mimic groups. In this approach, precise values cannot 
be assigned to positions within internal loops and we there-
fore estimated values at these positions using an average 
loop value, but similar results were also obtained using pre-
viously described methods23,49 (Supplementary Figure S9). 
As profiles differ for pri-miRNAs with 5p and 3p miRNAs in 
accordance with the miRNA orientation, we assessed each 
guide region from the 5′ end of the expected miRNA. The 
guide region was also limited to the portion of the pri-miRNA 
stem corresponding to the first 20 nt of the exogenous guide, 
as this region was replaced for all mimics, with the excep-
tion of pri-mir-934-LTR where 19 nt of the first 20 nt were 
replaced. The difference in free energy between the position 
1 and 20 (ddG (1–20)) was used to assess the bias in stability 
expected over the guide region.

Average thermodynamic profiles were constructed for func-
tional groups of pri-miRNAs with effective (>80%), functional 
(>50%), or ineffective (<50%) target silencing (Figure 5a). 
Common features were identified, including a decrease in the 
relative stability at positions 4 and 9, as well as an increase in 
the relative stability at positions 11, 16, and 20. However, the 
stability at position 1 of the stem, which corresponds to the 5′ 
end of the miRNA, decreased with increasing target silencing 

of each pri-miRNA group. In turn, the expected bias in pri-
miRNA stability, as indicated by the ddG (1–20) value, was 
highest for the group of effective pri-miRNAs (1.7 kcal/mol) 
and lowest for the group of ineffective pri-miRNAs (0.3 kcal/
mol). A similar profile for the group of original pri-miRNAs had 
a ddG (1–20) value slightly lower than expected (0.7 kcal/
mol, lower panel), as position 20 of the pri-miR-23a guide 
region was relatively unstable; but stable pairing at position 
21 may facilitate a bias in guide region stability.

Average thermodynamic profiles were also constructed 
for groups of pri-miRNAs with the same exogenous guide 
 (Figure 5b). Again, the ddG (1–20) signature increased with 
the average target silencing of each group and was pro-
nounced for the LTR mimic set (1.8 kcal/mol). The stability 
of the guide region for each group was primarily defined by 
a common guide sequence, but small differences in base 
pairing were used to maintain the internal mismatches of 
individual scaffolds. To examine the extent of base pairing 
variation within each mimic set, we constructed base pair-
ing profiles (Figure 5c). Common base pairing was observed 
with minor variation, thus supporting a common 5′ to 3′ bias 
in stable GC pairing for each mimic set, in agreement with 
the thermodynamic analysis. This bias was more pronounced 
for the gag and LTR mimic sets, where no GC base pairs 
were observed in the first four positions as a consequence 
of siRNA design principles used by McIntyre et al.47,54 Simi-
larly, no GC base pairs were expected in the first position for 
the original, functional pri-miRNAs, as is common for natural 
miRNAs and supported by an Ago-2 preference for uracil in 
the first position of a mature miRNA.33,55

Figure 5 Predicted stability of the pri-miRNA or mimic guide region. (a) Average thermodynamic profiles of the guide region were 
constructed for pri-miRNA/mimic subsets with effective (>80%), functional (>50%), or ineffective (<50%) target silencing and for the group 
of original pri-miRNAs. The difference in average stability between positions 1 and 20 of the guide region (ddG (1–20)) is indicated (red). 
(b) Average thermodynamic profiles were also constructed for different pri-miRNA mimic subsets. (c) Base pairing profiles for the guide region 
of different pri-miRNA mimic subsets, indicating the frequency of GC base pairing.
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Subtle thermodynamic changes of the pri-miRNA stem 
incurred in guide replacement may therefore explain the over-
all function of mimic sets. We could detect no difference in the 
form of the predicted secondary RNA structure, including flank-
ing sequences, or in various motifs of pri-miRNA mimics; but 
the average target silencing of each mimic set increased with 
the magnitude of the bias in stability, as indicated by ddG (1–
20). This confirms the importance of siRNA design and previ-
ously described thermodynamic features of the guide region in 
the generation of effective mimics. In fact, pri-miR-23-gag and 
pri-miR-23-LTR mimics had an increase in both ddG (1–20) 
and target silencing compared to pri-miR-23a. These results 
are in agreement with design principles suggested by Han et 
al.,23 stating that the first position of an artificial guide should be 
unstable, while position ~20 should be relatively stable.

