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MaturemicroRNAs (miRNAs) are processed from hairpin-containing primarymiRNAs (pri-miRNAs). However, rules that

distinguish pri-miRNAs from other hairpin-containing transcripts in the genome are incompletely understood. By develop-

ing a computational pipeline to systematically evaluate 30 structural and sequence features ofmammalian RNAhairpins, we

report several new rules that are preferentially utilized in miRNA hairpins and govern efficient pri-miRNA processing. We

propose that a hairpin stem length of 36 ± 3 nt is optimal for pri-miRNA processing. We identify two bulge-depleted re-

gions on the miRNA stem, located ∼16–21 nt and ∼28–32 nt from the base of the stem, that are less tolerant of unpaired

bases. We further show that the CNNC primary sequence motif selectively enhances the processing of optimal-length hair-

pins. We predict that a small but significant fraction of human single-nucleotide polymorphisms (SNPs) alter pri-miRNA

processing, and confirm several predictions experimentally including a disease-causing mutation. Our study enhances

the rules governing mammalian pri-miRNA processing and suggests a diverse impact of human genetic variation on

miRNA biogenesis.

[Supplemental material is available for this article.]

MaturemiRNAs are derived fromhairpin-containing primary tran-

scripts (pri-miRNAs). For the vastmajority of miRNAs, pri-miRNAs

are processed in the nucleus by the Microprocessor complex, con-

taining DROSHA, DGCR8, and other proteins (Lee et al. 2003;

Denli et al. 2004; Gregory et al. 2004; Han et al. 2004; Nguyen

et al. 2015; Kwon et al. 2016), into precursor miRNAs (pre-

miRNAs), which can be further processed by DICER1 into mature

miRNAs (Bernstein et al. 2001). Accurate levels of miRNA expres-

sion are required for normal cell functions, the disruption ofwhich

is frequently observed in diseased states such as cancer (Lu et al.

2005; Farazi et al. 2011; Iorio and Croce 2012).

Many of the mammalian coding and noncoding transcripts

contain predicted hairpin structures. While DROSHA/DGCR8

cleaves a small fraction of non-miRNA transcripts (Karginov

et al. 2010; Macias et al. 2012), the vast majority of hairpin-con-

taining transcripts do not enter the pri-miRNA processing path-

way. How are pri-miRNAs distinguished from hairpin-containing

transcripts in the genome? Previous studies, mostly by modeling

specific miRNAs and their mutants, have examined rules govern-

ing efficient pri-miRNA processing. For example, several studies

have proposed that the Microprocessor complex efficiently pro-

cesses hairpins with stem lengths of ∼33 nucleotides (nt) (Han

et al. 2006; Nguyen et al. 2015). Another recent study has used a

cell-free screen on more than 210,000 randommutations in three

pri-miRNA hairpins and found that the most favored substrates of

the Microprocessor complex are hairpins of ∼35 ± 1 nt in stem

length (Fang and Bartel 2015). Apical loop sizes of 3–23 nt have

been found to be compatible with processing (Zeng and Cullen

2003), with loop size of ≥10 nt proposed to allow efficient process-

ing (Ma et al. 2013). In addition, a bulge was often found near the

DROSHA processing site several bases from the base of the hairpin

(Han et al. 2006) and, in the context of a GHGmotif, can enhance

the processing of specific miRNAs (Fang and Bartel 2015).

In addition to structural features, several primary sequence

motifs have been identified to regulate pri-miRNA processing.
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One of the processing-enhancing motifs is the CNNC motif,

which can be found ∼17–18 nt downstream from 3p mature

miRNA in a subset of pri-miRNAs (Auyeung et al. 2013). Both

SRSF3 and DDX17 have been reported to bind specific CNNC sites

and affect processing (Auyeung et al. 2013; Mori et al. 2014).

However, it is unclear whether the functional CNNC motif is in-

deed degenerate and restrained spatially. Other than the CNNC

motif, the UG motif at the basal stem junction and UGU/GUG/

UGUG motif in the apical loop can be found in a minor subset

of miRNAs (Auyeung et al. 2013; Nguyen et al. 2015). The relation-

ship between structural features and primary sequence motifs has

been examined in a recent study, which proposes that a combina-

tion of primary sequence motifs (CNNC, basal UG, and apical

UGU/GUG/UGUG) enhances the processing of hairpinswith non-

optimal lengths (Fang and Bartel 2015). Aside from structural and

sequence features in pri-miRNAs, a number of protein factors have

been shown to regulate processing of spe-

cific miRNAs or miRNA subsets (Denli

et al. 2004; Gregory et al. 2004; Yang

et al. 2006; Guil and Caceres 2007;

Davis et al. 2008, 2010; Newman et al.

2008; Viswanathan et al. 2008; Paroo

et al. 2009; Trabucchi et al. 2009; Nam

et al. 2011; Piskounova et al. 2011; Tang

et al. 2011; Kawahara and Mieda-Sato

2012; Wada et al. 2012; Di Carlo et al.

2013; Cheng et al. 2014). More recently,

the role of m6A has been demonstrated

to regulate pri-miRNA processing

(Alarcon et al. 2015a,b).

The lack of systematic comparisons

between pri-miRNA hairpins and other

genomic hairpin-containing transcripts

raises the possibility that comparative

analysis of these two classes of hairpins

can both identify additional rules gov-

erning pri-miRNA processing and reveal

key distinctions between miRNA and

non-miRNA hairpins. In this study,

based on a new computational pipeline

to characterize hairpin features, and

with experimental validation, we pro-

pose additional andmodified rules for ef-

ficient pri-miRNA processing, which are

preferentially utilized in miRNAs over

non-miRNA hairpins. These rules can

be further confirmed by human SNPs

that lead to the disruption of favorable

processing-related features.

