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MicroRNAs are short 21-22 nucleotide single strand RNAs
that are involved in post-transcriptional regulation of gene
expression. Most microRNAs are first transcribed as long
primary microRNAs and then undergo a two step-wise
sequential processing to yield single-stranded mature
microRNAs. It has been suggested that the loop region of
primary microRNAs plays an important role in regulating
microRNA biogenesis and target recognition. However,
despite the fact that several single nucleotide polymor-
phisms have been identified in mature microRNA se-
quences and are related to human diseases, it remains
unclear whether and how the single nucleotide polymor-
phisms in the loop regions of primary microRNAs would
affect the biogenesis and function of microRNAs. Herein,
we provide evidence that primary microRNAs loop nucleo-
tides control the accuracy and efficiency of microRNA
processing. Accordingly, we identified 32 single nucleo-
tide polymorphisms in the loop regions of human primary
microRNAs using bioinformatics, and further validated
three loss-of-function and one gain-of-function single nuc-
leotide polymorphisms using dual-luciferase assays. Thus,
these results reveal a critical regulatory role encoded in
the loop nucleotides of primary microRNAs for microRNA
processing and function.

INTRODUCTION

MicroRNAs (miRNAs) are an abundant class of 21-22-nt-long
small endogenous RNAs that primarily downregulate gene
expression at the post-transcriptional level (Ambros, 2004;
Bartel, 2004). MiRNAs are reported to be involved in a wide
range of biological activities, such as immunity (Chen et al.,
2004; Li et al., 2007a), cancer (O’'Donnell et al., 2005; Zhang et
al., 2013), apoptosis (Xu et al., 2003), stem cell maintenance
(Arnold et al., 2011; Gangaraju and Lin, 2009) and neurological
diseases (Cheng et al., 2009; Ouyang et al., 2012a). MiRNAs
are initially transcribed as part of a long primary transcript or
primary-miRNA (pri-miRNA) in the nucleus and are further
processed by a RNase Il Drosha/DGCR8 complex to generate
60-70-nt-long hairpin precursor miRNAs (pre-miRNA) (Lee et

al., 2003). The pre-miRNAs are then exported to the cytoplasm
by Exportin5 (Yi et al., 2003) and further processed into a 21-
22-nt miRNA duplex by another RNase llI-Dicer complex (Hut-
vagner et al., 2001). One strand of the miRNA duplex, the ma-
ture miRNA, is subsequently loaded into the RNA-induced
silencing complex (RISC) (Hammond et al., 2000) and directs
the RNAI regulatory function by targeting their cognate sites in
the 3’ UTR region of target mRNAs (Lee et al., 1993; Lewis et
al., 2003; Wightman et al., 1993). Currently, it is estimated that
one miRNA can regulate hundreds of target genes, and more
than half of human protein coding genes are regulated by miR-
NAs (Bartel, 2009).

MIRNA biogenesis can be regulated at either the transcrip-
tional or the post-transcriptional level (Kim et al., 2009). Recen-
tly, extensive research has focused on identifying miRNA regu-
latory proteins and further investigating their post-transcriptional
regulatory functions during miRNA biogenesis. Lin-28, a pluri-
potent protein, was first reported to interact with the let-7 ter-
minal loop region and block the processing of both primary and
precursor microRNAs (Heo et al., 2008; Newman et al., 2008;
Viswanathan et al., 2008). The crystal structure of mouse Lin-
28 revealed that two folded domains of Lin-28 recognize two
distinct regions of the miRNA terminal loop regions and are
sufficient to inhibit let-7 biogenesis in vivo (Nam et al., 2011).
TUT4, a non-canonical polyA polymerase, can be recruited by
Lin-28 to precursor let-7 to block Dicer processing through pre-
miRNA uridylation (Heo et al., 2009). Heteronuclear ribonuc-
leoprotein A1 (hnRNP A1), a negative regulator of let-7a, binds
the conserved terminal loop of pri-let-7a-1 and inhibits its pro-
cessing by Drosha (Michlewski and Caceres, 2010). Several
other studies showed a specific role of the pri/pre-miRNA hair-
pin loop nucleotides in miRNA target recognition and regulation
(Liu et al., 2008; Trujillo et al., 2010; Yue et al., 2011). Except
for the miRNA loop region, the pri-miRNA tertiary structure of
the miR-17-92 cluster has been demonstrated to modulate
differential expression of constituent miRNAs (Chaulk et al.,
2011). Emerging evidence strongly implies that the loop region
of miRNAs plays a central role in the biogenesis of miRNAs.