Duplex stability
To determine whether the expected miRNA duplexes also dis-
played thermodynamic asymmetry, we used conceptual dicing 
to assess the relative terminus stability.49,56 In most cases, the 
5′ end of the miRNA is expected to be less stable, affecting 
strand selection and RNA-induced silencing complex load-
ing.53,56,57 The average terminus stability for pri-miRNA groups 
with effective (>80%), functional (>50 %), or ineffective (<50 
%) target silencing was calculated using a 2 nt window, which 
has previously been described as the most informative window 
for miRNA identification49 (Figure 6a). As expected, the aver-
age free energy was higher for the terminus corresponding 
to the 5′ end of the major miRNA (red) than that of the minor 
miRNA (blue). The average free energy of both termini was 
lower for the group of ineffective pri-miRNAs; but, in contrast 
to the results of thermodynamic profiling, a similar difference in 
terminus stability was observed for all functional groups (~0.5 
kcal/mol). Similarly, the difference in average terminus stabil-
ity for duplexes derived from each mimic set did not increase 
with the average target silencing (Figure 6b). The average free 
energy of the miRNA 5′ terminus was lower than expected for 
the group of original (wt) pri-miRNAs using a 2 nt window, as 
a result of a mismatched residue near the 5′ terminus of the 
minor miRNA for pri-miR-934 and a noninternal mismatch at 
the 5′ terminus of the major miRNA for pri-miR-34a. Similar 
results were obtained using a 1 nt or 3 nt window (Supplemen-
tary Figure S10).

In contrast to thermodynamic profiling, the results of con-
ceptual dicing did not clearly identify a link between the mag-
nitude of thermodynamic asymmetry and the overall function 
of mimic sets. This may be because only 20 nt of the guide 
region were commonly replaced. However, stability of the 
both termini generally increased with a decrease in the aver-
age target silencing of different mimic sets. This suggests 
that while duplex asymmetry was observed for less effective 
pri-miRNA groups, terminus stability was generally unfavor-
able. This again supports the importance of relative instability 
at the 5′ of the miRNA in mimic design.

Precise miRNA sequences
The results of characterization studies and guide region anal-
yses rely on the successful derivation of the expected guide 
sequences and consistent processing of derived mimics. The 
expected miRNAs were detected in northern analysis, but 
we also sought to examine the derived miRNA species in 
more detail through deep sequencing. The top three reads 
aligning to pri-miR-34a, pri-miR-513a-2, and their respective 
int  mimics are shown in Figure 7 (top 10: Supplementary 
 Figure S11a). We expect that reads aligning to pri-mir-34a 
and pri-mir-513a-2 originate from both endogenous miRNA 
genes and the respective expression vectors. However, as the 
expressed pri-miRNAs were derived from genomic sequence, 
we expect the miRNA species to be processed in the same 
manner. Endogenous miRNA genes were expected to gener-
ate a smaller fraction of miRNAs, as relevant species were 
not detected in northern analysis (pCI Mock sample). Overall, 
the miRNA processing sites were well maintained between 
expressed pri-miRNAs and int mimics. In particular, Drosha-
DGCR8 processing sites were more precisely maintained, as 
indicated by the consistent 5′ ends of the 5p guides. A 1 nt 
5′ variation was observed at Dicer cleavage sites, although 
Dicer processing of a 22 nt miR-513-int-3p was more con-
sistent. Evidence of 3′ trimming and editing (uridylation and 
adenylation) of miRNAs was observed as is common for 
small RNA sequencing data.58 The annotated miRNA guides 
of the original pri-miRNAs (Figure 1) were present in the top 
three reads, with the exception of miR-513a-2-5p, where sev-
eral ~22 nt miRNAs were identified. This finding is in agree-
ment with the collective deep sequencing data now available 
on miRBase (Supplementary Figure S11b,c). These data 
also suggest that more conventional miR-513a-2-5p species 
are in fact the major, functional miRNA products of pri-miR-
513a-2, consistent with the anticipated processing sites of 
the 3p miRNA and characterization studies (Figure 2). An 
effective mimic may therefore also be designed by replace-
ment of the 5p miRNA in the pri-miR-513a-2 scaffold.