Results

Systematic comparison of hairpin

features for mammalian pri-miRNAs

versus genomic hairpin-containing

transcripts

We sought to identify structural and se-

quence features that distinguish hairpins

in pri-miRNAs from those residing in

other genomic transcripts. We designed

a computational pipeline, “HairpIndex,”

to identify hairpins from computationally folded RNA structures

and to annotate such hairpins with a total of 30 structural and se-

quence features (see Methods) (Fig. 1A). These features can be

roughly categorized as secondary structural features (stem length,

hairpin pairing, bulge size/position, and apical loop size) and

primary sequence (CNNC, basal UG, and apical GUG/UGUG)mo-

tifs (Fig. 1B).

To identify potential differences in miRNA hairpins versus

non-miRNA hairpins, we resorted to three sequence data sets,

which were obtained for both human and mouse. We first created

a control data set for non-miRNA transcripts by using RefSeq se-

quences (see Methods). Second, we used pre-miRNA from

miRBase (miRBase v21) with 30 bases of flanking sequence on

each side. Third, because miRBase contains a number of miRNAs

whose validity has been questioned (e.g., MIR4521) (Guo et al.

2015), we assigned a subset of miRNAs enriched for well-processed

Figure 1. Systematic evaluation of miRNA and non-miRNA hairpins reveal enriched structural and se-
quence features in pri-miRNAs. (A) A schematic of the computational and experimental workflow. (B)
Diagram of major hairpin features annotated by the HairpIndex pipeline. For pri-miRNA hairpins, blue
letters represent 5p mature miRNA; orange letters, 3p mature miRNA. Primary sequence motifs—includ-
ing CNNC, basal UG, and apical UGU/UGUG—were also highlighted. (C) The fractions of hairpins con-
taining each indicated feature were plotted for human pri-miRNAs in miRBase v21, in a subset of
“Empirical”miRNAs, or in human RefSeq fragments. The numbers above the bars indicate the fold enrich-
ment of the corresponding feature over the RefSeq control. The numbers for stem length indicate the
range of stem lengths in nucleotides; % pairing indicates the percentage of paired bases within the
stem; the numbers after CNNC indicate the position range of putative CNNC motifs relative to the
base of the hairpin, as measured in nucleotides; the numbers after loop indicate the range of the loop
sizes; and basal UG, apical UGU, or apical UGUGmotifs indicate the presence or absence of such features
in hairpins. P-values were calculated using Fisher’s exact test. (∗∗) P < 0.005; (∗∗∗) P < 0.0005.
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miRNAs as an “Empirical” set (seeMethods). All sequence data sets

were then computationally folded and analyzed with HairpIndex

(Supplemental Tables S1, S2).

We started by examining previously documented features rel-

evant to miRNA processing, including

stem length, apical loop size, the pres-

ence of CNNC, apical UGU or UGUG,

and basal UG motifs. We also included

percentage pairing within the hairpin

stem. For some of the features, we as-

signed optimal enrichment parameters

(e.g., optimal stem lengths of 33–39 nt).

The choice of optimal feature definitions

for stem lengths, stem pairing, and

CNNC motif will be discussed in much

more detail in the following sections.

For apical loop size, we observed that

the enriched range is 8–16 nt; apical

loop size from 2–7 nt was prevalent in

miRNA hairpins but not enriched

compared with non-miRNA hairpins

(Supplemental Fig. S1A,B).

Overall, the eight measured features

above were significantly enriched in

miRNA hairpins over RefSeq hairpins

(Fig. 1C; Supplemental Fig. S1C).

Similar enrichment results could be ob-

served when we used refined sets (v2) of

Empirical miRNAs (Supplemental Tables

S3, S4), removed a small number of

miRNA-containing RefSeq sequences, fil-

tered the RefSeq control data set to result

in similar folding energy as the miRNA

data set, and/or used different folding

algorithms (Supplemental Fig. S1D,E),

indicating that the results were insensi-

tive to variations in analysis parameters.

Among these enriched features, we ob-

served that the optimal range of stem

length is themost distinguishing feature,

with a greater than sixfold enrichment

for the Empirical miRNA set versus

RefSeq and with ∼50% of Empirical

miRNAs having optimal stem lengths

(Fig. 1C; Supplemental Fig. S1C). In con-

trast, other features were enriched at

much lower levels, were present in a

small fraction of miRNAs, or both.

Taken together, systematic hairpin com-

parisons between miRNAs and RefSeq re-

vealed a number of enriched features,

with optimal stem lengths as a key distin-

guishing feature.

Optimal stem lengths are required for

efficient miRNA processing in cells

We examined stem length by plotting

the distribution of hairpins with regard

to stem lengths. Bulges were included in

stem length calculations (see Methods).

Unlike RefSeq hairpins, the distribution

ofmiRNAhairpins had a peak at 36 nt, which decreaseswith either

increasing or decreasing lengths (Fig. 2A; Supplemental Fig. S2A).

