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Abstract
microRNAs (miRNAs) are a large family of approximately 22-nucleotide-long RNAs that regulate
gene expression. They are first transcribed as long, primary transcripts, which then undergo a
series of processing steps to generate the single-stranded, mature miRNAs. Here, we showed that
Drosha cleaved hundreds of human primary miRNA transcript substrates with different
efficiencies in vitro. The differential Drosha susceptibility of the primary miRNA transcripts
significantly correlated with the expression of the corresponding, mature miRNAs in vivo.
Conserved miRNAs were more efficiently expressed in vivo, and their primary transcripts were
also better Drosha substrates in vitro. Combining secondary structure prediction and statistical
analyses, we identified features in human primary miRNA transcripts that predisposed miRNAs to
efficient Drosha processing in vitro as well as to better expression in vivo. We propose that the
selectivity of Drosha action contributes greatly to the specificity and efficiency of miRNA
biogenesis. Moreover, this study serves as an example of substrate specificity of a biochemical
reaction regulating gene expression at a global scale in vivo.
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1. Introduction
miRNAs are a class of non-coding RNAs that regulate target gene expression and control a
wide range of biological processes [1]. They are ~ 22 nucleotide (nt) long and embedded
within one arm of a hairpin structured transcript, with rare exceptions [2, 3]. This feature
enables the prediction and classification of miRNAs [4]. Significant gaps, however, remain
in our understanding of miRNA biogenesis, and our ability to correctly predict or identify
miRNAs is limited. Many miRNA mining algorithms predict miRNA genes to number up to
hundreds of thousands in complex genomes [e.g., 5-7], notably more than the miRNAs
currently deposited in the miRBase [8]. This is not surprising, because relatively little is
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known about the determinants of genuine miRNA transcripts, while the genomes
conceivably encode tens of millions of hairpin RNA elements. Indeed, more and more
candidate miRNAs are being identified by deep sequencing. Nonetheless, it has also been
reported that merely several hundred miRNA genes are expressed in mammals, many of
them only rarely [9, 10].

A miRNA is first transcribed as part of a long primary transcript, or pri-miRNA [11]. The
pri-miRNA is cleaved by an RNase called Drosha, complexed with its regulatory subunit
DGCR8 in mammals, to liberate a hairpin precursor, or pre-miRNA, of ~ 60-70 nt [12-16].
The pre-miRNA is then exported to the cytoplasm by Exportin5 [17-19] and digested by the
RNase Dicer to produce an ~ 22 basepair miRNA duplex intermediate [20-23]. An
Argonaute protein binds to the duplex and finally selects the mature, single-stranded
miRNA. A small minority of miRNAs can be generated independent of Drosha or Dicer
[24-28]. Given such a huge pool of potential pri-miRNAs but apparently only a tiny fraction
producing detectable, mature miRNAs, we hypothesized that, in addition to the obvious
regulation at the transcriptional level, the miRNA processing machinery can also distinguish
whether a potential RNA is a good substrate or a poor one; i.e., miRNA processing
intrinsically serves a checkpoint or regulatory function. Indeed, a recent paper suggested that
processing can severely limit RNA expression from a library of 20,000 short hairpin RNAs
[29]. Our current work investigated the function of the Drosha/DGCR8 holoenzyme, or
Drosha in short hereafter, because it initiates the irreversible miRNA processing and
conceivably determines both how fast a pre-miRNA is produced and the fate of its
substrates, as Drosha cleavage products ultimately undergo additional processing or
degradation. We asked these questions: at the global scale, how is miRNA expression
regulated? If mammals really encode hundred of thousands of miRNA genes, why aren’t
many produced at a significant level? And lastly, can we identify the structural features that
distinguish miRNA transcripts from other RNAs and that determine the efficiency of
miRNA processing and expression in vivo?

