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In brief

Numerous miRNA features that facilitate
biogenesis are known, but most have
been identified in vitro. Kang et al. re-
evaluate miRNA biogenesis in living cells
and in animal tissues, and they find that
stability of the first seven base pairs of the
stem is particularly important for
processing in cells.
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SUMMARY

Previous large-scale studies have uncovered many features that determine the processing of microRNA
(miRNA) precursors; however, they have been conducted in vitro. Here, we introduce MapToCleave,
a method to simultaneously profile processing of thousands of distinct RNA structures in living cells. We
find that miRNA precursors with a stable lower basal stem are more efficiently processed and also have
higher expression in vivo in tissues from 20 animal species. We systematically compare the importance of
known and novel sequence and structural features and test biogenesis of miRNA precursors from 10 animal
and plant species in human cells. Lastly, we provide evidence that the GHG motif better predicts processing
when defined as a structure rather than sequence motif, consistent with recent cryogenic electron micro-
scopy (cryo-EM) studies. In summary, we apply a screening assay in living cells to reveal the importance
of lower basal stem stability for miRNA processing and in vivo expression.

INTRODUCTION

MicroRNAs (miRNAs) are short RNA molecules with important
roles in animal gene regulation (Bartel, 2018). Since it has been
estimated that mRNAs from more than 60% of all human genes
are regulated by miRNAs in one or more cellular contexts (Fried-
man et al., 2009), it is not surprising that these molecules have
been found to play roles in biological processes, ranging from
development (Giraldez et al., 2005) and formation of cell identity
(Lim et al., 2005) to various diseases, including neurological ill-
nesses and cancer (Esteller, 2011). Mutant animals that are
completely devoid of miRNAs either die at early developmental
stages (mice) or develop severe developmental defects (zebra-
fish; Bernstein et al., 2003; Giraldez et al., 2005).

In the canonical biogenesis pathway, miRNA primary tran-
scripts are transcribed by RNA polymerase Il, often as molecules
that are tens of thousands of nucleotides long (Cai et al., 2004;
Lee et al., 2002, 2004). Each primary transcript harbors one or
more hairpin fold-back structures, which are recognized by Dro-
sha and its binding partner DGCR8 in the nucleus (Han et al.,
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2006). Drosha cleaves out the ~60-nt-long miRNA precursor,
which is exported to the cytoplasm by Exportin-5 (Bohnsack
et al., 2004; Lund et al., 2004; Okada et al., 2009; Yi et al.,
2003). In the cytoplasm, the precursor is recognized and cleaved
by Dicer, which is part of the canonical RNA interference pathway,
thus releasing an ~22-nt-long RNA duplex (Bernstein et al., 2001;
Hutvagner et al., 2001; Ketting et al., 2001; Knight and Bass,
2001). Subsequently, one of the strands of the duplex is selec-
tively loaded into the Argonaute protein, which is a key compo-
nent of the miRISC effector complex (lwasaki et al., 2010). Once
bound to Argonaute, the mature miRNA can guide the complex
by partial base complementarity to target mRNAs, which are
then degraded through de-adenylation and de-capping or are
translationally inhibited through obstruction of translation initia-
tion (Bartel, 2009). There are numerous non-canonical miRNA
biogenesis pathways (Ha and Kim, 2014); these all share the pres-
ence of a precursor (pre-)miRNA hairpin structure and binding by
an Argonaute effector protein promoting mRNA repression.