As expected, the Empirical miRNA set showed a stronger peak

than the miRBase v21 set. Based on these distributions and

Figure 2. Optimal stem length is required for efficient processing. (A) The distributions of the stem
lengths of human hairpins were plotted for pri-miRNAs in miRBase, Empirical pri-miRNAs, and RefSeq
hairpins. The optimal range of 36 ± 3 nt is highlighted. (B) The distributions of percentage pairing within
hairpin stemwere plotted for human hairpins. A cutoff of 82% pairing was highlighted. (C) The fractions
of human hairpins with both optimal stem length (33–39 nt) and pairing (≥82%) were plotted, with fold
enrichment over RefSeq indicated. (D) Diagram of the lentiviral pri-miRNA processing reporter. (E–I) The
processing of wild-type (WT) and mutant mouseMir125b-2 was measured in BaF3 cells. Data were nor-
malized with the processing level for WTmouseMir125b-2 construct set to one and the level of an empty
vector (Ctrl) set to zero. A construct removing the hairpin inmouseMir125b-2 (ΔHairpin) was also used as
a control. N = 3. P-values are annotated above the bars for comparison with WT construct. Other P-value
comparisons are indicated with horizontal bars. (F ) Sequences and predicted structures of constructs
tested in E and G through I. Color-coded elements include 5pmaturemiRNA (blue), 3pmiRNA (orange),
insertions (red letters; lowercase), and deletions (red box) that occurred in other related constructs.
Watson-Crick pairings are indicated with vertical bars, whereas G:U pairings are indicated with dots.
(∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.001; (ns) not significant.
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experiments below and in the following sections, we assigned op-

timal enriched lengths to be 33–39 nt.

MiRNA hairpins within optimal length range were overall

better paired than those from RefSeq, and based on their distribu-

tions (Fig. 2B; Supplemental Fig. S2B), we assigned a cutoff of 82%.

Combining both optimal stem lengths and optimal percentage

pairing within stem, we observed an 18.6-fold enrichment for hu-

man Empirical miRNAs in comparison to RefSeq, with 46.6% of

Empirical miRNAs having both optimal features (Fig. 2C;

Supplemental Fig. S2C for mouse). Furthermore, when we restrict-

ed the enrichment analysis to hairpins with both optimal lengths

and pairing, we observed improvements in enrichment for other

features, including apical loop size, CNNC 5-6, basal UG, and api-

cal UGU (Supplemental Fig. S2D). These data are consistent with

optimal stem length/pairing as important determinants of

miRNA processing.

The peak of 36 nt for miRNA stem length, and the optimal

range of 33–39 nt, predicts that efficient miRNA processing would

be impairedwhenmiRNAs are too long or too short. It also predicts

that there would be several bases of tolerance for stem lengths. To

test these possibilities, we resorted to awidely used in vivo reporter

vector for pri-miRNA processing (Fig. 2D; Mori et al. 2014; Weitz

et al. 2014). Specifically, miRNA hairpins or their mutants were

cloned into the 3′ UTR of mCherry in a dual GFP/mCherry vector

so that pri-miRNA processing will destabilize mCherry mRNA,

with more efficient processing leading to a higher ratio of GFP/

mCherry signals by flow cytometry (see example in

Supplemental Fig. S2E). Knocking down DROSHA or DGCR8, but

not DICER1, profoundly reduced processing levels measured by

this reporter system (Supplemental Fig. S2F,G). In addition, we ob-

served that the reporter activities were inversely correlated with

pri-miRNA levels and positively correlated with mature miRNA

levels (Supplemental Figs. S2H, S4J). For both human and mouse

constructs, similar reporter activities were observed in human

and mouse cell lines (HL60 and BaF3) and across two mouse cell

lines with distinct tissue origins (BaF3 and NIH/3T3)

(Supplemental Fig. S2I). These data support that the processing re-

porter assay faithfully reflects pri-miRNA processing efficiency.

We usedmouseMir125b-2 (stem length of 35nt) as amodel to

test the stem length requirements. Of note, we confirmed that

within the predicted folding structure of this miRNA, the last

two pairing bases in the stem near the apical loop are functionally

important, the unpairing of which reduced processing efficiency

(Supplemental Fig. S2J,K). We next created a number of mutants

in which the stem lengths were increased or decreased by four bas-

es. Specifically, we inserted four pairs of bases near the apical loop

(A4+, 39 nt) or near the basal side (B4+, 39 nt) with B4+ also intro-

ducing an extra bulge and decreased percentage pairing. In addi-

tion, we removed four pairs of bases in the middle of the hairpin

(Δ4M, 31 nt). In each case, four-base alterations strongly reduced

processing efficiency (Fig. 2E,F), with the 39-nt A4+ (without extra

bulge) being the least affected and retaining ∼22% processing effi-

ciency. To confirm that the mutant hairpins (A4+, B4+, Δ4M) re-

duced processing in a stem length–dependent manner, rather

than being solely due to primary sequence alterations, we per-

formed a rescue experiment by combining A4+ and B4+mutations

with the Δ4M mutation (Fig. 2F). Combination mutations (A4

+Δ4M and B4+Δ4M) rescued stem length and largely rescued the

processing efficiency (Fig. 2G,H). To examine the tolerance of

stem length changes, we created additionalmutants that extended

stem length by one, two, or three bases (A1+, 36 nt; A2+, 37 nt; A3

+, 38 nt). Increasing stem length up to 3 nt did not result in signifi-

cant impairment of processing (Fig. 2I). Taken together, our data

above support the existence of a range of optimal stem lengths

that are required for efficient pri-miRNA processing. In addition,

our data also suggest that stem length by itself is insufficient to ac-

count for all requirements for processing, because our A4+Δ4M

and B4+Δ4M combinationmutants only partially rescued the pro-

cessing defects.

Bulge positions control hairpin processing

We reasoned the location of bulges might affect processing effi-

ciency. Among hairpins with optimal lengths and pairing, we ob-

served that RefSeq hairpins showed relatively uniform distribution

of bulge positions along the stem (Fig. 3A; Supplemental Fig. S3A).

In contrast, we observed enrichment of bulges at ∼5–9 nt from the

base of the stem in miRNAs, which was more prominent when

counting from the base of the hairpin (Supplemental Fig. S3B,C).