To date, many miRNA-related single nucleotide polymor-
phisms (SNPs) have been identified in human miRNA seeds
and mature regions, as well as their target sites in the 3’ UTR of
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mRNAs, suggesting a potential role of SNPs in regulating miR-
NA target recognition through disrupting or creating new miR-
NA target interactions (Gong et al., 2012; Ryan et al., 2010). A
number of studies have demonstrated that SNPs in miRNA
genes or target binding sites are associated with human dis-
eases (Chin et al., 2008; Jazdzewski et al., 2009; Mencia et al.,
2009; Sun et al., 2010). For example, an SNP in the seed re-
gion of human miR-96 is involved in non-syndromic progressive
hearing loss (Mencia et al., 2009). A SNP in the 3 UTR of KRAS
is associated with increased risk of non-small cell lung cancer
by weakening or abolishing its interaction with let-7 (Chin et al.,
2008). However, there is little information about SNPs in the
miRNA loop region and their roles in miRNA biogenesis and
target regulation. In this study, we found that the miRNA ter-
minal loop not only controls the efficiency of miRNA biogenesis,
but also modulates Drosha/DGCR8 processing fidelity for pre-
miRNAs. We also present evidence showing that SNPs in hu-
man pri-miRNA loop regions affect mature miRNA production
and miRNA target regulation by modulating miRNA biogenesis.

MATERIALS AND METHODS

MiRNA and 3' UTR reporter constructs

A bi-cistronic vector driven by murine 3-phosphoglycerate ki-
nase (PGK) promoter (Trujillo et al., 2010) was used to co-
express miRNAs and a GFP reporter. DNA fragments contain-
ing the pre-miRNA hairpin and ~250-400 nt flanking sequence
on each side were amplified from Caenorhabditis elegans or
human genomic DNA and placed under the control of the PGK
promoter. Loop mutants and SNP miRNA mutants were gener-
ated using an overlapping PCR strategy to introduce mutations
into the loop regions of the miRNA genes. Full-length human
CDKN1B, FBXW?7, and 1000 nt flanking the predicted binding
sites from the 3’ UTRs of the YAP and BCL-2 genes were
cloned into the Renilla luciferase reporter vector phRL-TK (Pro-
mega).

Cell culture and transfection

Adherent BOSC 23 cells were grown in DMEM, 10% FBS, and
1% of penicillin/streptomycin antibiotics, supplemented with
glutamine. For Northern blotting and primer extension assays,
BOSC 23 cells were plated at a density of 7.5 x 10° cells/well in
a 6-well plate, 24 h before transfection. Cells were transfected
with 2 pg of constructs expressing miRNAs, mutants and con-
trol vector using Fugene transfection reagents (Roche). After
48 h of transfection, FACS analysis showed that ~70% cells
expressed a GFP signal (data not shown).

Luciferase reporter assay

The luciferase reporter assay was performed as previously
described (Ouyang et al., 2012b). BOSC23 cells were plated at
a density of 2 x 10* cells/well in a 96-well plate, 24 h before
transfection. Cells were co-transfected with 10 ng firefly lucife-
rase control reporter plasmid, 5 ng Renilla luciferase target
reporter, and 50 ng miRNA expression vector using Fugene
(Roche), according to the manufacturer’s instructions. Cells
were harvested 48 h post-transfection and assayed using the
Dual-Luciferase system (E1960, Promega). Results were ex-
pressed as relative luciferase activity by first normalizing to the
firefly luciferase transfection control, and then to the Renil-
la/firefly value of the empty control vector.
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Northern blot analyses and pre-miRNA processing
efficiency analyses

Northern blot analyses were carried out as previously described
(Liu et al., 2008). Total RNA was prepared from BOSC 23 cells
transfected with equal amount of miRNA expression vectors.
The U6 RNA level was used as a loading control. Phosphoima-
ging was used to determine band intensities and representative
blots and averaged data of three replicates from cells transfec-
ted with independent DNA preparations are shown. To calcu-
late pre-miRNA processing efficiency, truncated 20 nt or res-
cued 22 nt (LPAA/LPA1) mature cel-let-7 band signals were
first subtracted from the endogenous human let-7 signal and
then normalized to the truncated or rescued (LPAA/LPA1) pre-
cel-let-7 signal, respectively. The value was further normalized
to the value of WT cel-let-7 group (processing efficiency defined
as 1). The same method was applied to human miRNA SNP
mutants.