It has been estimated that the human genome harbors more
than 400,000 regions that could give rise to hairpin structures if
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transcribed (Bentwich et al., 2005). In contrast, the number of hu-
man precursors is estimated to be between 556 (Fromm et al.,
2020) and 3,000 (Friedlander et al., 2014), suggesting that the
hairpins that enter miRNA biogenesis pathways are stringently
selected. Many studies have evaluated hairpin features that li-
cense MiRNA biogenesis. These assays have measured hairpin
cleavage in vitro, testing numerous variants of a limited number
of distinct hairpins (Auyeung et al., 2013; Fang and Bartel, 2015;
Kwon et al., 2019; Li et al., 2020a). Through comparison of the
variants that were processed and unprocessed, a number of
structural features and sequence motifs have been identified.
The overall structure with two single-stranded flanking se-
quences, an ~35-nt double-stranded stem, and a single-
stranded apical loop is the key entry point into miRNA biogenesis
(Fang and Bartel, 2015; Han et al., 2006). The sequence motifs
UG at the basal junction, UGUG at the apical junction, and
CNNC at the 3’ flanking sequence have been reported to facili-
tate Drosha processing (Auyeung et al., 2013; Fang and Bartel,
2015). Recent studies have further found that miRNA precursors
tend to have bulge-depleted regions in the upper and lower part
of the miRNA duplex (Roden et al., 2017) and that bulges in the
lower and middle part of the miRNA duplex influence Drosha
processing efficiency and/or precision (Li et al., 2020b, 2020a).
Other studies have shown that the GHG motif, defined as an un-
matched nucleotide other than guanosine that is flanked by two
base-paired guanosines at position —7 to —5 relative to the Dro-
sha cleavage site, can facilitate miRNA precursor processing ef-
ficiency and precision (Fang and Bartel, 2015). However, there is
some evidence that the GHG motif is better defined as a catalog
of sequence/structure combinations (Kwon et al., 2019), and a
recent cryoelectron microscopy (cryo-EM) study points to the
importance of the structure itself (Jin et al., 2020).

Previous studies have been limited in that variants of only a few
miRNA precursors have been tested, leaving open the possibility
that some important biogenesis features may remain undiscov-
ered. One recent study partly overcame this limitation by testing
thousands of distinct RNA structures at the same time, providing
evidence that structural uncertainty, measured as Shannon en-
tropy, negatively influences processing (Rice et al., 2020). How-
ever, this experiment was conducted in vitro, so the contribution
of the cellular context to miRNA biogenesis remains unstudied
on a large scale.

Here, we present MapToCleave, a novel method that can mea-
sure the processing of thousands of distinct RNA structures in
living cells in a single experiment, recapitulating the details of nat-
ural miRNA biogenesis. Our approach is comparable to the one
used by Chiang et al. (2010) to distinguish bona fide miRNAs
from likely false annotations. We are expanding on this previous
pioneering work to profile >10,000 structures in one experiment
while Chiang et al. profiled up to 10 structures per experiment.
We find that miRNA precursors undergo differential processing
in different cell types, underlining the importance of cell type-
dependent processing. We also provide evidence that the precur-
sors that are efficiently processed in our assay are significantly
enriched in stable lower basal stem structures. We further extend
this to in vivo conditions, showing that highly expressed miRNAs
also tend to have stable lower basal stems in mammals, fruit flies,
and Lophotrochozoans, animal groups that are separated by >600
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million years of evolution. Comparing the importance of known
and novel features in predicting miRNA processing efficiency
and in vivo expression, the lower basal stem ranks higher than
several of the known sequence and structural motifs. Surprisingly,
the known and novel features together explain only ~20% of
miRNA processing. Lastly, we provide evidence that the GHG
motif defined as a structure motif is a better predictor of miRNA
processing efficiency and precision than is the motif defined as
a sequence motif, supporting a recent cryo-EM study (Jin et al.,
2020). In summary, our study extends the current model of miRNA
biogenesis by revealing the lower basal stem to be an important
structure that can tune miRNA processing and expression.