Discussion

In this study, we have characterized several novel and 
effective naturally occurring pri-miRNA scaffolds, ideal for 
use in applications requiring exogenous guide sequences 
for posttranscriptional gene silencing. Our results indicated 
that suboptimal basal stem lengths and potentially disrup-
tive interactions of the basal stem region in the expressed 
pri-miRNA did not appear to restrict pri-miRNA function or 

Figure 6 Terminus stability of expected miRNA duplexes. 
(a) The average terminus stability of duplexes derived from 
conceptual dicing of pri-miRNA/mimic subsets with effective 
(>80 %), functional (>50%), or ineffective (<50%) target silencing. 
Average free energy of the major (red) and minor (blue) miRNA 
termini are shown. (b) The average terminus stability of duplexes 
derived from conceptual dicing of different pri-miRNA mimic 
subsets and the group of original, wild-type (wt) pri-miRNAs. LTR, 
long terminal repeat.
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conventional processing. Therefore, these factors do not 
appear of great concern or consequence in the design of 
effective pri-miRNA mimics. This is presumably because a 
suboptimal basal stem length may be compensated for by 
an optimal total stem length. The total stem length of pri-
miR-23a, -934, -34a, and -513a-2 is 35 ± 1 bp which has 
recently been described by Fang and Bartel29 as optimal for 
pri-miRNA processing by Drosha-DGCR8. Sequence motifs 
may also compensate for suboptimal or varied basal stem 
conformations. In the case of a pri-miR-520b with a subopti-
mal basal (9 bp) and total (32 bp) predicted stem length, the 
presence of all four potential pri-miRNA sequence motifs 
is expected to facilitate conventional Drosha-DGCR8 rec-
ognition and processing.27,29 Our data also suggested that 
hairpin structures including the local flanking sequence 
were more indicative of the conventional, processive form. 
Naturally occurring pri-miRNAs with a range of basal stem 
lengths and motif combinations were therefore suitable 
for mimic design, provided that the original sequence and 
secondary RNA structural features supported pri-miRNA 
processing, in agreement with the current modular under-
standing of pri-miRNA processing.27,29

Our results also indicated that while naturally occurring pri-
miRNAs were effective at silencing relevant targets, derived 
mimics were not necessarily as effective, or even functional. 
Thermodynamic profiling showed that the most effective 
mimic groups were those where the guide sequence permit-
ted a decrease in relative stability at the first position of the 
miRNA sequence and an increased bias in pri-miRNA stabil-
ity over the first 20 nt of the guide region. A zero or positive 
change in ddG (1–20) was also observed for 11 out of 13 
individual functional mimics when compared to the original 
pri-miRNA. These results are in agreement with a number 
of previous studies describing both common features of 

functional pri-miRNAs,23,49,53 including a U at the first posi-
tion of a mature miRNA,55 and principles of effective siRNA 
design.54,59,60 Guide sequences selected with respect for 
siRNA design principles (gag, LTR) were generally more 
effective in the context of a pri-miRNA scaffold than those 
selected solely on the basis of target accessibility and con-
servation (tat, int), despite the fact that all four guides were 
effective when derived from a pol III shRNA format. Subop-
timal properties of a processed RNA duplex may also be 
more evident in a less robust pol II expression system. In 
a previous study by Aagaard et al.,61 an effective tat mimic 
based on the miR-106b precursor was created, where the 
core guide sequence was positioned within the scaffold to 
generate a ~21 nt guide with a U at position 1 and an addi-
tional 3′ GC. The function of this mimic contrasts with the 
generally poor performance of the tat mimics created here, 
again highlighting the importance of these sequence features 
in mimic design.

This work provides a practical example of effective mimic 
design using naturally occurring pri-miRNA scaffolds with a 
range of predicted basal stem conformations and sequence 
motif combinations. Effective pri-miRNA mimics satisfied 
basic requirements of the secondary RNA structure in folding 
of the local sequence, had features commonly observed for 
functional pri-miRNAs, and guide sequences selected with 
regard for established siRNA design principles. In addition, 
ddG (1–20) proved to be a useful parameter in pri-miRNA 
mimic design. Several highly effective pri-miRNA mimics 
have recently been generated by utilizing artificial guide 
region features within a natural scaffold18 and a de novo 
design approach to optimize mimic function,29 but our work 
illustrates that the use of naturally occurring scaffolds with 
original guide region features remains a facile and effective 
approach for the design of pri-miRNA mimics.