Primer extension analysis

Primer extension analyses were carried out as previously de-
scribed (Trujillo et al., 2010). Pre-let-7 or mature let-7 RNA
fractions were analyzed by primer extension analyses to de-
termine the 5' ends of pre-let-7 and mature let-7. Primer and
DNA Ladder sequences are listed in Supplementary Table 1.
Briefly, pre-let-7 or mature let-7 RNA fractions isolated from 100
ng of total RNA were mixed with 32P-labeled primers in 1x RT
buffer. The primer extension reaction, which was initiated by the
addition of dNTPs and reverse transcriptase (Applied Biosys-
tems), was carried out for 1 h at 42°C, and terminated by incu-
bation at 85°C for 10 min. Products were resolved on 15%
denaturing PAGE gels. 32P-labeled synthetic oligonucleotides
with the let-7 sequence in single nucleotide increments (16 to
22 nt) were used as the size ladder. Gels were exposed to a
phosphoimager screen for 2 h and analyzed using the Storm
system.

Primary microRNA and mature miRNA-specific
quantitative real-time RT-PCR

Total RNA was isolated with TRIzol® (Invitrogen) and treated
with TURBO DNA-free kit (Ambion). For primary microRNA
expression level analyses, random hexamer primers were used
in the reverse transcription step. Pri-miRNA-specific primers
(Supplementary Table 2) were designed for regions that did not
include the mutation points and used for real-time PCR. Ex-
pression levels were normalized using GAPDH as an internal
control. For mature miRNA, reverse transcription was perfor-
med using the TagMan MicroRNA Reverse Transcription Kit
(Applied Biosystems). Truncated 20 nt mature cel-let-7 and
endogenous human let-7 have similar detection sensitivities in
the TagMan MicroRNA assay (Trujillo et al., 2010). The miRNA
expression level was first normalized using U6 as an internal
control and then subtracted from the endogenous human miR-
NA signal. Measurements were normalized to U6 (ACt) and
comparisons calculated as the inverse log of the AACT to give
the relative fold change for all miRNA levels (Livak and
Schmittgen, 2001). The PCR experiments were repeated three
times, each using separate sets of samples.

Statistical analysis

All data reported represent at least three independent experi-
ments. Data reported are means + SD. Statistical differences
were determined by a T test for comparison of two groups us-
ing Prism 5.0 software. P values < 0.05 were considered statis-
tically significant.
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Table 1. Loop mutations in pre-c-let-7 and effects on miRNA processing efficiency

