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ABSTRACT

microRNAs (miRNAs) are crucial for cellular development and homeostasis. In order to better understand regulation of miRNA
biosynthesis, we studied cleavage of primary miRNAs by Drosha. While Drosha knockdown triggers an expected decrease of
many mature miRNAs in human embryonic stem cells (hESC), a subset of miRNAs are not reduced. Statistical analysis of
miRNA secondary structure and fold change of expression in response to Drosha knockdown showed that absence of
mismatches in the central region of the hairpin, 5 and 9–12 nt from the Drosha cutting site conferred decreased sensitivity to
Drosha knockdown. This suggests that, when limiting, Drosha processes miRNAs without mismatches more efficiently than
mismatched miRNAs. This is important because Drosha expression changes over cellular development and the fold change of
expression for miRNAs with mismatches in the central region correlates with Drosha levels. To examine the biochemical
relationship directly, we overexpressed structural variants of miRNA-145, miRNA-137, miRNA-9, and miRNA-200b in HeLa
cells with and without Drosha knockdown; for these miRNAs, elimination of mismatches in the central region increased, and
addition of mismatches decreased their expression in an in vitro assay and in cells with low Drosha expression. Change in
Drosha expression can be a biologically relevant mechanism by which eukaryotic cells control miRNA profiles. This
phenomenon may explain the impact of point mutations outside the seed region of certain miRNAs.
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INTRODUCTION

MicroRNAs (miRNA) are a group of short, noncoding RNAs
that bind target mRNAs by incomplete complementarity to
either inhibit the translation or reduce the stability of target
mRNAs (Kim and Nam 2006). miRNAs are involved with
the onset of various diseases, immunoregulation, angio-
genesis, neural growth, and stem cell renewal and mainte-
nance (Bartel 2004; Hatfield et al. 2005; Stark et al. 2005;
Cullen 2006; Mattick and Makunin 2006; Shcherbata et al.
2006; Kuehbacher et al. 2007; Stadler and Ruohola-Baker
2008; Anokye-Danso et al. 2011). Currently 1872 human
microRNAs have been identified andmany of these are evolu-
tionarily conserved (Griffiths-Jones et al. 2006).
miRNA biogenesis is regulated on multiple levels (Kup-

pusamy et al. 2013). Individual miRNA expression levels
vary between tissues (Lagos-Quintana et al. 2001), and while
transcription of primary miRNAs (pri-miRNAs) is regulated

by transcription factors, e.g. c-Myc (O’Donnell et al. 2005),
this variability is found even within polycistronic miRNAs
transcribed as a single unit (Davis and Hata 2009). pri-
miRNAs are cleaved by the Microprocessor, which princi-
pally consists of Drosha and DGCR8 (Lee et al. 2003;
Gregory et al. 2004). Canonically, Drosha and DGCR8 bind
pri-miRNAs, and Drosha cleaves pri-miRNAs 11 bp from
the base of the stem and liberates a structure known as the
precursor microRNA (pre-miRNA), which is subsequently
exported to the cytoplasm and processed into mature
miRNA (Zeng et al. 2005). The cleavage by the Microproces-
sor complex is regulated by several components that are
part of the Microprocessor, such as the DEAD-box helicases
p68 and p72, which have been proposed to stabilize the Mi-
croprocessor complex (Fukuda et al. 2007). The Micropro-
cessor can include additional proteins in a signal-dependent
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fashion, such as SMAD proteins, which have been found
to selectively up-regulate certain miRNAs, e.g., miR-21
(Davis et al. 2008). Furthermore, autoregulation and Ago in-
volvement has been observed at the let-7 Drosha proces-
sing step (Zisoulis et al. 2012). A group of miRNAs named
mirtrons are processed by the spliceosome (Ruby et al.
2007), making them independent of the canonical miRNA
biogenesis pathway where the pri-miRNA is cleaved by the
Microprocessor.

In this study we describe Drosha expression levels as a
mechanism to selectively regulate a group of miRNAs with a
particular secondary structure. The fold change of expression
of miRNAs with mismatches located 5 and 9–12 nt from the
Drosha cutting site is greater than with more rigid miRNAs,
when Drosha levels are low. This can be observed in cells
with shRNA knockdown of Drosha (DroshaKD), in tissues
with differentDrosha levels and in in vitro assays, and suggests
a mechanism where the cell can selectively alter the levels of
mismatched miRNAs through changes in Drosha expression.