2. Materials and Methods
2.1. Drosha cleavage assay

DNA templates for RNA synthesis were generated by PCR with a primer containing the T7
promoter sequence, using human genomic DNA (Clontech) as template. The pri-miRNA
substrates were prepared by in vitro transcription (Promega) in the presence of [α-32P] CTP.
The RNAs contained the pre-miRNA moiety flanked by ~ 25 nt extra sequences at both
sides, for we and others had demonstrated that such pri-miRNAs contained all the essential
elements for Drosha cleavage in vitro [30, 31]. We also tested a number of pri-miRNAs with
50-200 nt flanking regions and got similar results (data not shown). Size markers ϕX174
DNA/HinfI (Promega) were labeled at their 5’-ends with [γ-32P] ATP by T4 polynucleotide
kinase (New England BioLabs). Drosha holoenzyme was prepared, used at ~ 1 ng/μl, mixed
with approximately equal amount of radioactive RNA substrates, and incubated at 37°C for
45-60 min [32]. End-point analysis was performed not only because of the sheer number of
the pri-miRNA substrates but also because we had found that both time-course and end-
point experiments yielded the same conclusions [32; data not shown]. Because we used
Spearman rank correlation analysis (see section 2.5 below), the rank of the cleavage
efficiencies is more important than the actual values, which also was easier to satisfy by
end-point studies. After gel electrophoresis, data were analyzed using a PhosphorImager.
Cleavage efficiency was calculated as the intensities of predicted products (the ~ 60-70 nt
pre-miRNA and the ~ 25 nt flanking RNA) divided by the intensities of the products and the
remaining, full-length pri-miRNA. The pri-let-7a substrate was included in every
experiment so that processing efficiencies of all the other pri-miRNAs could be compared to
that of pri-let-7a, which was set as 100. Pri-let-7a was not necessarily cleaved at the same
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rate in every assay due to experimental variations, e.g., probes were prepared and used on
different days, reaction volume might not be exactly the same each time, and different
activities of Drosha might be added due to pipetting or different batches of enzyme
preparations. Nevertheless, pri-let-7a was chosen as the control because it was one of the
most efficiently cut RNA in every experiment (so that one could make sure that the assay
worked), and other pri-miRNAs, tested on different days, gave similar, relative efficiencies
when normalized to pri-let-7a.

2.2. Cell culture and transfection
293T cells were maintained at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum. Plasmids that overexpress human miRNAs were constructed
by amplifying typically 500 bp DNA from human genomic DNA and inserting it after a
cytomegalovirus promoter [33]. Equal amounts of different plasmids were transfected
individually into 293T cells using Lipofectamine 2000 (Invitrogen). Total RNA was isolated
using Trizol reagent (Invitrogen).

2.3. Northern blotting
Northern blot analysis was performed as described [33]. Sequences of the oligonucleotide
probes are: for miR-7 detection, 5’-ACAACAAAATCACTAGTCTTCCA-3’; miR-105, 5’-
ACCACAGGAGTCTGAGCATTTGA-3’; miR-125b, 5’-
TCACAAGTTAGGGTCTCAGGGA-3’; miR-504, 5’-
GATAGAGTGCAGACCAGGGTCT-3’; miR-634, 5’-
GTCCAAAGTTGGGGTGCTGGTT-3’; miR-765, 5’-
GCATCACCTTCCTTCTCCTCCA-3’; and U6 snRNA control: 5’-
ACGAATTTGCGTGTCATCCTTGCG-3’. Results were analyzed by autoradiography or
using a Storm 840 PhosphorImager (GE Healthcare).

2.4. Real-time PCR
Total RNAs were first polyadenylated and then reverse transcribed with an oligo(dT)-linker
primer using the miScript system (Qiagen), and cDNA amplified by PCR in 40 cycles of
95°C 10 sec, 60°C 45 sec, on a Stratagene Mx3005P machine. U6 served as the internal
control.

2.5. Statistics and secondary structure prediction
GraphPad Prism 5.0 (GraphPad Software) and SPSS 13.0 (IBM) were used for Spearman
rank correlation and Mann-Whitney U tests (two-tailed). The p-value of Spearman rank
correlation was calculated with a permutation test. miRNA genomic sequence, miRNA
family, species conservation, and cluster information was retrieved from miRBase. The
expression data of a miRNA were calculated by adding the sequence reads for the miRNA
and its miRNA* from all the tissues and cell lines [9, 10]. The combination of a wide variety
of tissues and cell lines conceivably, partially reduced cell-specific effects due to, e.g.,
differential gene transcription and the expression of proteins that regulate the processing of
specific miRNAs [11, 34]. For secondary structure prediction, the actual pri-miRNA
substrates (listed in Supplementary Table S2) were folded using Mfold version 3.2, under
the default condition of 37°C and 1 M NaCl [35, 36]. For all the other pri-miRNAs, their
folding used 5’ and 3’, 25-nt-long extensions beyond the pre-miRNA moiety. For the
multiple genes that produce the same miRNA, e.g., let-7a-1, let-7a-2, and let-7a-3, only one
(let-7a-1) was used for prediction and correlation. ΔG of the terminal loop region was
calculated from the pri-miRNA structural prediction. The terminal loop region starts from
the first nucleotide after the 3’ end of the actual or predicted miRNA or miRNA* at the 5’
arm of the hairpin and ends at its corresponding nucleotide at the 3’ arm. For ΔG of the