RESULTS

MapToCleave measures processing of thousands of
distinct RNA structures in cells

To systematically study miRNA biogenesis, we developed a
novel high-throughput screening method —massively parallel
testing of hairpin cleavage (MapToCleave)—which we applied
in a single experiment to simultaneously profile the processing
of 12,472 distinct RNA structures in living cells. These struc-
tures include bona fide human miRNA precursors, non-human
miRNA precursors, and control non-hairpin sequences (STAR
Methods). First, the sequences were synthesized and cloned
into an expression vector (Figure 1A; STAR Methods). The
generated expression constructs were pooled in a single library
and then transfected into human cells (i.e., human embryonic
kidney 293T [HEK293T] cells). The tested library was transiently
expressed, and the successfully transfected individual se-
quences were identified by DNA sequencing, while the struc-
tures that were successfully processed were detected by small
RNA sequencing. By mapping the sequenced small RNAs back
to the test structures, the biogenesis outcome of each RNA
structure can be evaluated, as described below (Figure 1A;
Figure S1).

Out of 150 bona fide human miRNA precursors successfully
transfected into the HEK293T cells (as measured by DNA
sequencing), a total of 74 were efficiently induced and pro-
cessed (Figure 1B, red dots; STAR Methods). We found that
the processing patterns of individual transfected precursors
resembled known Drosha/Dicer processing signatures (Fig-
ure 1C), while the patterns for individual control sequences
were staggered, suggesting random degradation (Figure 1D).
This trend also holds when looking at compound distributions
of read densities over the 74 processed human miRNA precur-
sors (Figure 1E) and the 1,228 control sequences (Figure 1F).
Overall, while we found 49% of human miRNA precursors to
be robustly cleaved in our assay, only 3 of 1,228 (0.002%) con-
trol genomic non-hairpin sequences were processed, as were
0 of 1,369 (0%) random non-hairpin sequences, showing the
specificity of MapToCleave (Figure 1G). It is well established
that miRNA strands tend to have more precise start than end
positions (Czech et al., 2009; Khvorova et al., 2003; Okamura
et al., 2009; Schwarz et al., 2003). We find the same tendency
for miRNA strands in the MapToCleave library (Figure 1H), indi-
cating that our high-throughput screening recapitulates subtle-
ties of natural miRNA biogenesis.
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Figure 1. MapToCleave profiles miRNA processing of 12,472 distinct RNA structures

(A) Experimental design of MapToCleave.

(B) Small RNA abundance in HEK293T cells transfected with mock controls or MapToCleave library (“transfection”). miRNAs that are part of the library and
increase significantly in expression are defined as processed (red), while miRNAs that are part of the library but do not increase in expression are defined as
unprocessed (blue). miRNAs that are endogenous to the cells and not included in the library are in gray. Expression is in log, RPM (reads per million).

(C) Example of MapToCleave processing of a bona fide human miRNA, showing clear patterns of Drosha and Dicer cleavage. A density plot of the read dis-
tribution of sequenced RNAs is shown above, and the exact read positions and read counts are shown below.

(D) Example of a control non-hairpin RNA. The read profile is staggered, suggesting random degradation.

(E) Compound read density plot of the 74 processed miRNA precursors. Each precursor is indicated with a distinct color.

(F) Compound read density plot of 41 control non-hairpin RNAs, showing staggered patterns suggestive of random degradation.

(G) Numbers of human miRNA precursors that are successfully transfected (yellow) and processed (orange). The same numbers are shown for control non-hairpin
sequences from the human genome and control non-hairpins generated by randomizing (permuting) genome sequences.

(H) MapToCleave processing precision of miRNA precursors. The assay recapitulates details of natural miRNA processing, including the increased precision of
miRNA start positions relative to end positions.