RESULTS

Differences in change of miRNA expression
due to Drosha knockdown in hESC (H1) correlate
with differences in predicted pri-miRNA
secondary structures

Previous research in the laboratory used H1 human embry-
onic stem cells with DroshaKD to study the response to a ge-
neral decrease of miRNAs in stem cells (Bar et al. 2008; Qi
et al. 2009; Stadler et al. 2010). As expected, qPCR of 220
microRNAs in Drosha KD hESCs showed a general decrease
of miRNA expression. However, a group of miRNAs was
still processed efficiently, despite the threefold reduction of
Drosha expression (Fig. 1). It seems logical that mirtrons
(which bypass Drosha processing) would be unaffected by
Drosha knockdown; however, few mirtrons are known
(Berezikov et al. 2007) and none of the known mirtrons are
in the 220 miRNAs assayed by qPCR. mirtrons are generally
located within small introns, but no statistically significant

correlation could be verified between genomic location and
fold change of miRNA expression (P = 0.27); the mean fold
change was 2.8 for intergenic miRNAs and 2.4 for the
intronic miRNAs (Fig. 2).
Given that bulges in the stem of RNA hairpins seem to pre-

vent processing by the miRNA pathway in general, and that
others have shown Drosha to differentially process miRNAs
based on structural features (Han et al. 2006; Ritchie et al.
2007; Feng et al. 2011), it seems logical that differences in
the number of mismatches in miRNA hairpins would alter
their interaction with the Microprocessor, and could explain
the variation of fold change in response to Drosha knock-
down. In order to compare the three-dimensional shape of
the pri-miRNAs in our data set, we developed a novel method
of assigning positions within the miRNA hairpin in order to
give a better representation of the mismatch locations relative
to each other and the Drosha cutting site in three-dimension-
al space (Fig. 3A). Position assignment and mismatch count-
ing was performed by defining the location of each mismatch
in terms of distance from the Drosha cutting site using pre-
dicted secondary structure, counting asymmetric mismatch-
es as the length of the shorter strand; this is different from
previously described methods to calculate mismatch posi-
tions in pri-miRNAs, where asymmetry was not taken into
account (Han et al. 2006).
The secondary structures for the 220 miRNAs from the H1

data set were calculated using the ViennaRNA package
(Hofacker et al. 1994), and exact locations of cutting sites
were found through miRBase. The data set contained 220
miRNAs, and we selected 202 by sorting out any miRNAs
with ambiguous secondary structure predictions. The data
set was split in half based on fold change (Fig. 1, arrow),
and the sums of mismatches at each nucleotide position
were compared between the two groups. The summation re-
vealed that miRNAs with a high fold change when Drosha
levels were reduced had more mismatches in position(s) 5
and 10–12 than miRNAs with low fold change, and that these
differences were statistically significant (Fig. 3B,C). A knock-
down of Dicer did not result in the same trend (Supplemental
Fig. 1). In addition, P-values were calculated for the quartiles
at the extreme ends of the DroshaKD data set, with a sample
size extrapolated to that of the total data set (Fig. 3C). For

FIGURE 1. Fold change of miRNA expression between Drosha knock-
down and control H1 hESC for 220 miRNAs assayed by qPCR. Arrow
marks median (0.495).

FIGURE 2. Fold change of expression for miRNAs between Drosha
knockdown and control H1 hESC for 220 miRNAs assayed by qPCR
and grouped by genomic origin (intergenic/intronic).
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subsequent experiments and analysis position 9 was also in-
cluded since it follows the same trend as positions 10–12.
This takes into account any lack of specificity in our method
of assigning positions.

Correlation of Drosha expression and miRNA
secondary structure profile in mature tissues

Having shown that pri-miRNAprocessing byDrosha is affect-
ed by the pri-miRNA secondary structure in cell culture we
also investigated whether this mechanism is used in vivo as
a mechanism to selectively regulate groups of miRNAs based
on secondary structure. Since Drosha expression alters the ex-
pression of miRNAs with bulges in the central region more
than miRNAs without (Fig. 3), and because of the crucial
role of miRNAs for cellular biology, we were interested in de-
terminingwhether or notDrosha expression levels vary across
cell type or according to developmental stage inmammals. To
find naturally occurring examples of Drosha variation, we
used theGene ExpressionOmnibus (GEO) to findmicroarray
data of relevant gene expression in mature and differentiating
mouse tissues.
From the GEO expression data sets GDS3052 and

GDS3142, we extracted and analyzed expression data for
Drosha and common housekeeping genes in multiple mouse

tissues. In both data sets the expression of Drosha is dramati-
cally lower in the liver and submaxillary/salivary gland (four-
to 10-fold) than in brain tissues when normalized to EEF2
(Fig. 4A,B). To test whether the difference in Drosha expres-
sion was dependent on the housekeeping gene used for
normalization, we analyzed the fold change of expression be-
tween liver and brain tissues for five housekeeping genes;
EEF2, RPL13A, SDHA, TBP, and UBC. The data revealed
that the expression change forDrosha is greater than variation
among known housekeeping genes (Fig. 4C,D), showing that
Drosha is differentially expressed regardless of the housekeep-
ing gene used for normalization.
We validated the differential expression of Drosha in

mouse brain and liver by qPCR, normalized to UBC and ver-
ified that Drosha expression was 5.6-fold higher in the brain
than in the liver (Fig. 4E) (n = 3, P < 0.01). Furthermore,
Western blotting revealed 9.6- or 3.2-fold higher Drosha pro-
tein expression in brain than in liver when normalized to to-
tal protein or to β-actin expression, respectively (Coomassie
Blue staining or to β-actinWestern) (Fig. 4F,G; Supplemental
Fig. 2).
Having validated that Drosha levels are higher in brain