Feng et al. Page 3

Biochim Biophys Acta. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



miRNA duplex region, a pre-miRNA was folded using Mfold, and its ΔG subtracted by that
of the terminal loop region. ΔG for the proximal and distal domains of the pre-miRNA-
flanking region was analogously computed. The proximal domain contains 12 nt extensions
beyond the 5’ and 3’ ends of a pre-miRNA. Typically the most stable conformations were
analyzed. Exceptions were allowed to ensure that the predicted miRNA duplex moiety
formed usually 2 nt, but at least 1 nt 3’ overhangs within a pri-miRNA. There are inherent
heterogeneities in the 5’ and 3’ ends of mature miRNAs, and the secondary structure
predictions can only be estimates. For secondary structure prediction shown in Figure 5B,
pri-miRNAs (listed in Supplementary Table S2) containing a larger distal domain were
folded using Mfold, and the numbers of base pairs within the 12-nt-long, D1, F1, F2, F3,
and F4 segments were divided by 12 to obtain the basepairing ratios.

3. Results
3.1. Human pri-miRNAs are processed with different efficiencies by Drosha in vitro

The processing of only a handful of pri-miRNAs by Drosha had been dissected [e.g., 12, 15,
30, 31, 33]. Here, we decided to take an unbiased, global approach. There were 740 human
miRNA genes in the miRBase Release 14 [8]. For the first 550 miRNA genes we chose a
representative from every miRNA family, e.g., let-7a-1 (let-7a in short) from the let-7 family
(Supplementary Table S1). For the remaining miRNAs we randomly selected only 12 for
analysis because then-finished Drosha assays suggested that they might not be cleaved
efficiently (Supplementary Table S1; see below). We also excluded well-known Drosha-
independent miRNAs [24-26]. In vitro Drosha processing assays were performed on the
chosen pri-miRNAs (see section 2.1 above). Excluding subjects that could not be amplified
or produced RNA not suitable for our assays, we obtained reliable processing data for 247
pri-miRNAs (Supplementary Table S1). Results of three representative experiments
performed on separate days are shown in Figure 1. We found that pri-miRNAs varied
substantially in their intrinsic Drosha susceptibility in vitro. For example, pri-let-7a and pri-
miR-125b were more efficiently processed than pri-miR-105 and pri-miR-504 to produce
the pre-miRNAs and flanking segments, while others, such as pri-miR-604 and pri-miR-765,
were cleaved extremely weakly or not at all.

3.2. Pri-miRNA processing efficiency correlates with endogenous miRNA expression
The next question is: do differences in pri-miRNA cleavage in vitro translate to differences
in miRNA maturation in vivo? To understand the biological significance of the observed
Drosha’s substrate specificity, we compared relative pri-miRNA cleavage efficiencies to
relative miRNA expression levels independently determined by Landgraf et al. [9] and
Chiang et al. [10]. These two reports counted miRNA sequencing reads in a wide variety of
human [9] and mouse [9, 10] tissues and cell lines, thus approximating cumulative miRNA
levels in vivo (see section 2.5 above). For statistics we used Spearman rank correlation test,
as the true variances and distributions are unknown, and one does not expect the relative
cleavage efficiencies and miRNA sequence reads to have a linear relationship. Pri-miRNA
cleavage significantly, positively correlate with total miRNA reads in both the human
(Figure 2) and mouse sets of data (data not shown; Supplementary Table S2). The
correlation coefficient translated to ~ 26% for the global contribution by Drosha specificity
to differential, mature miRNA expression in vivo. The correlation was robust, as excluding
“outliers”, i.e., miRNAs that were not cleaved and/or sequenced, did not alter our general
conclusions (data not shown; Supplementary Table S2). If, instead of analyzing the
cumulative miRNA expression in the combined samples, we compared the relative Drosha
cleavage efficiencies to miRNA sequence reads in individual human or mouse tissues or cell
lines [9, 10], positive correlation was still obtained, although with smaller correlation
coefficients and bigger p values (data not shown). This result was expected, because tissue-
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or cell-specific transcription events and factors would then more prominently dominate gene
expression and obscure the contribution from Drosha. Another complication is that some of
the miRNAs could be generated independent of Drosha in vivo. But these miRNAs are rare
and usually expressed scantly [24-26], so their existence does not invalidate the hypothesis
that efficient Drosha processing improves endogenous miRNA expression.