MapToCleave profiles cell type-dependent miRNA
processing
A major advantage of MapToCleave is the ability to measure

Bartel, 2015; Feng et al., 2011; Kwon et al., 2019; Li et al., 2020a;
Nguyen et al., 2020; Rice et al., 2020). As a proof of principle, we
tested human and murine MapToCleave precursors in HEK293T

miRNA precursor processing in living cells, in the natural environ-
ment of protein cofactors, cellular compartments, and more, in
contrast to previous large-scale efforts to profile miRNA biogen-
esis, which have all been in vitro (Auyeung et al., 2013; Fang and

cells and mouse NIH 3T3 fibroblast cells (STAR Methods). In our
replicate transfections in HEK293T cells, we find only 3% (5/195)
of miRNA precursors to be differentially processed, showing the
reproducibility of our method (Figure 2A, left). In contrast to these
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Figure 2. Cell type-dependent and cross-species miRNA precursor
processing

(A) MapToCleave profiles cell type-dependent miRNA processing. The scat-
terplots show processing efficiency of the MapToCleave precursors in
HEK293T or NIH 3T3 cells with different transfection conditions. The pro-
cessing efficiency is measured by the difference between mean precursor
expression (RPM) in the transfection cells and in the mock cells. The color
gradient from orange to black indicates the perpendicular distance from the
dots to the fitted linear regression line. The high-confidence precursors with
expression level higher than 5 RPM in the transfected cells are highlighted by a
black circle.

(B) Cross-species miRNA precursor processing in human cells. (Above)
Number of transfected (yellow) and number of processed (orange) precursors
for 10 animal and plant species, and for control non-hairpin sequences.
(Below) Percentages of unprocessed and processed precursors that have
sequence motifs known to facilitate processing (green). Also, percentages of
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replicate experiments, when we compare processing in human
HEK293T versus mouse NIH 3T3 cells, we find that 16% (28/
176) of the tested precursors are processed more efficiently in
one of the two cell types (Figure 2A, right). For instance, mir-
872 is specific to the Glires animal group (rodents and lago-
morphs) and is more efficiently processed in the mouse cell
line (Figure 2A, right). Surprisingly, the human mir-130a also ap-
pears to be more efficiently processed in mouse cells than
in human cells. Since this precursor appears to be more effi-
ciently processed in other human cell lines (Figure S2), this could
be due to some specific blocking of this precursor in the
HEK293T cells. Based on the difference in percentages between
the replicate experiment (3%, above) and the between cell type
experiment (16%), we estimate that the biogenesis of 10%-15%
of mammalian miRNA precursors is substantially influenced by
cell-specific factors. We consider this estimate to be a higher
bound since we here change both the species and the cell
type. In summary, we demonstrate that MapToCleave can profile
cell type-dependent processing of miRNA precursors.

miRNA biogenesis is functionally deeply conserved in
animals
Having verified that MapToCleave recapitulates miRNA biogen-
esis in its natural cellular context, we next studied the processing
of 709 non-human miRNA precursors in human HEK293T cells to
evaluate species-specific features of miRNA biogenesis. The
precursors originate from species ranging from mouse, fruit fly,
nematode, planarian, sea anemone, animal sponge, slime
mold, and single-cell green algae to thale cress (Arabidopsis
Thaliana) (Figure 2B). Given the evidence that miRNAs originated
through convergent evolution in plants and animals (Axtell et al.,
2011), it would be expected that phylogeny strongly affects
biogenesis. Indeed, we find that the precursors from species
that are more closely related to humans are more likely to be pro-
cessed. The percentages of human, mouse, and fruit fly precur-
sors that are processed in human cells are comparable (ranging
from 45% to 58%). In contrast, the percentage of nematode,
planarian, and sea anemone precursors that are processed in
human cells is low (ranging from 4% to 18%). Sea anemone is
the species most distant from humans in which we detect pro-
cessing above trace levels, spanning a gap of >600 million years
of evolution. This suggests that miRNA processing is deeply
conserved, while the substrate preference varies in species as
a function of phylogenetic distance. We find that essentially no
animal sponge, slime mold, green algae, or plant precursors
are cleaved in human cells. miRNA biogenesis in animal sponges
has previously been reported to be very different from other an-
imals (Grimson et al., 2008), while slime mold and plant species
do not have Drosha, which is a key biogenesis enzyme in animals
(Avesson et al., 2012; Bologna and Voinnet, 2014; Brate et al.,
2018).