than in liver, we were interested in analyzing whether
miRNA expression varied according to the number of mis-
matches in the 9–12-nt region of the miRNAs in the two tis-
sues. We analyzed miRNA expression data frommouse brain
and liver (Takada et al. 2006) and found that miRNAs with
mismatches in positions 5 and 9–12 are enriched in brain
but not in liver and that the difference was larger the more
mismatches that were present (Fig. 4H), supporting the hy-
pothesis that miRNAs with central mismatches are not pro-
cessed efficiently when Drosha is limiting. This trend for
miRNA expression did not correlate with mismatches in
the other positions (Supplemental Fig. 3).

Coordination of Drosha and miRNA expression
by microRNA secondary structure during T-cell
development and neuronal differentiation

Since Drosha levels vary between mature tissue types and
expression levels of miRNAs with mismatches in the central
region are high relative to rigid miRNAs when Drosha levels
are high, we wanted to test whether this mechanism is used
to dynamically alter the miRNA expression profiles during
cell development. In order to establish this relationship
we first analyzedDrosha expression levels during T-cell differ-
entiation and found a threefold decrease inDrosha expression
from double-negative T-cells (DN3) to CD4+ cells (Fig. 5A;
Chong et al. 2010). In neuronal lineage, we compared
Drosha and Eef2 expression during the proliferation of mouse
neural progenitors (GDS3442) and showed a significant
decrease (P < 0.01) inDrosha expression as the cells proliferate
and mature in embryonic mouse brains (Fig. 5B).
Wefurther testedwhether themiRNAgroupscorrelatewith

the Drosha levels and found that the lower Drosha expression

FIGURE 3. Counting of mismatches in miRNAs in H1 cells with
DroshaKD and control cells. (A) Positions regarded as mismatched
are marked by numerals in light gray. (B) Mismatches summed for po-
sitions counted from the Drosha cutting site for a set of 202 miRNAs
split in two equal groups based on fold change in the Drosha knock-
down. (C) P-values were calculated using Pearson’s χ2 test with Yates’
continuity correction, giving log P-values less than −2 for positions 5,
10, 11, and 12 for the full data set split in half (dark gray) and for the
quartiles at the extreme ends with sample size extrapolated to that of
the full data set.
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in CD4+ compared with DN3 cells correlates with lower ex-
pression of miRNAs with five mismatches in the region 5,
9–12 nt from the Drosha cutting site and the ratio of expres-
sion between DN3 and CD4+ for miRNAs grouped by the
number of mismatches in positions 5 and 9–12 shows
that the difference in Drosha expression between DN3 and
CD4+ cells correlates with a decrease in miRNA expression
based on number of mismatches (Fig. 5C). In DN3 cells
Drosha levels are relatively high, and mismatched miRNAs
are highly expressed; in CD4+ cells Drosha levels are low,
and predominantly rigid miRNAs are produced. This agrees

with previous results that when Drosha levels are low the
levels of mature miRNAs generated from mismatched hair-
pins go down disproportionately compared with rigid
miRNAs (Figs. 3B,C, 4C,D). Mismatch counting of the com-
plete hairpin, to control for the difference being local to the 5,
9–12 region, did not result in a similar trend (Supplemental
Fig. 4).
We also analyzed Drosha levels in hESC derived neuronal

differentiation process. RNAseq data from early neuronal dif-
ferentiation of H1 hESC shows an increase in Drosha, with a
greater change occuring over day 0 to day 6 than over day 6

FIGURE 4. Differential expression of Drosha in mouse tissues. (A,B) Expression levels in Drosha in mouse tissues, normalized to EEF2; GEO
(GDS3052) (A), GEO (GDS3142) (B). (C,D) Fold change of Drosha expression in liver, compared with the average expression of EEF2, RPL13A,
SDHA, TBP, and UBC; GDS3052 (C), GDS3142 (D). (E) qPCR analysis of Drosha mRNA levels in mouse brain and liver. (F) Quantification of
Drosha protein levels show a 9.6-fold increase in brain compared with liver tissue (P < 0.05). (G) Western blot of Drosha protein in mouse brain
and liver normalized to total protein (Coomassie Blue). (H) Average expression of miRNAs with different numbers of mismatches in the 5, 9–12
region in mouse liver and brain (Takada et al. 2006).
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to day 12 (Fig. 6A). Canonical and noncanonical components
of the miRNA biogenesis pathway have a significantly greater
change in expression between days 0 and 6 than between
days 6 and 12 of the neural differentiation protocol (Supple-
mental Fig. 5). miRNA microarray data
from the same period, day 0 to day 6,
when Drosha levels increase, shows that
the miRNAs with positive fold change
have significantly more mismatches in
the region(s) 5, 9–12 than miRNAs with
negative fold change (Fig. 6B). Between
days 6 and 12, when changes in Drosha
expression are less, no significant diffe-
rence in number of mismatches can be
found between miRNAs grouped by fold
change (Fig. 6C). This shows that when
Drosha levels increase in early neuronal
differentiation the expression of miRNAs
generated fromhairpins withmismatches
in the 5, 9–12 region go up relative to
more rigid hairpins, and when Drosha
levels stabilize mismatched miRNAs no
longer behave differently from rigid
ones (Fig. 6B,C). Whether increasing or
decreasing during cell development,
changes in Drosha levels affect groups of
miRNAs based on their secondary struc-
ture. To control for the difference being
local to the 5, 9–12 region, mismatches
were counted in the remaining positions