It is formally possible that miRNAs are discriminated by certain regulatory mechanisms,
e.g., transcription, in a pattern similar to that by Drosha; i.e., all or most poor Drosha
substrates might also be accidentally transcribed poorly in vivo. To further test the
correlation between Drosha cleavage efficiencies and miRNA expression, we constructed
expression plasmids with the same cytomegalovirus promoter transcribing six representative
pri-miRNAs with varying degrees of Drosha preferences and endogenous mature miRNA
expression levels: miR-7-2 and miR-125b, which were excellent Drosha substrates and well
expressed in vivo, miR-105 and miR-504, relatively poor substrates and weak expressers,
and miR-634 and miR-765, uncleavable by Drosha and hardly sequenced according to the
literature, and transfected 293T cells. Northern blotting showed that the degree of miRNA
overexpression largely matched Drosha cleavage efficiencies of the miRNAs, with mature
miR-634 and miR-765 never detected (Figure 3A). Real-time PCR experiments yielded the
same results (Supplementary Figure 1). In addition, we found that pri-miR-7-1 and pri-
miR-7-2, which produced the identical mature miR-7, hence, likely with the same half-life,
differed in their Drosha susceptibility (Figure 3B). Pri-miR-7-2 was naturally a better
Drosha substrate and, when transiently expressed in 293T cells, generated mature miR-7 at a
higher level than pri-miR-7-1 (Figure 3B). Lastly, we noted that Drosha did not cleave pri-
miR-220a (Supplementary Table S2), whose mature miRNA was neither identified by
sequencing [9, 10] nor overexpressed through transfection [10].

Many human miRNA-encoding sequences are physically clustered in the genome and
possibly transcribed as polycistronic pri-miRNAs. This feature presents the best opportunity
to test the post-transcriptional regulation of miRNA expression in vivo. Interestingly, rarely
were clustered miRNAs sequenced at similar numbers [e.g., 9, 10], suggesting that their
expression is controlled significantly beyond transcription. To shed light on the mechanisms,
we selected miRNA clusters so that, 1) sequence reads of miRNAs [9] can be assigned
unequivocally to the miRNA genes we tested in our Drosha assays, 2) relative Drosha
cleavage efficiencies of individual pri-miRNAs within a cluster differed by at least 15
percentage points, to ensure unequal Drosha susceptibility, and 3) miRNAs are at most 3 kb
apart, to reduce the likelihood that certain clustered miRNAs are nevertheless generated
from different pri-miRNAs. Relative Drosha cleavage efficiencies and miRNA sequence
reads were then compared for nine miRNA pairs in the seven clusters that met these criteria.
Eight out of the nine had a positive correlation (Figure 3C). The binomial probability for this
observation is ~ 0.018 (n= 9, p= 1/2). Thus, intrinsic Drosha processing may underlie the
differential expression of individual miRNAs within the same clusters.

3.3. Conserved pri-miRNAs are better substrates of Drosha
Pri-miRNA processing correlated positively with the number of gene family members of a
miRNA and its conservation beyond primates, as indicated by the positive Spearman rank
correlation coefficient and/or the respective p values (Figure 4A, B; Supplementary Table
S3). Likewise, miRNA expression exhibited a positive association with miRNA
conservation (Figure 4A, B; Supplementary Table S3). These results suggested that,
interestingly and significantly, conserved miRNAs have evolved to be processed efficiently
by Drosha, which would have facilitated their expression in vivo. Cleavage and expression,
however, correlated negatively with the names of miRNAs, numbered according to the
chronological order of their or paralogs’ discovery (Figure 4C). Why are the later annotated
miRNAs always expressed at a lower level, as shown repeatedly by high-throughput
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sequencing? It is certainly possible that they are transcribed poorly or at a very restrictive
manner, but our data suggested a third mechanism that Drosha’s substrate selectivity might
limit the expression of some of these miRNAs as well. Some pri-miRNAs were not cleaved,
and their mature miRNAs were sequenced at an extremely low number or not at all (Figures
2 and 4C; Supplementary Table S2). They are probably wrongly annotated miRNAs with
expression blocked at the Drosha step. Indeed, the mammalian miR-220a entry was recently
removed from the miRBase [8].