This is consistent with earlier observations from the Kim group

and recent findings by the Bartel group (Han et al. 2006; Fang and

Bartel 2015). Unexpectedly, we also observed two bulge-depleted

regions in miRNA hairpins, located at positions ∼5–9 nt and ∼16–

21 nt relative to apical loop, or ∼16–21 nt and ∼28–32 nt relative

to the base of the hairpin, observable for both arms of the stem

(Fig. 3A,B). In contrast to bulge location, the numbers of bulges in

miRNA hairpins and non-miRNA hairpins were only mildly differ-

ent (Supplemental Fig. S3D,E). Thus, bulges are differentially dis-

tributed along miRNA hairpins in comparison to RefSeq hairpins.

We then asked whether bulges in bulge-depleted regions are

less tolerated duringmiRNAprocessing.We first examined the par-

tially rescued mouse Mir125b-2 B4+Δ4M construct, in which the

stem length rescue strategy shifted the bulge locations and resulted

in an enlarged bulge in one of the bulge-depleted regions com-

pared with the WT construct (19/20 nt from the stem base) (Fig.

3C). Flattening this bulge (B4+Δ4M FB2) significantly enhanced

processing relative to B4+Δ4M (Fig. 3D), whereas flattening a bulge

outside of the bulge-depleted region (B4+Δ4M FB1, 13/14 nt from

stem base) (Fig. 3C) did not significantly improve processing (Fig.

3D). These data suggest that the positions of bulges contribute to

pri-miRNA processing.

We further reasoned that stronger processing differences

could be revealed if more profound changes in bulges were engi-

neered. To test this, we used human MIR16-1 as a model. We ap-

plied a similar strategy of stem length rescue by introducing

both four pairs of insertion (MIR16-1 A4+) and four pairs of dele-

tion (MIR16-1 Δ4M). Our design of the combination mutant

(MIR16-1 A4+ Δ4M) rescued the stem length but moved a bulge

into the center of one of the bulge-depleted regions (19 nt from

stem base) (Fig. 3E). As we expected, MIR16-1 A4+ and Δ4M each

resulted in strong reductions in processing, and the combination

mutant MIR16-1 A4+Δ4M failed to rescue the processing (Fig.

3F). To determine whether this failure is due to the bulge in the

bulge-depleted region, we removed the bulge-base in the MIR16-

1 A4+Δ4M construct (MIR16-1 FBD), which led to a complete res-

cue of processing efficiency to the WT level (Fig. 3F). In contrast,

eliminating a bulge in the bulge-tolerated region (MIR16-1 FBE;

12 nt from base of stem) did not rescue processing (Fig. 3F).

Consistent with this result, forcing pairing of that bulge in WT

MIR16-1 (MIR16-1 WTFBE) did not improve processing efficiency

over WT (Fig. 3F).

We next asked whether shifting the bulge from the center

of the bulge-depleted region could lead to enhanced processing.

Due to technical difficulty in shifting the bulge at position 19

Novel determinants of pri-miRNA processing
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Figure 3. The roles of the bulge-depleted regions in pri-miRNA processing. (A) The distributions of bulges along hairpin stemwere plotted with distance
measured from the junction between apical loop and the stem in nucleotides, for human miRBase v21 hairpins, Empirical miRNA hairpins, or RefSeq hair-
pins. Hairpins were preselected to have optimal length (33–39 nt) and pairing (≥82%). Bulge distributions along the 5p arm (top) or 3p arm (bottom) of the
hairpin were plotted. The bulge-depleted and bulge-enriched regions were indicated with dashed boxes. (B) A diagram for bulge-depleted and bulge-en-
riched regions was illustrated for hairpins with a stem length of 36 nt. The numbers indicate position from the base of the stem (left side) or apical/stem
junction (right side). The bulge-enriched region was depicted with a pink box, whereas bulge-depleted regions were depicted with gray boxes, with the
edge of the depleted regions in lighter gray to reflect less depletion. (C) Hairpin structures forWT ormutantmouseMir125b-2 hairpins are illustrated. Color-
coded elements include 5p mature miRNA (blue), 3p miRNA (orange), insertions (red letters; lowercase), and deletions that occurred in other related con-
structs (red box). Watson-Crick pairings are indicated with vertical bars, whereas G:U pairings are indicated with dots. The positions of the bulge-depleted
regions, as measured from the base of the stem, are shaded in gray. (D) The constructs in C were subjected to the processing reporter assay in BaF3 cells,
with data normalized and the levels of WTmouseMir125b-2 set to one and an empty vector (Ctrl) set to zero.N = 3. (E) Hairpin structures forWT ormutant
MIR16-1 are depicted, with the same color-coding system as in C. Arrows point to nucleotide alterations. (F) The constructs in E were subjected to the
processing reporter assay in BaF3 cells, with data normalized and the levels of WT mouse Mir125b-2 set to one and an empty vector (Ctrl) set to zero.
N = 3. Error bars, SD. P-values are annotated above the bars for comparison with WT construct. Other P-value comparisons are indicated with horizontal
bars. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.001; (ns) not significant.
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(counting from base) to a bulge-tolerated region without affecting

overall folding, we were only able to design two mutants that

moved the bulge to the edges of the bulge-depleted regions

(MIR16-1 SB1 and SB2) (Fig. 3E), which are less depleted than the

center of the regions (Fig. 3B). In both cases, significant, but partial

rescue was observed when comparing to A4+Δ4M construct, al-

though processing was lower than the level of WT (Fig. 3F).

Taken together, our data above support that bulges in bulge-

depleted regions inhibit processing, with stronger effects seen at

the center of these regions, whereas bulges outside of such regions

are relatively more tolerated.