for a subset of 166 miRNAs, where no similar trend was ob-
served (Supplemental Fig. 6).

Biochemical validation of the relationship between
pri-miRNA secondary structure, miRNA expression,
and Drosha expression in vivo

Given the spatial and developmental heterogeneity of Drosha
expression and its correlation with miRNA expression based
on secondary structure (Figs. 3–6), we hypothesized that mis-
matches in a miRNA hairpin ∼9–12 nt from the Drosha cut-
ting site would confer increased sensitivity to low levels of
Drosha. Conversely, the absence of mismatches would confer
decreased sensitivity to Drosha expression. In order to test
our hypothesis, we compared the relative overexpression of
four miRNAs in two HeLa cell lines; one with a stable
Drosha knockdown, the other transduced with a control vi-
rus (Control). Drosha protein levels were significantly re-
duced in the KD line (fivefold reduction; Supplemental Fig.
7) resulting in down-regulation of endogenous miRNAs
(Supplemental Fig. 8). miR-145 and miR-200b were selected
for overexpression in these cells due to the clear presence of
mismatches 9–12 nt from the Drosha cutting site (Fig. 7, left
panels), making them ideal candidates to represent miRNAs
at one end of the spectrum with regard to secondary struc-
ture. For the same reason, miR-137 and miR-9-1 were select-
ed due to the clear absence of mismatches 9–12 nt from the
Drosha cutting site (Fig. 7, right panels). Modifications of the
9–12-nt region were designed to either insert or remove

FIGURE 5. Drosha levels and miRNA profiles during T-cell differenti-
ation. (A) Drosha levels in T-cells measured by qPCR, normalized to β-
actin (Chong et al. 2010). (B) Drosha levels in developing mouse brain
(GDS3442), normalized to EEF2. (C) Ratio (CD4SP/DN3) of average
expression for each miRNA group based on number of mismatches in
the 5, 9–12 region.

FIGURE 6. Changes in gene expression levels during neuronal differentiation. (A) Drosha ex-
pression in neuronal differentiation of H1 hESC into Pax6+ neural cells (RNAseq). (B)
Number of mismatches in miRNAs with high and low fold change through days 0–6
(multiArray). (C) Number of mismatches in miRNAs with high and low fold change through
days 6–12 (multiArray).
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mismatches without disrupting the rest of the hairpin, while
preserving the primary sequence of the mature miRNA,
changing eachmiRNA fromone extreme structure to the oth-
er while allowing for detection by traditional methods (Fig. 7,
all four panels). Since alteration of the secondary structure
close to the Drosha cutting site has previously been shown
to completely disrupt processing and may affect strand selec-
tion duringRISC loading,wedid notmodify this region (Zeng
and Cullen 2003; Noland et al. 2011)Wemeasured fold chan-
ge of miRNA overexpression (KD/ctrl; referred to as “rela-
tive overexpression”) by qPCR to determine whether or not
mismatches in the central region determine sensitivity to
Drosha in vivo.

For miR-145, mutation from a mismatched to a rigid stem
increased relative overexpression by 1.52-fold, P < 0.01 (Fig.
8A). For miR-137, mutation from a rigid stem to a mis-
matched stem decreased relative over expression by 3.84-
fold, P < 0.05 (Fig. 8B). For miR-200b, mutation from a mis-
matched to a rigid stem increased relative overexpression by
3.76-fold, P = 0.05 (Fig. 8C). For miR-9-1, mutation to create
mismatches in the 9–12 nt region decreased relative over-
expression by 4.66-fold (Fig. 8D). These data show that the
addition or removal of mismatches did affect the level of
miRNA overexpression in DroshaKD compared with con-

trol, with more mismatches generating a lower ratio than
the corresponding miRNA without mismatches 9–12 nt
from the Drosha cutting site.