c-let-7 Loop sequence Mature level Pre-miRNA processing
WT GGAAUAUUACCACC 1 1
LP1 GGCAUAUUACCACC 0.55+0.13 0.55+0.11
LP2 GGAUUAUUACCACC 1.62+0.21 1.44 £0.24
LP3 GGAAAAUUACCACC 1.60 +0.11 1.55+0.12
LP4 GGAAUUDUACCACC 1.49+0.18 1.48+0.18
LP5 GGAAUAUUGECACC 1.77 £0.07 1.80 £0.07
LP6 GGAAUAUUAGEACC 2.18+0.23 1.84+0.27
LP7 GGAAUAUUACGACC 212+0.07 2.36 £ 0.06
LP8 GGAAUAUUACCGEC 1.06+0.12 1.38+0.10
A Wi 1 u AAUA B Fig. 1. Identification of a single loop mutation
5" UGAGGUAG AGGUUGUAUAGUUU---GG i fis ki 4 - |¢=hsa-pre  that partially rescues defective let-7 bioge-
3r((AUUCCAUCUUUUAACGUAUCAAGU GGchU\u m” —celpre nesis. (A) $chematic diagram depicting the
LPAA U AAUA g pre-let-7 miRNA sequences and structures
5" UGAGGUAG AGGUUGUAUAGUUU---GG of the wild-type cel-let-7 gene and loop mu-
AUUCCAUC UUUAACGUAUCAAG CC |A i
3'¢e u UGG ACCA tants. An arrow shows the truncated site for
LPA1 u AAUA wild-type pre-let-7 and mature let-7. (B)
5 UGAGGUAG AGGUUGUAUAGUUU---GG | A :
oyl Expres.S|on levels of pre- and mature c-let-7
3°CC u UGG ACCA from wild-type and loop mutants, as deter-
) v ARUS mined by Northern blotting. Blots were also
5 UGAGGUAG AGGUUGUAUAGUUU---GG  [U
AUUCCAUC UUUAACGUAUCAAG CC 2 2 probed for U6 small nuclear RNA as a load-
3'cc l:' UGG ?\%‘\ g ﬁ.ﬁ B i ‘;%gm ing control. Truncated pre-let7 (*) and res-
D LeACEUAG AGEULGUAUAGUU 56 | : cued pre-let-7 (**) (C) Expression level of
AUUCCAUC UUUAACGUAUCAAG CC |U us mature let-7 from wild-type and loop mutants
3'CC U UGG ACCA . .
was measured by miRNA-specific QPCR
LPG2 _, Y AAUA & I o v v P .
5' UGAGGUAG AGGUUGUAUAGUUU---GG & Qgﬂ L \?? AN assay. (D) Pre-let-7 processing efficiency
AUUCCAUC UUUAACGUAUCAAG CC  [G|  © was determined by Northern blotting. The
3'CC U UGG ACCA .
steady status mature let-7 level, normalized
C D to pre-let-7 level, was used to quantify the
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RESULTS

A single loop nucleotide mutation rescues defective
biogenesis of C. elegans let-7 in human cells

Our previous studies demonstrated that truncated pre and ma-
ture let-7 could be produced by ectopic expression of C. ele-
gans let-7 gene (cel-let-7) in human cells (Trujillo et al., 2010)
and one mutant (LPAA) (Yue et al., 2011) (Fig. 1A) with two AA
nucleotides substituting for two UU nucleotides in the pri-let-7
terminal loop can partially restore defective cel-let-7 biogenesis.
However, it remains unclear whether this rescue function is
caused by changes in the terminal loop sequence or secondary
structure, because LPAA has a different predicted loop struc-
ture from WT cel-let-7 (by RNA mfold prediction). To further
dissect which nucleotides are critical for the rescue function, we
mutated two pri-let-7 terminal loop nucleotides without affecting
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efficiency. Representative results of three
independent transfections are shown.

the loop secondary structure (by RNA mfold prediction) (Fig. 1A)
and tested the effects of these mutations on the biogenesis of
cel-let-7 (Figs. 1B and 1C). Both miRNA Northern blots and
gPCR results confirmed our previous finding that pri-let-7 loop
nucleotides have very different roles in the biogenesis of cel-let-
7. Mutants LPA2, LPG1 and LPG2 had little or no effect on
mature let-7 production. Strikingly, the LPA1 mutation resulted
in a significant increase (> two-fold) in mature let-7 production
and more pre-let-7 was detected in miRNA Northem blots, which
phenocopies the LPAA rescue function (Fig. 1B). We also no-
ticed that partially rescued pre-let-7 from LPAA and LPA1 mu-
tants dramatically increased pre-let-7 processing efficiency (>
seven-fold, 22 nt LPAA/LPA1 Fig. 1D). However, we did not
observe this effect of truncated pre-let-7 made from the same
LPAA and LPA1 mutants (20 nt LPAA/LPA1 Fig. 1D). Next, we
tested whether LPA1 can rescue truncated pre and mature let-
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7 that lack the first two nucleotides at the 5’ end of mature let-7
produced from cel-let-7-WT. Primer extension analysis con-
firmed that part of the pre and mature let-7 produced by LPA1
mutant had the same 5’ end as the endogenous human let-7
(Supplementary Fig. 1). To exclude the possibility that our re-
sults came from different transfection and expression levels of
mutant plasmids, we carried out specific gPCR assay to meas-
ure primary let-7 expression levels from loop mutants. We
found that all the mutants express similar primary let-7 level as
WT let-7 (Supplementary Fig. 2A). Although a previous study
showed that the pri-miRNA loop is dispensable for miRNA
processing in vitro (Han et al., 2006), our results strongly sug-
gest that terminal loop nucleotides play a key role in Dro-
sha/DGCR8 proces-sing of pri-miRNA to pre-miRNA in vivo.