CNNC distance, but not nucleotide identity, strongly

affects pri-miRNA processing

Among the primary sequence motifs, we focused on the CNNC

motif because it is the only known primary sequence motif that

does not have a fixed location within hairpin. It remains unclear

whether the distance of CNNCmotif and whether the 16 possible

nucleotide combinations of “NN” within CNNC (referred to as

CNNC subtypes) functionally affect processing.

We first examined the location of the CNNC motif. Because

of the absence ofmaturemiRNAswithin RefSeq hairpins, we calcu-

lated the CNNC distance based on the position of the first C in

CNNC relative to the base of the stem. Comparing between

RefSeq andmiRNAs hairpins, we observed a broad range of enrich-

ment (Fig. 4A; Supplemental Fig. S4A). Based on these distribu-

tions, we used two criteria, CNNC5-6 and CNNC3-11, to refer to

CNNC distance. Both CNNC distance criteria were significantly

enriched in miRNA hairpins (Fig. 1C).

Mouse Mir125b-2 harbors two putative CNNC motifs within

the enriched range, located with overlap at positions 7 (CNNC1)

and 10 (CNNC2), respectively (Fig. 4B). We first asked whether

both CNNCs are functional. Surprisingly, mutation of CNNC1

(KCNNC1), which fell closer to the highly enriched 5- to 6-nt

range, resulted in a slight increase in processing efficiency (Fig.

4C). In contrast, mutation of CNNC2 (KCNNC2), whichwas locat-

ed further away from the peak of enriched positions, strongly re-

duced the processing of this miRNA (Fig. 4C). Evolutionarily,

CNNC2 was more conserved than CNNC1, even though the NN

of CNNC2 could be variable (Supplemental Fig. S4B). These data

revealed the functional CNNC within mouse Mir125b-2 and also

proved that not all putative CNNCmotifs within the enriched dis-

tance range are functional.

To test the functional relevance of the distance of CNNC, we

made an insertion of 5 nt into our KCNNC1 construct, effectively

extending the CNNC2 position to 15 nt from the stem base

(SCNNC5), a distance that is out of the range of the enrichment.

This mutant resulted in a strong reduction of processing similar

to the level seen for KCNNC2 (Fig. 4C), indicating that the distance

of CNNC is important for miRNA processing.

We next examined the 16 possible CNNC subtypes by com-

paring the distributions within miRNA hairpins versus RefSeq

hairpins. Although there was strong variability in the occurrence

of a CNNC subtype near miRNA hairpins, a similar pattern was

seen for RefSeq hairpins (Supplemental Fig. S4C,D) and paralleled

the overall nonrandom distribution of CNNC subtypes in RefSeq

sequences regardless of their location (Supplemental Fig. S4E).

These distributions suggest that the CNNC subtypes do not differ

strongly in processing. To test this possibility, we created five mu-

tants by mutating the CNNC2 of Mir125b-2, representing six

CNNC subtypes with low, medium, and high occurrences

(Supplemental Fig. S4C–E, pink-lettered CNNCs). Despite some

mutants producing statistically significant changes in processing

efficiency, the levels of such changes were small (Supplemental

Fig. S4F).We further asked whether these CNNCmutants could re-

spond to constitutively active YAP1 overexpression (Supplemental

Fig. S4G), which can sequester the CNNC-binding protein DDX17

and reduce processing (Mori et al. 2014). YAP1 significantly sup-

pressed all CNNC motif mutants, albeit with some levels of quan-

titative differences (Supplemental Fig. S4H). Our data above

indicate that the CNNC distance strongly affects processing effi-

ciency, whereas alteration of CNNC subtypes has no or mild effect

on processing.

The CNNC motif preferentially enhances the processing

of hairpins of optimal stem lengths

We observed that the enrichment of putative CNNC motifs was

much stronger in miRNA hairpins with optimal length (33–39

nt) than those without (<33 or >39 nt) (Fig. 4D; Supplemental

Fig. S4I). These data indicate that putative CNNCmotifs preferen-

tially co-occur with optimal length miRNA hairpins, and raise the

possibility that the CNNC motif cooperates with optimal stem

length to enhance processing.

We addressed this possibility first by performing combina-

tion mutations in mouse Mir125b-2. As we have demonstrated

above, both increasing stem length (A4+) and mutating CNNC

(KCNNC2) resulted in a strong reduction of processing efficiency,

but not completely, compared with the ΔHairpin level (Fig. 4E).

Indeed, the KCNNC2 mutant produced mature mmu-miR-125b

to ∼12% of WT levels and significantly reduced pri-miRNA levels

in comparison to ΔHairpin control (Supplemental Fig. S4J), further

indicating that it is not completely inactive for processing. The

combination of A4+ and KCNNC2 mutations did not result in a

further decrease of processing efficiency, suggesting that CNNC

enhances optimal length hairpin.

To further test this notion, we resorted to humanMIR579WT

(44 nt) andMIR579M7-mutant (37 nt) with the latter being with-

in the optimal length range. MIR579 does not contain a CNNC

motif within the enriched distances. When we engineered an arti-

ficial CNNCmotif inWTMIR579 (579CNNC+), we did not observe

any increase in processing (Fig. 4F; Supplemental Fig. S4K). A mild

increase was observed when the stem length was reduced to 37 nt

(Fig. 4F, MIR579 M7- mutant). A combination of CNNC and the

stem length reduction (MIR579M7-CNNC+) resulted in a stronger

increase in processing relative to the WT construct (Fig. 4F), sup-

porting cooperation of the engineered CNNC with optimal stem

length.