In vitro processing of modified miRNAs

Having shown the differential processing of rigid and mis-
matched miRNAs in vivo, we proceeded by testing this rela-
tionship in vitro. Linearized plasmids containing wild-type
(wt) and modified versions of mir-137 (203 nt) and mir-
200b (430 nt) were in vitro transcribed and radiolabeled, fol-
lowed by Drosha processing for 10, 30, and 90 min using nu-
clear extract from 293T cells. The resulting RNAwas purified
and visualized on a 10% urea-polyacrylamide gel (Fig. 9A).
Intensities of the bands corresponding to the pre-miRNA
were quantified and normalized to the intensities of the re-
gions containing pri-miRNA. Negative controls using only
protein buffer and no lysate showed no detection in the bands
used to quantify pre-miRNAs. Calculation of expression ra-
tios of normalized 10-min and 90-min samples showed a
consistently higher ratio for rigid miRNAs than for their mis-
matched counterparts (Fig. 9B). While the fold changes are
smaller in in vitro assay compared with in vivo experiments
(cf. Fig. 8B,C and Fig. 9), the trend is the same, consistently

FIGURE 7. Predicted structures of wild-type and modified hairpins of hsa-mir-145, hsa-mir-137, hsa-mir-9-1, and hsa-mir-200b, demonstrating
canonical “mismatched” and “rigid” miRNA hairpins. Entropy curves of the nucleotide sequence, starting at the 5′ end, indicate stability changes
being local to the changed regions.
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showing that mismatched miRNAs have a higher sensitivity
to reduced Drosha activity.

DISCUSSION

Here we show that when Drosha levels change, the change in
expression levels of miRNAs with mismatches in the hairpin,
9–12 nt from theDrosha cutting site is greater than the change
in expression levels of miRNAs that lack mismatches in the
same region.We have found this correlation inmaturemouse
tissues and during development. We also successfully altered
the sensitivity to changes in Drosha expression for four differ-
ent miRNAs by changing their secondary structure. The re-
sults from the in vitro assay showed the same trend as the
in vivo experiments. Overall, these data suggest that second-
ary structure of miRNA affects miRNA’s processing efficiency
when Drosha is limiting and that differentiating cells may use
this as a means of miRNA regulation.
Previous work on standardizing the miRNA secondary

structure and cataloging mismatch locations has used the ap-
proach of assigning mismatch positions for each strand of the
hairpin separately (Han et al. 2006). In order to improve the
representation of mismatch locations in three-dimensional
space, we further developed the mismatch mapping tech-

nique by taking both strands into consideration simultane-
ously in the analysis. This counting method resulted in a
very consistent measurement of 21 nt between the Drosha
and Dicer cutting sites, which is consistent with previous re-
ports indicating that Dicer processing of pre-miRNAs with
asymmetric mismatches seems to explain the heterogeneity
of length observed among mature miRNAs, and is also con-
sistent with the idea that Dicer processing utilizes “molecular
rulers” which are size invariant (Starega-Roslan et al. 2010),
which indicates that our counting method provides a good
representation of the shape of the miRNA.
A relationship between secondary structure and pri-

miRNA processing is well established, but no previous studies
have focused specifically on the 9–12-nt regionwithin the pre-
miRNA portion of the pri-miRNA and processing. pri-
miRNAs are generally shorter, have fewer bulges and internal
loops, and overall less mismatched bases within the stem re-
gion than non-miRNA-generating RNA transcripts, implying
that secondary structure prediction is a reliable predictor
of Drosha and Dicer processing (Ritchie et al. 2007). Further-
more, the secondary structure of pri-miRNAs controls the
specificity and efficiency of Drosha processing, in vitro and
in vivo, suggesting that Drosha substrate specificity may act
as a mechanism for global regulation of miRNA expression
profiles (Feng et al. 2011). On the other hand, it has also
been shown that polymorphisms in pri-miRNA secondary
structure do not affect processing (Diederichs and Haber
2006), but only one of the examined single nucleotide poly-
morphisms (SNPs) was within the pre-miRNA portion of
the pri-miRNA structure. In a wider search of humanmiRNA
genes, it was determined that SNPs did affect the processing
and function of miRNAs and most of these SNPs were found
between the Dicer and Drosha cutting sites (Sun et al. 2009).
The results presented herein could explain the significance
of SNPs outside the seed region, but within the pre-miRNA
structure, of some cancer anddisease-relatedmiRNAs, such as
the mutation in the stem of hsa-mir-125a (Duan et al. 2007),
or in miR-181b-2, miR-208, miR-520e (Wu et al. 2008).
The miRNA biogenesis is regulated on multiple levels. The

transcription of primary miRNAs (pri-miRNA) is regulated
by common transcription factors, e.g., c-Myc (Abdelmohsen
et al. 2012), and somemiRNAs are also found to be subject to
methylation (Brueckner et al. 2007). miRNAs are transcribed
in the nucleus by RNA polymerase II or polymerase III
(Borchert et al. 2006; Kim and Nam 2006) as part of the pri-
miRNA, whose length is highly variable, ranging from ∼200
up to several thousand nucleotides (Du and Zamore 2005;
Cullen 2006). Drosha and DGCR8 bind the pri-miRNA,
and Drosha cleaves pri-miRNAs at the base of the stem–

loop and liberates a structure known as the precursor micro-
RNA (pre-miRNA), which is ∼60–70 nt in length and forms
a frequentlymismatched hairpin structurewith a 2-nt 3′ over-
hang (Basyuk et al. 2003; Lee et al. 2003; Ritchie et al. 2007).
The DGCR8 mRNA has stem–loop structures that can be
cleaved by the Microprocessor, accordingly giving the