Loop mutagenesis reveals different effects on miRNA
processing efficiency

To test whether other nucleotides in the pri-let-7 loop region
could also restore the defective biogenesis of the cel-let-7-WT,
we further generated a series of single nucleotide mutations
over the whole cel-let-7 loop, maintaining the same predicted
secondary structure as WT cel-let-7 (Table 1), and measured
their effects on the biogenesis of cel-let-7. All the loop mutants
express similar primary let-7 level as WT let-7 (Supplementary
Fig. 2B). We found that single nucleotide mutations in the pri-
let-7 loop have both positive and negative effects on mature let-
7 production. Some mutants (LP2, LP3, LP4, LP5 and LP8)
had no effect, or only displayed a slight increase in mature let-7
production, whereas mutant LP1 reduced mature let-7 produc-
tion by approximately 50%. Surprisingly, two mutants (LP6 and
LP7) produced more than two-fold more mature let-7 (Figs. 2A
and 2B). Although primer extension analyses of gel-purified
small RNA fragments showed that none of these mutants res-
cued truncated mature let-7 production (data not shown), we
cannot exclude the possibility that other nucleotide substitutions
may rescue the defective biogenesis of cel-let-7. More impor-
tantly, these mutants displayed differential processing efficiency
of pre-let-7 to mature let-7 (Fig. 2C). In fact, although the cel-let-
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Fig. 2. Loop mutations that
modulate miRNA biogenesis
efficiency. (A) Northern blot
showing the expression levels
of pre- and mature let-7 made
from wild-type and loop mu-
tants. (B) miRNA-specific qPCR
assay measuring the expres-
sion level of mature let-7 from
wild-type and loop mutants.
(C) Pre-let-7 processing effi-
ciency was determined by
Northern blotting. The steady
status mature let-7 level, nor-
malized to pre-let-7 level, was
used to quantify the efficien-
cy. Representative results of
three independent transfec-
tions are shown (*p < 0.05).

7-LP7 mutant has a similar mature let-7 level as the cel-let-7-
LP6 mutant, the pre-cel-let-7-LP7 mutant displayed nearly 40%
higher processing efficiency than the pre-cel-let-7-LP6 mutant.
Similarly, the pre-cel-let-7-LP8 mutant also displayed 40%
higher processing efficiency than the WT, despite a similar
mature let-7 expression level. Consistent with the finding by
Schopman et al. (2010), showing that optimizing the loop se-
quence of shRNA can increase siRNA production and inhibition
function, our results demonstrated that loop nucleotides mod-
ulate the efficiency of miRNA biogenesis.

Loop SNPs in human miRNA affect mature miRNA
production

Several groups reported that SNPs in miRNA flanking and stem
regions could affect the biogenesis of miRNAs, both in vivo and
in vitro (Duan et al., 2007; Sun et al., 2009). Thus, we attem-
pted to investigate whether and how SNPs in the loop region of
human miRNA would impact on miRNA biogenesis. To address
this question, we mapped the human SNPs (NCBI dbSNP 135
for human) onto human pre-miRNA genes and identified 32
SNPs in 21 miRNA loop regions (Table 2 and Supplementary
Table 3). We observed that several miRNAs had more than
one SNP in the loop region, such as miR-27a and miR-559. We
chose 12 SNPs in diseases-related microRNAs (Table 2) and
tested how these loop SNPs affected mature miRNA production.
WT and SNP mutant plasmids were transfected into BOSC 23
cells, and mature microRNA levels were measured by TagMan
MicroRNA specific qPCR assay. Consistent with our findings
for the loop’s effects on cel-let-7 processing, we found that
these SNPs have different effects on mature miRNA production.
Some SNPs caused a significant decrease (> 50%) in mature
miRNA expression (Fig. 3A), whereas one SNP, in the miR-16
loop region, resulted in more than 30% increased mature miR-
16 expression (Fig. 3B). Interestingly, although miR-27a has
three SNPs in different loop regions, only the A-C mutation
caused a 40% decrease of mature miR-27a expression; the
other two SNPs did not have such an effect (Fig. 3C). We also
observed that all loop SNPs tested had little or no effects on pri
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Table 2. Experimentally validated single nucleotide polymorphism(SNP) in pre-miRNA