To more comprehensively examine the functional interac-

tion between the CNNC motif and the stem length, we obtained

the mature miRNA expression data (Mori et al. 2014) for which

the CNNC-binding protein DDX17 has been knocked down in

HaCaT cells. For all maturemiRNAs derived fromhairpins contain-

ing putative CNNCmotifs within the enriched distance range, we

plotted the stem length and the level of mature miRNA reduction

uponDDX17 knockdown. Strikingly, we observed that expression

reductionswere associatedwith stem lengthwithin or very close to

the optimal range of 33–39 nt (Fig. 4G). When we examined all

miRNAs with greater than twofold reduction uponDDX17 knock-

down, there were significantly more miRNAs with both putative

CNNC and optimal stem length than those without putative

CNNC, without optimal stem length, or without both (Fig. 4H).

These data support that miRNAs with both optimal stem length
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and putative CNNC motif(s) are selectively sensitive to the loss of

the CNNC-binding protein DDX17.

We also reasoned that if optimal stem length, CNNC, and the

combination of both are important for miRNA processing, we

would expect an increased mature miRNA–to–pri-miRNA ratio

from endogenous cellular transcripts for miRNAs with these fea-

tures. To test this, we obtained RNA-seq data for pri-miRNA expres-

sion levels in four human cell lines (MCF7, HCT116, 293T, and

Figure 4. The roles of the CNNC motif in pri-miRNA processing. (A) The distributions of putative CNNC motifs were plotted for human hairpins from
miRBase, Empirical miRNA set, or RefSeq. The distance of CNNCmotif wasmeasured in nucleotides from the base of the stem to the first C in themotif. The
most enriched position (6 nt) was highlighted. (B,C) Processing of WT mouseMir125b-2 or its CNNC mutants was assayed. The sequences of CNNC mu-
tants were depicted in B. Color-coded elements include the 3p miRNA shown in orange, nucleotides in the stem shown in lavender, mutated or inserted
nucleotides shown in red, putative CNNCmotifs inmagenta, and positions relative to stembase indicated by numbers. (C) BaF3 cells were transducedwith
the processing reporters, and the processing efficiencies weremeasured, with the level for WTmouseMir125b-2 set to one and the level of an empty vector
(Ctrl) set to zero. A construct removing the hairpin in mouseMir125b-2 (ΔHairpin) was also used as a control. N = 3. P-values were annotated for compar-
isonwithWT construct. (D) Distributions of the CNNCmotifs, amongmiRNA or non-miRNA hairpins thatwere of optimal (33–39 nt) or nonoptimal (<33 or
>39 nt) length. CNNC motifs preferentially co-occur with optimal length miRNA hairpins. (E) WT mouse Mir125b-2 or combination mutants containing
stem length alterations (A4+) (Fig. 2) and CNNC mutations (see C) were measured in processing reporter assays in BaF3 cells. N = 3. (F ) Processing effi-
ciencies for WTMIR579, which is both long (44 nt of stem length) and without a CNNCmotif, and its mutants were measured in BaF3 cells. Mutant struc-
tures are illustrated in Supplemental Figure S4K, with the CNNC+ mutant containing an engineered putative CNNCmotif 8 nt from stem base ofMIR579,
the M7-mutant shortening the stem length by 7 nt, and the M7-CNNC+ mutant having both shortened stem length and a CNNC motif. Data were nor-
malized the same way as in B. N = 3. (G) The fold-decrease of mature miRNA expression upon siRNA knockdown of DDX17 versus a control siRNA (siCtrl)
was plotted against the stem length. Each dot represents a single miRNA, with those containing putative CNNC motifs (CNNC+) and without (CNNC−)
plotted separately. The optimal stem length range (33–39 nt) was highlighted. (H) Data from G were plotted to quantify the number of miRNAs with de-
creased expression (greater than twofold) upon DDX17 knockdown, for miRNAs with optimal or nonoptimal stem length, and with putative CNNC or
without. Numbers above the bars indicate the number of decreased miRNAs out of all miRNAs in the indicated category. Error bars, SD. (∗) P < 0.05;
(∗∗) P < 0.01; (∗∗∗) P < 0.001; (ns) not significant.
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HepG2) published by the Mendell labo-

ratory (Chang et al. 2015), as well as

publicly available mature miRNA se-

quencing data from other laboratories

(Bogerd et al. 2014; Cao et al. 2016;

Hannafon et al. 2016). By examining

miRNAs with a higher mature–to–pri-

miRNA ratio versus those with a lower ra-

tio, we observed significant enrichment

for optimal stem length or CNNC, and

a stronger enrichment when both fea-

tures were present (Supplemental Fig.

S5A–D). Taken together, our data above

support a model that the CNNC motif

preferentially co-occurs with and en-

hances the processing of hairpins with

optimal stem lengths.

Systematic evaluation of the effects of

human SNPs on pri-miRNA processing

With the known and new rules of pri-

miRNA processing obtained above, we

applied these rules to human SNPs. A to-

tal of 17,948 SNP alleles (dbSNP human

Build 142) were found within 30 bases

of human pre-miRNAs. We systemati-

cally annotated hairpin structural and se-

quence features on these alleles using our

HairpIndex pipeline and compared such

features of minor alleles to those of the

major alleles. Results are summarized in

Supplemental Table S5.

Overall, we found 0.4%–2.7% of

SNPs in each of the feature categories,

which were predicted to be favorable

or detrimental to miRNA processing

(for details, see Methods) (Fig. 5A;

Supplemental Table S5). Due to limited

numbers (135 favorable, 177 detrimen-

tal) of SNPminor alleles that were within

the optimal stem length range and hav-

ing optimal pairing, when we compared

SNP alleles of different minor allele

frequencies (MAFs), we did not observe

many statistically significant changes.