FIGURE 8. Fold change of overexpression levels of wild-type and mu-
tated versions of miR-145 (A), miR-137 (B), miR-200b (C), and miR-9
(D) between Drosha knockdown and control HeLa cells, assayed by
TaqMan probes and normalized to RNU66. (n = 3.) Transfection effi-
ciency was accounted for by SYBRgreen qPCR of the bleomycin resis-
tance gene in the vector, normalized to GAPDH and subtracted from
the ▵Ct values from the TaqMan assays. Final normalization was
made to the fold change of overexpression for each wt construct.
Statistical significance was calculated using a Student’s t-test, resulting
in P-values of <0.01 (mir-145), <0.05 (mir-137), =0.05 (mir-200b).
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Microprocessor a self-regulating mechanism (Han et al.
2009). The pre-miRNA is transported from the nucleus to
the cytoplasm by Exportin-5 and is subsequently cleaved by
the enzyme Dicer with its cofactor trans-activator RNA
(tar)-binding protein (TRBP) (Chendrimada et al. 2005),
with a notable exception in mir-451, which bypasses Dicer
cleavage and is processed by Ago instead (Cheloufi et al.
2010). Dicer cleavage is further regulated by Lin28, which
binds to pre-miRNAs from the let-7 family (Nam et al.
2011). Dicer acts by binding the 3′-overhang and cleaves the
pri-miRNA ∼22 nt from the Drosha cutting site to remove
the terminal loop, resulting in an imperfect ∼22 nt called
miRNA:miRNA∗ (Hutvagner et al. 2001; Bernstein and Allis
2005; Feng et al. 2012). The miRNA enters the RNA-induced
silencing complex (RISC), and the miRNA∗ is degraded, in a
processwhere strand selection is variable (Bartel 2004;Du and
Zamore 2005; Cullen 2006; Kim and Nam 2006). Although
several mechanisms have been identified by which expression
levels of select miRNAs are affected, and though Drosha is
known to regulate overallmiRNA expression, it has never pre-
viously been shown that the cell selectively can changemiRNA
expression profiles by altering levels of Drosha expression.

We show that Drosha levels vary between tissues and
throughout cellular development, and that miRNAs without
mismatches in the 9–12 nt region are over-represented in
cells with low levels of Drosha, while highly mismatched
miRNAs are highly expressed in cells with high levels of
Drosha, and that this behavior can be altered by changing
the miRNA secondary structure. This supports our hypothe-
sis that the cell selectively regulates rigid and mismatched
miRNAs by altering Drosha expression. We propose that
this mechanism may contribute to the phenotypic relevance
of specific levels of Drosha expression in development and
terminal differentiation. In addition to other examples of
post-transcriptional regulation, this can explain why some
polycistronic miRNAs that are driven by the same promoter
have very different expression levels, and the impact of SNPs,

as stated above. This mechanism may be utilized while de-
signing artificial miRNAs to increase stability, control expres-
sion levels throughout differentiation, or fine-tune miRNA
expression in different tissue types.

MATERIALS AND METHODS

Counting method

Position 1 was assigned to the first nucleotide pair after the Drosha
cutting site. The nucleotides that would form the single stranded
overhang after Drosha processing were assigned negative positions
(−1, −2, etc.) and if the cutting site was known for only one strand
the overhang was assumed to be 2 nt. Positions were then assigned
for each nucleotide pair in ascending order moving toward the Dicer
cleavage site. The average hairpin contains several mismatches,
which occasionally contain more nucleotides in one strand than
in the other. Whenever such a length discrepancy occurred, the
shorter strand was used to assign the mismatch position, using the
later position whenever an asymmetric mismatch was located be-
tween two positions. Each position where the nucleotides were
bound to each other was assigned the score 0, while positions
with at least 1 nt mismatched were given the score 1.

Genomic location

Data from miRBase was used to determine whether each miRNA
was intronic or intergenic. The fold change values in the two groups
are visualized in Figure 2. Significance was calculated using a t-test.
Information regarding whether each miRNA was intronic or inter-
genic was retrieved frommiRBase, fold-change distribution was an-
alyzed for each of the two groups, and differences in distribution
were calculated using a t-test.

miRNA machinery and structure in neuronal
differentiation

H1 cells were differentiated into neurons using 90% confluent cells
on Matrigel. The differentiation was performed using a modified