3.4. Structural features underlie both the efficiencies of pri-miRNA processing in vitro and
miRNA expression in vivo

What are the differences, then, among the human pri-miRNAs? Provided with a pri-miRNA
sequence, can we predict whether it is a good Drosha substrate or expressed well in vivo? A
pri-miRNA contains several motifs: a terminal loop, miRNA duplex, and the flanking
region, further divided into the proximal and distal domains (see section 2.5 above; Figure
5A). Analysis of arbitrarily selected miRNAs showed that the proximal domain
(corresponding to the F1 segment in Figure 5A) required a double-stranded feature, while
the distal domain single-stranded RNA [12, 15, 30-33, 37]. An important role was further
proposed for a flexible terminal loop [33, 37], although it was also argued that the loop
region contributed little to processing [31]. Most critically, whether any of these structural
features actually impacted endogenous miRNA expression had never been addressed. As
these conclusions were drawn from examining only a small number of miRNAs, the present,
comprehensive pri-miRNA processing study would permit a definitive evaluation of the
above hypotheses. We predicted the secondary structures and Gibbs energy (ΔG) of the pri-
miRNA substrates and sub-structures [35, 36] and then correlated the predictions to Drosha
cleavage and to human miRNA expression.

Table 1 shows that, consistent with a stem requirement, ΔG of the proximal domain
negatively associated with both Drosha cleavage and miRNA expression. Of note, we used
two sets of human miRNAs for structure prediction and expression correlation studies
(Table 1): one set contained only those pri-miRNAs that were tested in our Drosha assays
(Supplementary Tables S2 and S4), while the other, larger set (Supplementary Table S5)
included all the human miRNAs with positive or 0 sequence reads, according to Landgraf et
al. [9]. Both sets of miRNAs gave similar results in terms of structure predictions (compare
the medians, averages, and standard deviations in Supplementary Tables S4 and S5) and the
correlation with miRNA expression (Table 1), demonstrating that the miRNAs we tested
(Supplementary Table S2) accurately represented human miRNAs as a whole. We did not
find as significant a role for the distal domain (Table 1), maybe because it readily adopts a
relaxed conformation, with its median ΔG higher than that of the proximal domain
(Supplementary Tables S4 and S5; also see Discussion). If we expanded the flanking region,
i.e., the distal domain, and predicted its structure, the extra sequences and the original, distal
domain had a similarly lower basepairing propensity than that of the proximal domain
(Figure 5B). This result supported the hypothesis that Drosha processing requires single-
stranded RNA extensions [30, 31] and indicated that overall, our designed pri-miRNAs
faithfully reflect the endogenous pri-miRNAs. The predicted ΔG of the miRNA duplex
moiety, pre-miRNA, or full-length pri-miRNA had relatively little influence over Drosha
processing or expression (Table 1). Cleavage and expression, however, significantly and
negatively correlated with the thermodynamics stability of the terminal loop region (Table
1). These analyses, therefore, demonstrated that a stem feature in the proximal domain and
flexibility in the terminal loop region are critical determinants of both Drosha processing
and mature miRNA production.

It was recently reported that A/U in position 13/14 and G in 20/21 facilitated the processing
of a large library of small hairpin RNAs [29]. We did not find a significant correlation
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between these nucleotide preferences and Drosha cleavage or miRNA expression (data not
shown). This may be because pri-miRNAs are structurally more heterogeneous, and our
sample size is much smaller.