Nevertheless, common minor alleles

(MAF≥ 0.1) tend to be depleted for detri-

mental structural changes (hairpin num-

ber—meaning failure to identify hairpin,

and percentage stem pairing) and en-

riched for favorable structural features

(optimal stem length), compared with

low MAF minor alleles (Supplemental

Fig. S6A,B).

To confirm some of our predicted

changes in secondary structure features, we took three SNPs in

two pri-miRNAs for validation. For SNP rs371589474, which is lo-

cated within the stem ofMIR126, we predicted a reduction of stem

length from32 nt in themajor “G” allele to 16 nt in theminor “A”

allele. Indeed, this minor allele led to an approximately fivefold re-

duction in processing efficiency. In contrast, another G→A SNP

(rs4636297) in the same miRNA that was not predicted to alter

stem length did not alter processing (Fig. 5B,C). Another example

is SNP rs543412 locatedwithin theMIR100hairpin flanking region

but outside of the predicted stem (Fig. 5B). The minor “A” allele re-

sulted in predicted secondary changes that propagated into the

stem to result in a shortening of stem length from 35 nt to 25 nt.

Figure 5. The effects of human SNPs on pri-miRNA processing. (A) Human SNPs in dbSNP human
Build 142 that are located close to human pri-miRNAs were evaluated for their impact on hairpin struc-
ture and sequence features. For each SNP, hairpin features for minor and major alleles were compared.
The fractions ofminor alleles that have predicted favorable (gray) or detrimental (blue) impact (relative to
the major allele) on pri-miRNA processing were plotted. (B) Predicted hairpin structures of major and mi-
nor alleles tested in C through E. Color-coded elements include 5p mature miRNA (blue), 3p miRNA (or-
ange), major allele base (red letter; uppercase), and minor allele base (red letter; lowercase). Watson-
Crick pairings are indicatedwith vertical bars, whereas G:U pairings are indicatedwith dots. The positions
of the bulge-depleted regions, as measured from the base of the stem, are shaded in gray. Arrow and
yellow-highlighted red text indicate the sequence variation. (C–E) The indicated pri-miRNA constructs
were subjected to processing reporter assay in BaF3 cells. Processing efficiencies were normalized to
mouse Mir125b-2 WT (set to one) and an empty vector control (Ctrl; set to zero). N = 3. Error bars,
SD. (∗) P < 0.05; (∗∗) P < 0.01; (ns) not significant.
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Consistent with this prediction, the minor allele significantly re-

duced the processing efficiency by 35% (Fig. 5D). Given that differ-

ent molecules of the same RNA sequence may adopt multiple

structures in vivo, we furthermodeled this using the Sfold program

to draw 1000 structures from the Boltzmann distribution. Analyses

ofMIR126 andMIR100 SNPs resulted in alterations in the fractions

of structures with optimal or near optimal stem lengths with simi-

lar trends as the experimental data (Supplemental Fig. S6C,D).

These data indicate that single-nucleotide changes within stem or

outside of stem can lead to alterations in miRNA secondary struc-

ture and result in alterations in processing efficiency.

To validate predictions on bulges, we examined a “C” muta-

tion present at position 57 in the stem ofMIR96, which is associat-

ed with deafness, identified in an Italian family. Previously, it was

speculated that this minor allele affects DICER1 processing of the

miRNA (Solda et al. 2012). We predicted that there was an increase

of the bulge size in a bulge-depleted region, which should reduce

pri-miRNA processing (Fig. 5B). Indeed, by measuring the pri-

miRNAprocessing assay, thisminor allele resulted in approximate-

ly twofold reduction of pri-miRNA processing efficiency (Fig. 5E).

These data provide support that human SNPs leading to alterations

in bulges can impact pri-miRNA processing, and suggest that these

processing defects may contribute to mechanisms underlying dis-

ease associations.

Discussion

In this study, we systematically examined 30 features of mamma-

lianmiRNAhairpins in comparison to predicted hairpins in RefSeq

sequences. These analyses, coupled with experimental validation,

led to a set of previously unrecognized rules that govern efficient

mammalian pri-miRNA processing (summarized in Fig. 6). We be-

lieve that our approach is complementary to previous studies uti-

lizing random mutagenesis of a few miRNAs (Fang and Bartel

2015). Given that our computational comparisons were made on

human and mouse sequences and that experimental validations

were performed on a small set of mammalian miRNAs, whether

these rules can be extrapolated to other species requires further

studies. We also cannot exclude the possibility that unknown pro-

tein factorsmaybe involved in the processing of the experimental-

ly tested miRNAs in this study.

One of our findings is the presence of two bulge-depleted

regions in miRNA hairpin stem. We propose that bulges located

within the bulge-depleted regions are more detrimental for

miRNA processing than those outside of these regions.

Interestingly, the two bulge-depleted regions were offset roughly

by one helical turn, suggesting that these regions could be pro-

tein-interacting surfaces, possibly with DGCR8. Note that since

the positions of the bulge-depleted regionswere derived fromcom-

putational analysis of optimal length hairpins and validated on

miRNAs within optimal stem length range, caution should be ap-

plied for hairpins of longer or shorter lengths. Previously, Fang and

Bartel (2015) have used a random mutagenesis approach on three

miRNAs and concluded that bulges, other than a bulge-enriched

region (confirmed in our study), decrease pri-miRNAprocessing re-

gardless of location. In contrast, our findings support that the det-

rimental effects of bulges are dependent on location. Although we

do not fully understand the reasons for the differential findings,

we notice several technical differences. First, the comparison to

non-miRNA hairpins in our study may have assisted the observa-

tion of the depletion signals. Second, Fang and Bartel (2015)

have assumed a local effect of a single unpaired base when consid-

ering bulges, which may not be applicable in all cases. Third, Fang

and Bartel (2015) utilized a cell-free system, whereas our findings

were confirmed in vivo, and it is possible that an unknown factor

present in the cell is responsible for this difference.