miRNA Loop sequence (SNP) SNPID Effects
hsa-mir-16-1 CGTTAAGATTCTAAAATTATCT(C) rs72631826 Gain
hsa-mir-27a GGGTCCACA(C/G/T)CCAAGTCG rs895819 Loss/No
hsa-mir-27a GGGTC(T)CACACCAAGTCG rs11671784 No
hsa-mir-30e TGTGAGCAATAG(A)TAAGGAA rs112439044 No
hsa-mir-34a TGTAAGGTGTTC(T)AGAGGA rs72631823 No
hsa-mir-130b ATAGGCCG(A)CTGGG rs72631822 No
hsa-mir-135a2 AGTAATAAAGT(C)C rs113322127 No
hsa-mir-141 GGT(C)CTAATTGTGAAGCT rs111718468 Loss
hsa-mir-184 TTTG(T)TGACTGTAAGT rs41280052 Loss
hsa-mir-205 TCTCATACCCAACC(T) rs113859371 Loss
hsa-mir-222 GTCTTTCG(A)TAATC rs72631825 Loss
hsa-mir-496 TTTA(C)TTTATG rs79307187 Loss
A 12 B Fig. 3. Loop SNPs in human miRNAs affect
= o 187 mature miRNA production. (A) Precursor and
5104 g 14 b mature miBRNAs made from mir-141, miR-
Sos. 5121 205, miR-222, mir-496 and their SNP miR-
g R g 1 NAs were measure by miRNA gPCR (top)
5.067 8081 and Northern blotting (bottom). (B) miRNA-
'EOA. o 067 specific qPCR (top) and Northern blotting
P g 04 1 (bottom) showing the expression level of
he g 02 precursor and mature miR-16 from the wild-
0 - 0 type and SNP mutant. (C) Precursor and
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and pre-miRNAs production (For pri-miRNAs, Supplementary
Fig. 2C; for pre-miRNAs, Northern blot, Figs. 3A-3C) and only
affected pre-miRNAs’ processing efficiency (Fig. 3D). In addi-
tion, several SNPs displayed minimal effects on mature miRNA
production (Supplementary Fig. 3). Together with the findings
by Zhang and Zeng (2010), which showed that the terminal
loop region controls miRNA processing by Drosha and Dicer in
vitro, our results represent the first evidence that demonstrates
directly that the terminal loop plays a critical role in human
miRNA processing in vivo.
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Loop SNPs in human miRNAs affect miRNA
post-transcriptional regulatory functions

To further investigate the role of the loop SNPs in miRNA target
regulatory function, we selected four cancer-related miRNA
targets to test the SNPs’ effects on miRNA post-transcriptional
function, using a luciferase reporter assay. MiR-222 was pre-
viously reported to repress the expression of CDKN1B (p27), a
key regulator of cell cycle in chronic lymphocytic leukemia (CLL)
(Frenquelli et al., 2010). As shown in Fig. 4A, a G-A SNP in the
pri-miR-222 loop resulted in a remarkable decrease in target
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repression of CDKN1B from ~65% repression by WT miR-222
to ~45% repression by the mutant. More strikingly, a G-A SNP
in pri-miR-141 completely abolished miR-141 repression of its
target gene, YAP (Fig. 4A), which was reported to act as a
tumor suppressor in breast cancer (Yuan et al., 2008). We also
observed that a G-A SNP in the pri-miR-16 loop slightly en-
hanced miR-16 repression of anti-apoptosis gene BCL-2, from
40% repression by WT mir-16 to 55% by the mutant (Fig. 4B).
Consistent with the mature miR-27a expression pattern, only
the A-C SNP mutation in the pri-miR-27 loop induced a 50%
reduction in repression activity of the target gene, FBXW?7,
compared with WT mir-27a. By contrast, the other two SNPs
had a similar repression activity as WT mir-27a (Fig. 4C). Over-
all, these results suggest that loop SNPs have different effects
on miRNA regulatory function by affecting mature miRNA pro-
duction.