Figure 7 Exact miRNA species and implied processing sites of pri-miRNA mimics. Deep sequencing was used to assess guide 
production from expressed pri-miR-34a, pri-miR-513a-2 and corresponding int mimics. The top three reads aligned to each 17 nt identifier 
(underlined) for major miRNA (red) and minor miRNA (blue) sequences are shown and were quantified in reads per million (RPM, three 
significant figures). Nontemplated nucleotides are indicated (orange).
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Materials and methods

pri-miRNA and mimic expression plasmids. Stem-loop precur-
sors available on the miRBase repository9,10 were inspected 
manually and five were selected as examples of precursors 
with exceptional basal stems. The Ensembl genome browser62 
was used to extend the miRBase genomic coordinates by ± 
50 nt to incorporate the expected pri-miRNA flanking regions. 
Sequences for pri-miR- 520b, -23a, -934, and -34a were 
amplified by PCR from genomic DNA (HEK116 extract), using 
primers listed in Supplementary Table S1. Sequences for 
pri-miR-513a-2, and all pri-miRNA mimics were constructed 
from a two-step PCR with oligonucleotides (Supplementary 
Table S2). After initial TA cloning (InsTAclone PCR Cloning 
Kit, Thermo Fisher Scientific, Waltham, MA), sequences were 
inserted into the pCI-neo Mammalian Expression Vector (Pro-
mega, Madison, WI) and expressed from the pol II cytomegalo-
virus immediate-early enhancer/promoter. All oligonucleotides 
and primers were from Integrated DNA Technologies (IDT, 
Coralville, IA). The sequences of all RNA expression and target 
constructs were verified by standard dideoxy chain termination 
DNA sequencing (Inqaba Biotec, Pretoria, South Africa). 

Short hairpin RNA expression plasmids. shRNAs were con-
structed for each pri-miRNA as a positive control of guide 
function, using a two-step PCR method63 with primers listed 
in Supplementary Table S3. ShRNA expression cassettes 
included a U6 pol III promoter sequence and a transcription 
termination signal of five deoxythymidines. These expression 
cassettes were inserted into a TA cloning vector (InsTAclone 
PCR Cloning Kit, Thermo Fisher Scientific). Antiviral shRNAs 
were previously constructed and characterized by our lab: 
sh-tat,50 sh-int,51 sh-gag, and sh-LTR.52

Target reporter plasmids. Target sequences were fully com-
plementary to the anticipated ~22 nt miRNA, as well as 2 nt 
before and after the anticipated guide to accommodate minor 
processing variation, and cloned into the 3′ UTR of the Renilla 
luciferase gene of the psiCHECK-2 Vector (Promega). Cleav-
age or translational suppression mediated by an effective 
miRNA results in decreased Renilla luciferase expression, 
while expression of Firefly luciferase is unaffected. Target 
duplexes were constructed by annealing complementary 
 oligonucleotides (Supplementary Table S4). Antiviral reporter 
plasmids were constructed by others: psiCHECK-tat,50 psi-
CHECK-int,51 psiCHECK-gag,52 and psiCHECK-LTR.52

Cell culture and transfections. HEK293, Huh-7, and HeLa 
cells were cultured in Dulbecco’s modified Eagle medium 
(Biowhittaker, Lonza, Walkersville, MD), supplemented with 
10% heat-inactivated fetal calf serum, penicillin (100 U/ml), 
and streptomycin (0.1 mg/ml), at 37 °C, 5% CO2. Antibiotic-
free media was used for transfections. Cells for northern 
blot analysis were seeded in a 6-cm dish (~1.1 × 106 cells) 
24 hours prior to cotransfection with 10 µg total pDNA (9 µg 
pri-/shRNA expression plasmid; 1 µg pCI-eGFP) using Lipo-
fectamine 2000 Reagent (Invitrogen, Carlsbad, CA) accord-
ing to manufacturer’s protocol. Cells for the dual luciferase 
assay were seeded in a 24-well format (~1.2 × 105 cells/well) 
24 hours prior to triplicate cotransfections with 1 µg total 

pDNA (750 ng pri-/shRNA expression plasmid; 150 ng target 
reporter plasmid; 100 ng pCI-eGFP). Cells for deep sequenc-
ing were seeded in a 6-well format (~4.8 × 105 cells/well) 24 
hours prior to cotransfection with 5 µg total pDNA (4.5 µg pri-/
shRNA expression plasmid; 0.5 µg pCI-eGFP). pCI-eGFP 
was constructed previously by our lab64 to expresses an 
enhanced green fluorescent protein and was included as a 
reporter of transfection efficiency visualized by fluorescence 
microscopy. Cell culture medium was replaced 24 hours after 
transfection. At 48 hours after transfection, cells were lysed 
for the dual luciferase assay or total RNA was extracted for 
northern blot or deep sequencing samples by phase sepa-
ration using TRI Reagent (Sigma-Aldrich, St. Louis, MO) 
according to the manufacturers’ protocol for monolayer cells.