FIGURE 9. In vitro processing of miRNAs using nuclear extract. (A) In vitro-transcribed miRNAs, processed by 293T cell nuclear extract and visu-
alized on a 10% urea-polyacrylamide gel. Bands corresponding to processed pre-miRNAs are marked in gray box, and areas containing pri-miRNAs
used for normalization are labeled with black box. (B) 10/90-min ratios of quantified pre-miRNA levels normalized to each respective pri-miRNA
levels as indicated in A.
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version of the dual SMAD inhibition protocol (Chambers et al.
2009), with the TGF-β inhibitor SB431542 (5 μM), ALK inhibitor
LDN193189 (50 nM), and cyclopamine (1 μM) in CDM Basal me-
dia, which was changed daily for 12 d. At time points 0, 6, and 12
d starting from the first addition of inhibitors, cells were harvested.
mRNA and miRNA were purified using the RNeasy Plus Mini Kit
and the miRNeasy Mini Kit, respectively, according to manufactur-
er’s instructions (Qiagen). Expression levels were measured using
RNAseq (Expression Analysis Inc.) and single-color miRNA micro-
arrays (LC Sciences), respectively. RNAseq expression datawere then
count- and length-normalized to transcripts permillion (TPM) after
exclusion of mitochondrial genes, and miRNA expression data were
Lowess-normalized for cross-chip comparisons. CDM: DMEM/F12
supplemented with 1x N2 (GIBCO), 1x B27 (GIBCO), 2 mM l-glu-
tamine, 0.11 mM 2-mercaptoethanol, 1 mM nonessential amino ac-
ids, and 0.5 mg/mL BSA (faction V) (Yao et al. 2006).

H1 cell culture

H1 human embryonic stem cell lines were cultured on a feeder layer
(MEFs) in Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s
F-12 medium containing GlutaMax supplemented with 20% serum
replacer (SR), 1 mM sodium pyruvate, 0.1 mM nonessential amino
acids, 50 units/mL penicillin, 50 μg/mL streptomycin, 0.1 mM β-
mercapto-ethanol (Sigma-Aldrich), and 2 ng/mL basic fibroblast
growth factor (Qi et al. 2009). Knockdowns of Drosha and Dicer
were generated by infection with lentiviral vectors containing
shRNA constructs against Drosha and Dicer, respectively. Control
cells were infected with control viruses. After passaging the next
day, infected cells were treated with blasticidin (0.5 μg/μL) for selec-
tion until discrete clusters of cells appeared. If cells showed less stabil-
ity with respect to Drosha knockdown, cells were repeatedly selected
with antibiotics (Qi et al. 2009). For the neuronal differentiation ex-
periment H1 cells were cultured feeder-free on Matrigel (BD
Biosciences) with mTeSR1 (Stemcell Technologies).

Generation of HeLa line with Drosha knockdown

HeLa cells were transduced with a pL6-Tet lentiviral vector contain-
ing shRNA against Drosha (Qi et al. 2009) (Titer 1.79 × 108, MOI of
1:10; 10 µg/mL blasticidin selection for 4 d). Generation of the con-
trol cells was done with a pLKO.1 control lentivirus, (MOI 1:10; 10
µg/mL puromycin selection for 4 d).

Drosha qPCR analysis

Drosha andDGCR8 levels were measured in DroshaKD and Control
HeLa cells using the SYBR-GREEN Q-PCR kit. Drosha Ct values
were normalized toGAPDH (▵Ct:Drosha–GAPDH). The▵▵Ct val-
ues were calculated by subtracting the Drosha ▵Ct values in the
Control cells from those values in the KD cells. Fold change was cal-
culated using the (2(−▵▵Ct)) method.

Total RNA extraction and quantitative RT-PCR analysis

Brain and liver tissues were dissected fromWTmice (n = 3). Tissues
were homogenized using mortar and pestle in a liquid-nitrogen
bath. RNAwas extracted from cells adherent on plates or from tissue

homogenate using Trizol reagent (Invitrogen) and cDNA was syn-
thesized with the Omniscript RT kit (Qiagen). β-actin or UBC
was used as endogenous control for normalization. Quantitative
PCR reactions were performed in triplicate using the SyberGreen
(Applied Biosystems) with the 7300 real time PCR system
(Applied Biosystems). Primers used in our study are listed in
Supplemental Table 1. Normalized Drosha levels in the brain were
compared with those in the liver and the fold change was calculated
using the 2(−▵▵Ct) methods.
qPCR of miRNAs was conducted using TaqMan miRNA assays

(Applied Biosystems). miRNA expression was measured in both
DroshaKD and Control HeLa cells. Raw Ct values for miRNAs
were first normalized to RNU66 (endogenous snoRNA, internal
control). Bleomycin values were normalized to GAPDH. To nor-
malize to transfection efficiency, the normalized miRNA values
were renormalized to the normalized Bleomycin values (normalized
miRNA ▵Ct–normalized Bleomycin ▵Ct). This new normalized
value from control cells was subtracted from the corresponding val-
ue in the knockdown cells to generate the ▵▵Ct values. Fold change
with respect to the control cells was calculated using the 2(−▵▵Ct)

method.