We propose that the optimal length range for miRNA stem is

36 ± 3 nt (based on counting rules in the Methods), which should

be considered as an average for all miRNAs. Our proposed range

differs from the previously proposed ∼33 nt and 35 ± 1 nt for

miRNA hairpins (Han et al. 2006; Fang and Bartel 2015). One pos-

sibility of the differences of the peak of stem length could be due to

the differences in approach, with the previous studies focusing on

several miRNAs and their variants and with our study examining

many more miRNAs and thus potentially more diverse hairpin

backbones. Another possibility is that these peak differences are

simply due to different counting methods, especially given that

previous studies did not explicitly specify the rules of counting

stem length. Beyond the differences in the peak of stem length,

we show that for mouseMir125b-2, it can tolerate at least three ad-

ditional paired bases without major changes in processing, which

is more than the previous 35 ± 1-nt proposal (Fang and Bartel

2015). We demonstrated evidence with stem length rescue that

themutant phenotypes were majorly driven by stem length rather

than primary sequence alterations, but we cannot completely ex-

clude the possibility that sequence alterations may also contribute

to the changes. We further demonstrate that the CNNC motif se-

lectively enhances the processing of hairpins that are within or

close to the optimal length range. Previously, Fang and Bartel

(2015) have examined the combined effect of CNNC, basal UG,

and apical UGU/UGUG motifs and concluded that the combina-

tion of all these features enhances the processing of nonoptimal

length hairpins, but the relationship between CNNC and stem

length has not been thoroughly examined separately. Future ex-

periments can be directed to elucidate the molecular mechanisms

of optimal stem lengths and their relationship with the CNNC

motif.

Aided with existing and new rules for efficient miRNA pro-

cessing, we surveyed and predicted the potential effects of human

SNPs on pri-miRNAprocessing.We further validated several exam-

ples experimentally, which support that small sequence alter-

ations, in most cases single-nucleotide substitutions, can lead to

changes in pri-miRNA structure in violation of miRNA processing

rules and consequently decrease processing activity. These find-

ings not only lend support for the processing rules but also reveal

Figure 6. Summary of hairpin features influencing processing. Diagram
of hairpin features that influence processing. An optimal stem length of 36
± 3 nt is favorable for processing, and the appearance of bulges in the two
bulge-depleted regions inhibits processing. The CNNCmotif preferentially
enhances the processing of optimal length pri-miRNAs and has to locate
within a distance limit from the base of the hairpin. In addition, other pri-
mary sequence motifs and structural features, including basal UG, apical
UGU/UGUG, loop size, and a bulge-enriched region, are highlighted.
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previously unappreciated molecular alterations driven by human

SNPs. While the prediction of RNA secondary structures by RNA

folding programsmaynot always be accurate, experimental valida-

tion in this study does support that SNPs can reduce pri-miRNA

processing when rules are violated.We speculate that careful mod-

eling based on a statistical sample of RNA secondary structures

generated from the Boltzmann structure ensemble (Ding and

Lawrence 2003) may lead to improvement in prediction and pos-

sibly new rules underlying pri-miRNA processing in the future.

Methods

Computational analysis of hairpin structures and features

Sources of miRNA and other sequence data

MiRNA sequences were obtained from miRBase (Kozomara and

Griffiths-Jones 2014); RefSeq sequences were downloaded from

UCSC Genome Browser (hg38 and mm10), and human SNPs

were obtained fromdbSNPhumanBuild 142 for hg38. In addition,

a set ofmanually curated humanmutations not present in the SNP

data set was included in the analysis (see Supplemental Table S6).

For additional details on source data, see Supplemental Methods.

RNA folding and HairpIndex pipeline

Sequences were folded using the Sfold program (Ding and

Lawrence 2003; Ding et al. 2005) and RNAfold program version

2.1.9 (Gruber et al. 2008). Folding results were then analyzed using

the HairpIndex program.

Cell culture/reporter assay

All cell lines were fromATCC, and culture conditions are described

in the Supplemental Methods. Production of retro or lentiviruses

was performed following our published protocols (Lu et al. 2008;

Adams et al. 2012;Guo et al. 2012). Additional information regard-

ing viral production, infection, and selection can be found in the

Supplemental Methods. Cells were infected by the lentiviral pro-

cessing reporter or control reporters and harvested for flow cytom-

etry analysis (GFP and mCherry fluorescence) on LSRII (BD

Biosciences). Details of infection procedure can be found in the

Supplemental Methods.

Cloning and constructs

Pri-miRNA processing reporters were cloned into our pri-miRNA

processing vector, which is described in detail in our recent study

(Cheng et al. 2016). Details of cloning procedure can be found in

the Supplemental Methods. The specific designs for each pri-

miRNA sequence, as well as their mutants, are detailed in

Supplemental Table S7. ShRNA target sequences can be found in

the Supplemental Methods.

Real-time PCR analysis

Detailed protocol and specific primers are provided in the

Supplemental Methods. Total RNA was extracted from puromy-

cin-selected cells. CDNAs were synthesized using a reverse tran-

scription kit and random primers. QPCR analysis was performed

using SYBR green. Differential expression was calculated using

the ΔΔCT method.

Statistical analysis

Student’s t-test was used for analyzing statistical significance of ex-

perimental data, except for those specified otherwise.

Software availability

Details of the HairpIndex program, source code, and enrichment

calculations for analysis can be found in the Supplemental

Material.
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