4. Discussion
Earlier work had examined the processing of only a handful of good Drosha substrates.
While Drosha could conceivably discriminate against distinct pri-miRNAs, our study
provided the first clear evidence for this selectivity. It further revealed a positive, global
correlation between the intrinsic, Drosha substrate specificity and endogenous miRNA
expression levels, which implies strong biological significance. Finding such a correlation
itself is remarkable. Drosha cleavage efficiencies can only be approximated, for inside a cell
pri-miRNAs are much longer and more sophisticated than any in vitro substrates one could
ever design, and our analysis ignored the contribution to miRNA expression by differential
transcription and processing of specific miRNAs [11, 34]. Other general miRNA processing
factors such as Exportin5, Dicer, and Argonaute proteins also dictate miRNA biogenesis, so
does miRNA stability. All these considerations likely account for the fact that certain
miRNAs were processed very well by Drosha in vitro but hardly expressed in cells, or
processed very poorly but highly expressed (Figure 2; Supplementary Table S2). On the
other hand, because, presumably, the relationship between Drosha sensitivity and
transcription or other regulatory factors is sufficiently random, examining hundreds of pri-
miRNAs enabled us to access statistical significance and to gain the big picture of miRNA
biogenesis. We note that we directed our analysis to an imaginary, “cumulative” in vivo
system, but there is no reason why the conclusion does not apply to any actual, individual
cell types.

That the later discovered miRNAs were more likely to be inefficiently processed and
expressed (Figure 4C) suggests that miRNA discovery is approaching its limit. This result
supports the notion that most mammalian miRNA genes have already been identified [10]
and further provides mechanistic insights into why, of the hundreds of thousands of potential
“miRNAs” [e.g., 5-7], only a subset are ever produced by cells. Even if a small RNA is
made but with extreme rarity, one should carefully evaluate its functional relevance, as its
host transcript might enter the miRNA pathway only fortuitously.

In conclusion, considering the well-established biochemical activity of Drosha, we suggest
that the correlation represents strong evidence that Drosha action controls, to a significant
extent, whether a transcript encodes a miRNA or not, and how efficiently a miRNA is
produced in vivo. The selectivity of Drosha, therefore, ensures the specificity of miRNA
biogenesis and, as a corollary, conceivably minimizes the cleavage and subsequent
degradation of a vast number of irrelevant transcripts, an attribute essential in cells [38].

Structures of only a small number of human pri-miRNAs had previously been investigated
for their roles in processing. Our current analysis showed, at a large scale, that a flexible
terminal loop region and a stable proximal domain in a pri-miRNA predispose it to not only
efficient Drosha cleavage in vitro but also efficient miRNA maturation in vivo (Table 1).
While the correlation coefficients appear relatively small, there are extenuating
circumstances. Firstly, the correlation is specific and consistent with results from earlier
work analyzing select miRNAs. Secondly, pri-miRNAs are not just any random RNAs.
They had undergone rigorous selections (e.g., cloning, folding analysis) before deposition to
miRBase, which would have minimized the differences among the pri-miRNAs. Thus, our
analyses were to reveal the remaining, small differences. This likely explains why we did
not find a significant role for the miRNA duplex region or the distal domain (Table 1), even
though both are important for miRNA maturation [30, 31, 37]. Thirdly, both our pri-miRNA
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cleavage and the published miRNA expression data can only approximate the in vivo
situations. Lastly, one actually does not know how big the coefficients should be. There
appears to be no precedents correlating any structure predictions to both in vitro and in vivo
functions at a global scale. A recent bioinformatics study showed that the translation
efficiency of thousands of mRNAs in bacteria and yeast is controlled by codon bias and
folding energy, with correlation coefficients similar to those shown in Table 1 [39].

In a much broader sense, our study illustrates a rare example of a universally required factor
in a biological process exerting both general and specific effects on the process. It results
from the fact that Drosha has hundreds of genuine substrates but processes them with
different efficiencies. A fundamental question in biological research is whether a
biochemical activity, such as molecular interaction and enzymatic reaction, determined in
vitro is physiologically relevant. The overall role of a protein or RNA can be studied using
gain-of-function and loss-of-function strategies in cells. A more subtle issue, however, is
whether the presumed specificity of a biochemical reaction has functional consequences. For
example, transcription factors and protein kinases typically recognize degenerate sequences
in hundreds of targets, but it remains unclear whether the substrate selectivity globally
influences target mRNA expression levels or protein phosphorylation status in vivo.
Additional questions could be: do the core transcription machinery and the core translation
machinery possess specificity towards their tens of thousands of different targets in
mammals? This issue is under-appreciated for many biomolecules. It is also under-studied,
due, in part, to the technical challenge in quantifying target levels at a large scale, which are
also always impacted by other contributing factors in vivo. Our work used miRNA
processing as an example to demonstrate how the selectivity of a biochemical reaction
regulates an in vivo process globally, and the same strategy can be applied to investigate
analogous problems in other biological systems.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Human pri-miRNAs are processed by Drosha with different efficiencies in vitro.