DISCUSSION

Our work reveals that nucleotides in the pri-RNA loop region
affect miRNA processing fidelity (Fig. 1). We used a combina-
tion of Northern blotting and primer extension assays to dem-
onstrate that loop nucleotides modulate the accuracy of the
Drosa/DGCR8 Complex processing of the 5’ seed region of
pre-miRNA or mature miRNA would indirectly diversify the
miRNA target repertoire selection, because the 5' seed region
is essential for miRNA target recognition and regulation. Intri-
guingly, there are controversial roles for pri-miRNA loops in
miRNA processing and mature miRNA biogenesis. Previously,
a mir-16-1 in vitro processing assay suggested that the loop is
dispensable for pri-mir-16-1 processing and mature miR-16
production (Han et al., 2006). However, Zhang and Zeng (2010)
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Fig. 4. Loop SNPs in human miRNAs affect miRNA
repression activity on the 3' UTRs of target genes.
(A) Dual-luciferase assay showing the repression
activity of miR-222 and SNP miR-222 on the 3' UTR
of CDKN1B (left) and the repression activity of miR-
141 and SNPmiR-141 on the 3' UTR of the YAP
gene (right). (B) Dual-luciferase assay performed
with miR-16 and SNP miR16 on the 3' UTR of the
BCL-2 gene. (C) A-C mutation in the mir-27a loop
region attenuated miR-27a repression activity on the

\y(\ .»oxg 3’ UTR of the FBXW?7 gene. Representative results
.q:@ of at least six independent trials (+ S.D.) (*p < 0.05).
&
L2

reported that a flexible terminal loop region is critical for miRNA
processing, using a similar in vitro processing assay for differ-
ent miRNAs. Our findings strongly support the latter model, and
suggest that further analyses are required to precisely dissect
the role of the pri-miRNA loop in miRNA processing in vivo.
Although several regulatory proteins have been demonstrated
to bind to pri/pre-miRNA loops and affect the production of
mature miRNA (Heo et al., 2008; 2009; Michlewski and Caceres,
2010; Newman et al., 2008; Trabucchi et al., 2009; Viswanathan
et al., 2008) and conserved loop sequences are required for the
interaction between these regulatory factors (Heo et al., 2009;
Newman et al., 2008), none of these proteins have been shown
to be involved in the regulation of the processing accuracy of
the mature miRNA 5’ seed region. Additionally, 5 end polymor-
phisms have been detected in miRNA profiles of CD8 T cells
(Wu et al., 2007), but there is little evidence to explain the hete-
rogeneity of the 5’ end of mature miRNAs. A recent study re-
ported that the loop position is critical for the accuracy of dicer
processing (Gu et al., 2012), but it should be noted that dicer
processing inaccuracy is mainly involved in the generation of
the 3’ end polymorphisms. Therefore, our finding presents a
novel mechanism for 5 end polymorphism generation and
suggests that a class of molecules may exist that recognize pri-
miRNA loops and affect the recognition fidelity of Drosha cata-
lytic domain, which controls the accuracy of miRNA 5’ seed
generation. This finding is consistent with a recent report by
Auyeung et al. (2013) showing that the primary-sequence de-
terminant GUG motif in the loop region distinguishes pri-
miRNAs from other hairpin-containing transcripts for efficient
processing. Recently, 5-end recognition by Dicer has been
shown to be critical for precise and effective biogenesis of
miRNAs (Park et al., 2011). In our study, we also observed
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rescued pre-let-7 (with a canonical 5 end) from LPAA and
LPA1 mutants dramatically increased mature cel-let-7 produc-
tion (> four-fold) and Pre-let-7 processing efficiency (> seven-
fold). It is quite plausible that the restoration of the canonical 5’
end cel-pre-let-7 structure may enhance Dicer enzyme
processing efficiency. In addition, our results also suggest that
the terminal loop can function independently of 5’ end recogni-
tion to affect Dicer processing efficiency (Figs. 2C and 3D).