Northern blot analysis. Total RNA (30 µg) was resolved using 
15% denaturing PAGE with Decade Marker (Ambion, Austin, 
TX). RNA was transferred to a Hybond N+ membrane (Amer-
sham, GE Healthcare, Buckinghamshire, UK) using a semi-dry 
blotter (Sigma-Aldrich, Dorset, UK). Blots were UV cross-linked 
at 254 nm (0.2 J/cm2) (UVP Crosslinker, Upland, CA) and baked 
for 1 hour at 80 °C. Probes (Supplementary Table S5) were 5′ 
radiolabeled by T4 polynucleotide kinase with 1 µl γ-32P ATP 
(PerkinElmer, Waltham, MA) and purified using a Sephadex-
G25 spin column. Hybridization was performed for 16 hours 
at 42 °C for standard probes and at 50 °C for locked nucleic 
acid-modified probes (Exiqon, Woburn, MA) using Rapid-hyb 
buffer (Amersham, GE Healthcare). Membranes were washed 
as described in the Rapid-hyb protocol or elsewhere.65 Signals 
were quantified using a phosphor-imager (FLA-7000 Image 
Reader, Fuji Film, Kanagawa, Japan) and accompanying soft-
ware (Fuji Film Multi Gauge, ver. 3.0, Science Lab 2005).

Dual luciferase reporter assay. Assays were performed in 
triplicate using the Dual-Luciferase Reporter Assay System 
(Promega) and a Veritas dual injection Luminometer (Turner 
Biosystems, Sunnyvale, CA). Silencing was measured as a 
ratio of target-specific Renilla luciferase signal to background 
Firefly luciferase signal (hRluc: hFluc). The average ratio of 
each sample was normalized with respect to the average 
ratio of a control sample (empty expression plasmid).

Thermodynamic profiling and conceptual dicing. Average 
thermodynamic stability profiles were constructed in a simi-
lar manner to previous studies23,33,49,53 using free energy val-
ues (kcal/mol) from the mfold web server (version 3.5)44 with 
default parameters at 37 °C. In this approach, precise values 
cannot be assigned to positions within internal loops as the 
values for loop features are assigned to the preceding closing 
pair. We therefore estimated values at these positions based 
on previously described methods. Positions within internal 
loops were assigned an average value for the loop feature; 
assigned the average value of a 3 nt window, including one 
position on either side, where all positions within a loop 
are assigned a single value49; or designated as blank posi-
tions and omitted from the average free energy value at that 
position.23 Conceptual dicing was performed as previously 
described,49 where the stability of each duplex terminus was 
estimated from the predicted mfold structure of a correspond-
ing hairpin. Terminal mismatches were assigned the value of 
the external loop feature.
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Deep sequencing. Samples were sequenced using the Illu-
mina Genome Analyzer II platform. The 3′-adapter of raw 
reads were trimmed and reads were aligned to the full pri-
miRNA reference sequence using Novoalign (http://www.
novocraft.com). Aligned reads were converted to .bam format 
and indexed using SAMtools66 and visualized using Integrative 
Genomics Viewer (IGV, ver. 2.3).67 Further quantification anal-
ysis was performed using miRDeep2.68 Identifier sequences of 
17 nt, starting with the third nucleotide from the 5′ end of each 
expected 22 nt miRNA sequence, were used to identify RNA 
species aligning to the core of each miRNA. The expected 
miRNA sequences were adjusted in relation to the Drosha-
DGCR8 cleavage site of the major characterized miRNA 
species. Reads were ranked according to frequency and 
quantified in reads per million (RPM) for a single experiment.

Supplementary material

Figure S1. Summary of folding results for pri-miRNAs.
Figure S2. Predicted secondary RNA structures of selected 
pri-miRNAs.
Figure S3. Target gene silencing of pri-miRNAs: control 
 assays.
Figure S4. Target gene silencing in a second cell line.
Figure S5. Predicted secondary RNA structures of pri-miR-
NA mimics.
Figure S6. Summary of folding results for pri-miRNA mimics.
Figure S7. The proportion of canonical hairpins predicted 
for each set of pri-miRNA mimics.
Figure S8. Target gene silencing of mimics: control assays.
Figure S9. Predicted stability of the pri-miRNA or mimic 
guide region.
Figure S10. Terminus stability of expected miRNA duplexes.
Figure S11. Deep sequencing results of pri-miRNAs and 
mimics.
Table S1. Primers for PCR amplification of pri-miRNA 
 sequences from genomic DNA.
Table S2. Oligonucleotides for two-step PCR construction 
of pri-miRNAs and pri-miRNA mimics. 
Table S3. Primers for PCR construction of shRNAs.
Table S4. Oligonucleotides for construction of target 
 duplexes.
Table S5. Probes for detection of guide RNAs in northern 
analyses.
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