Protein extraction and Western blot

With the exception ofmouse tissues, protein extraction andWestern
blot analysis followed procedures that were described previously
(Zhou et al. 2011). Briefly, cells were washed with Dulbecco’s PBS
(Sigma Aldrich) and directly lysed on a culture dish using M-PER
Mammalian Protein Extraction Reagent (Thermo Scientific, IL; 0.5
mL per 35-mm plate) and protease inhibitor cocktail (Complete
Mini, Roche Applied Science). A total of 20 µg of protein extracts
were loaded, separated by 4%–20% SDS-PAGE using Mini-
PROTEAN TGX Precast Gels (Bio-Rad), and transferred to polyvi-
nylidene difluoride transfer membranes (Thermo Scientific).
Membranes were blocked with 5% nonfat dry milk for at least 60
min at room temperature, and incubated overnight at 4°C with
primary antibody. Blots were incubated for 1 h with horseradish
peroxidase-conjugated Blotting Grade Affinity Purified secondary
antibodies (Bio-Rad) and were visualized by enhanced chemilumi-
nescence (Millipore Corp). Protein expression levels in the gel
were quantified by densitometry implemented in Image-J
(National Institutes of Health, Bethesda http://rsb.info.nih.gov/ij/,
1997–2013). Antibodies used in this study are: rabbit anti-Drosha
antibody (Cell Signaling Technology) diluted at 1:1000, mouse
anti-β-actin antibody (Santa Cruz Biotechnology) diluted at 1:5000,
goat anti-rabbit antibody (Bio-Rad Laboratories) diluted at
1:10000, and goat anti-mouse antibody (Bio-Rad Laboratories).
For mouse tissues, the protocol above was followed for protein
extraction, gel loading, and the quantification of Drosha expres-
sion. As a control, either Western using actin Ab or Coomassie
Brilliant Blue R (Sigma Aldrich) staining was used. Entire-cell pro-
tein expression was quantified using Image-J.

Transfections

The mutations were performed on the passenger strand, leaving the
mature strand unchanged in order to be able to detect both the mu-
tated and nonmutated miRNAs using the same TaqMan assay. The
pri-miRNA inserts were amplified from genomic DNA by PCR,
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including the hairpin and ∼200 nt flanks on each side. The inserts
were ligated into amodified pcDNA3.1+ plasmid with the neomycin
selectionmarker replaced with a bleomycin resistance gene.Mutated
versions of the constructs, with altered mismatches in the 9–12 re-
gion, were ordered from Genscript. The miRNA constructs were
transiently transfected into HeLa cells using Lipofectamine2000.
RNA was extracted after 48 h using Trizol.

Analysis of Drosha and miRNA expression
in mouse tissues

ForGDS3052 andGDS3142: These are twomicroarray analyses done
in mouse using an Affymetrix Mouse Genome 430 2.0 chip. Drosha
expression values were extracted from the data sets andwere normal-
ized to a gene that in both studies showedminimal variation between
tissues; Eef2 (eukaryotic translation elongation factor 2). Drosha ex-
pression was represented as percent of Eef2 in the tissues.

For Takada et al. (2006): The miRNAs expressed in each tissue
were first sorted according to number of clones (highest number
of clones being highest expression and lowest number of clones be-
ing lowest expression). The miRNAs were then divided into groups
based on the number of mismatches in the 5, 9–12 region (x-axis)
and within each group the average expression level (y-axis) was cal-
culated by geometric mean.

In vitro processing of miRNAs

Plasmids for wild-type (wt) and modified versions of mir-137 and
mir-200b were linearized, gel purified, and in vitro transcribed using
the Riboprobe (Promega) protocol and labeled with [α32P]CTP.
Transcripts were purified using the RNAeasy mini kit (Qiagen)
and then allowed to fold by addition of KAc, heating to 95°C for
5 min and then kept on ice until the processing reaction. Processing
was performed bymixing folded pri-microRNA transcripts in 20-µL
reactions with 8 µg 293T cell nuclear extract (ProteinOne, Catalog
Ref. P0003-01; nuclear extract has been confirmed to support pri-
miRNA processing, Y Chen, F Yang, T Pavelitz, J Mandic, JC Vule-
tich, G Varani, in prep.), 6.4 mM Mg(Ac)2, 1 mM ATP, 20 mM
Creatine phosphate, 20 mM Tris, 100 mM KAc, 0.5 mM DTT, 0.2
mM PMSF, 20 units RiboLock RNase inhibitor (ThermoScientific),
and 1 µg tRNA for 10, 30, and 90 min at 37°C followed by Trizol ex-
traction and run on a 10% polyacrylamide-urea gel for 3 h at 390V.
Gel exposures were quantified using ImageJ64 software where inten-
sities of bands corresponding to pre-miRNAs were normalized to re-
gions containing pri-miRNA transcripts.

Statistical analysis

Throughout the study, P values for expression levels were calculated
using Student’s t-test. (∗) P < 0.05; (∗∗) P < 0.01. Bars show SEM for
at least three separate experiments.

P-values for differences in mismatch trends were calculated in R
using a χ2 test with Yates’ continuity correction.

DATA DEPOSITION

Sequencing data used for the neuronal analysis have been deposited
to the Gene Expression Omnibus (GEO) under accession no.
GSE56107.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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