Furthermore, our findings that mutagenesis of loop nucleo-
tides can modulate miRNA processing efficiency and mature
miRNA production (Fig. 2) provides new insights into optimal
shRNA design for gene silencing in vivo. RNA interference
(RNAI) is a key tool to investigate gene function in vivo and
target gene knockdown efficiency is an important factor in
RNAi-based studies (Paddison and Hannon, 2002). Most stu-
dies used the original shRNA design of the pSuper system
(Brummelkamp et al., 2002); however, several studies indicated
that shRNA molecules do not always exhibit the same silencing
effects as the corresponding synthetic siRNA for the same
target sequence (Hinton et al., 2008; Li et al., 2007b; Miyagishi
et al., 2004). Therefore, the efficiency during processing from
hairpin shRNA to small interfering RNA (siRNA) is a key issue.
Similar to our findings for the loop’s role in miRNA processing
efficiency, Schopman et al. (2010) reported that optimization of
the loop sequence of the hairpin shRNA can significantly im-
prove the inhibitory function of the shRNA in different cell types
by increasing small interfering RNA production. In our study, we
observed that LPA1 produced four-fold more mature let-7 when
substituted with an A nucleotide in the pri-let-7 loop (Figs. 1B
and 1C). However, a G nucleotide substitution (LPG1, Figs. 1B
and 1C) at the same site in the loop region had almost no effect
on mature let-7 production, indicating that the loop sequence
specificity is important for pri/pre-miRNA processing. Recently,
a human miR-30-based shRNA design showed promising effi-
ciency in gene knockdown in several cell culture and mammal
systems (Silva et al., 2005; Xia et al., 2006). Our observations
strongly suggested that the efficiency and specificity of miRNA-
based shRNAs could be further improved by optimizing the pri-
miR-30 loop sequence.

Recently, SNPs in miRNA seed regions have been shown to
be associated with human diseases, including hereditary dis-
eases and cancers (Chin et al., 2008; Jazdzewski et al., 2009;
Mencia et al., 2009; Sun et al., 2009; 2010). Gong et al. (2012)
reported more than 700 SNPs in human miRNA genes and
identified 50 SNPs in human miRNA seed regions, and pre-
dicted the target gain and loss effects for these SNPs. Although
SNPs in miRNA seed regions would directly influence the miR-
NA target binding and selection, one caveat for SNP study in
miRNA seed regions is that these SNPs may completely
change the wild-type miRNA target repertoire and create a new
target regulatory network in vivo, because SNPs may form
totally new seeds in the mutant miRNAs. In this study, we spe-
cifically identified 32 SNPs in human miRNA loop regions and
further examined their roles in miRNA processing and target
regulatory function. We observed that half of our tested SNPs
(6/12) had effects on miRNA processing, which provided a new
molecular mechanism for SNPs in human diseases by mod-
ulating miRNA production. For example, the minor allele C (A
— C) of SNP rs895819 in the miR-27a gene is associated with
reduced risk of gastric cancer (Zhou et al., 2012). We found
that only the A-C SNP significantly reduced the mature miR-
27a expression level (50%) (Fig. 3C). The SNP attenuated miR-
27a’s inhibition of its target protein, FBW7 (Fig. 4C), a tumor
suppressor that functions as a substrate component for a SCF
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ubiquitin ligase (Lerner et al., 2011). Thus, it is plausible that
SNP rs895819 (A — C) leads to upregulation of the FBW7 pro-
tein level by reducing miR-27a processing. Upregulated FBW7
protein will cause downregulation of multiple oncoproteins and
reduce the chance of tumorigenesis. MiR-16 was the only
miRNA whose expression level was upregulated by loop SNPs
in our study. MiR-16 plays a critical role as a tumor repressor in
the development of chronic lymphocytic leukemia (CLL) (Cim-
mino et al., 2005). CLL is characterized by overexpression of
the antiapoptotic B cell lymphoma 2 (Bcl2) protein, and miR-16
expression was reported to be inversely correlated with Bcl2
expression. We used a reporter system to confirm that Bcl-2 is
a bona fide target for miR-16. More importantly, SNP rs7263
1826 induced a 30% increase in mature miR-16 production and
repression of oncogene BCL-2, which may be used as a prog-
nostic indicator for subpopulations of CLL.

In summary, we identified regulatory information in the terminal
loop region of miRNAs that may play a critical role in miRNA
processing fidelity and efficiency. The results have broad implica-
tions for understanding the mechanisms underlying miRNA bio-
genesis, miRNA-related diseases and shRNA design.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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