• Pri-miRNA processing efficiencies correlate with miRNA expression levels in
vivo.

• Conserved pri-miRNAs are better cleaved by Drosha.

• Later-annotated miRNAs tend to be poorer Drosha substrates.

• Structural features in pri-miRNAs predict Drosha processing and miRNA
expression.
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Figure 1.
Drosha processing of select human pri-miRNAs in vitro. The names of the pri-miRNAs are
indicated on top. “-”: no Drosha addition; “+”: with Drosha. Each box represents one
experiment, with an internal pri-let-7a control. Certain miRNAs, such as pri-miR-604, are
shown twice as an example of the reproducibility of the assay. Sizes of some of the DNA
markers are indicated. Arrows point to representative pre-miRNA products. All data are
summarized in Supplementary Table S1.
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Figure 2.
Pri-miRNA processing efficiency is a predictor of endogenous miRNA expression.
Spearman rank correlation test was performed comparing relative Drosha cleavage
efficiencies to published human miRNA expression data [9; see also Supplementary Table
S2]. For those miRNAs with 0 sequence read, their copy number was designated as 0.1 for
log10 conversion. Dots represent individual miRNAs. Sample size (n), correlation
coefficient (ρ), p-value, and standard error (s) are indicated.
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Figure 3.
Drosha cleavage underlies cellular miRNA expression. (A) Ectopic miRNA expression in
293T cells transfected with plasmids that encoded the indicated miRNAs was detected by
Northern blot analysis. DNA markers are shown in the left. Lane 1: ~ 10 μg of total RNA
from untransfected 293T cells; lane 2: RNA from transfected cells. Arrows point to mature
miRNAs, and the ~ 60-70 nt signals in some of the lanes likely represented overproduced
pre-miRNAs. Northern blotting of U6 snRNA was shown below as RNA loading controls.
(B) Pri-miR-7-2 was a better Drosha substrate and produced more mature miR-7 upon
transient transfection in 293T cells than pri-miR-7-1. Left panel: in vitro Drosha cleavage of
pri-miR-7-1 and pri-miR-7-2. Positions of DNA markers are indicated, and the arrow points
to pre-miRNA. Right panel: real-time PCR quantification of mature miR-7 overexpression
in 293T cells transfected with a plasmid that encoded pri-miR-7-1 (as 100) or pri-miR-7-2.
(C) Relationship between relative Drosha cleavage efficiencies and human miRNA
sequence reads [9] in various miRNA clusters. Crosses represent individual miRNAs, which
are indicated nearby. Lines denote miRNA pairs that were being compared.
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Figure 4.
Relationship between miRNA processing or expression and the conservation or the order of
discovery of miRNAs. See Figure 2 for explanation of the symbols and Supplementary
Table S3 for data. (A) Spearman rank correlation between the number of miRNA gene
family members and relative Drosha cleavage efficiencies or human miRNA expression. (B)
Relationship between miRNA conservation and relative Drosha cleavage efficiencies or
human miRNA expression. Human miRNAs are divided into two categories, one present in
only primates, and the other present in at least other mammals. Sample size, averages,
standard deviations, and p-values are shown (Mann-Whitney U test). (C) Spearman rank
correlation between the order of miRNA discovery and relative Drosha cleavage efficiencies
or human miRNA expression.
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Figure 5.
Secondary structure of pri-miRNAs. (A) Schematics of a pri-miRNA. Arrows point to the
boundaries of a pre-miRNA, i.e., Drosha cleavage sites. Part of the hairpin is arbitrarily
divided into 12-nt-long segments: D1, F1, F2, F3, and F4. For example, D1 and F1 each
contains two 12-nt-long, partially complementary sequences (5’ and 3’ arms of the hairpin)
separated by the Drosha cleavage sites. D1 belongs to the miRNA duplex moiety, the F1
segment corresponds to the proximal domain in the text, while F2 (and F3, F4) the distal
domain. (B) The basepairing ratios for the D1, F1, F2, F3, and F4 segments (averages and
standard deviations). The F2 segment has a lower basepairing ratio than F1, with a p-value
of 2.0 × 10-19 (Mann-Whitney U test).
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