We next investigated whether the observed processing effi-
ciency can be explained by the known sequence motifs, which

unprocessed and processed precursors that have a stable lower basal stem
structure (novel feature, in purple). (Bottom) Presence or absence of miRNA
biogenesis factors in the 10 animal and plant species.
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Structural features of miRNA precursors processed by MapToCleave assay
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have been reported to facilitate mammalian miRNA processing.
As has been previously reported, nematodes lack sequence mo-
tifs that are found in other animals (Auyeung et al., 2013),
including planarians and sea anemone. However, there is no sig-
nificant absence of sequence motifs in the precursors that are
not processed in human cells (Figure 2B, green fields), suggest-
ing that the low rate of processing has another explanation.
Investigating the structures of the processed versus unpro-
cessed planarian and sea anemone precursors, we found that
the former had a tendency toward relatively structured and sta-
ble lower basal stems, defined as the first 7 nucleotides of the
double-stranded stem structure (Figure 2B, in purple; Figure S3).
This corresponds to positions —13 to —7 relative to the Drosha
processing site. This apparent importance of the lower basal
stem suggests that it is worth revisiting the influence of structural
features on miRNA biogenesis.

Processed miRNA precursors have stable lower basal
stems

We developed a new graphical representation to study the lower
basal stem in more detail (Figure 3A). The “dumbbell” heat plots
show the structure of miRNA precursors, with the single-
stranded region to the left and the apical loop to the right and
the 5’ strand on top and the 3’ strand below. The color code in-
dicates CG base pairing (dark blue), AU base pairing (light blue),
GU base pairs (white), or bulges of mismatched nucleotides of
increasing size (yellow to red). When summing precursors over
humans, mice, fruit flies, and nematodes, the most striking differ-
ence between the processed (Figure 3A, top) and the unpro-
cessed miRNA precursors (Figure 3B, top) is at the lower basal
stem from position —13 to —7 relative to the Drosha cleavage
site (indicated with dotted white lines). Specifically, the precur-
sors that are processed in our MapToCleave assay have fewer
and smaller bulges in the lower basal stem (Figure 3A, top)
than do the precursors that are not processed (Figure 3B, top).
This difference is observed in the AG minimum free energy esti-
mates (Figure 3C, top) and is statistically significant (Figure 3D,
top, p = 1.6e—12). We observe the same tendency when human
(p =0.014), mouse (p = 0.021), fruit fly (p = 0.020), and nematode
(p = 0.001) precursors are studied separately, covering >600
million years of evolution. This tendency also holds true for the
MapToCleave precursors tested in mouse cell lines (Figure S4).
To further support our findings, we re-analyzed miRNA precursor
processing data from a previous study, in which Drosha cleav-
age efficiency of >50,000 sequence variants of three distinct pri-
mary miRNAs was tested in vitro in a lysate-containing Micropro-
cessor (Fang and Bartel, 2015). By comparing the local structure
profile of the variants with high, medium, and low cleavage effi-
ciency, we find that introducing a bulge at the basal stem has a
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more detrimental effect on Drosha processing compared to
bulges in other regions (Figure S5). In summary, we show that
processed precursors have significantly more stable lower basal
stem structures, from nematodes to humans.

Lower basal stem stability predicts miRNA expression
levels in vivo

To test whether the stable lower basal stem is a robust biological
feature for miRNA processing rather than an artifact resulting
from our MapToCleave screening system, we reanalyzed public
small RNA sequence data from various animals. These data are
from tissues and therefore represent in vivo expression,
completely independent of our screening system. Specifically,
we took advantage of the recently released second version of
the manually curated microRNA gene database (MirGeneDB;
Fromm et al.,, 2020) and analyzed miRNA expression data
composed of 191 tissue types from 20 species belonging to
four clades: mammals, fruit flies, nematodes, and lophotrocho-
zoans. We averaged miRNA expression over tissues within a spe-
cies and then compared the mostly highly and lowly expressed
miRNAs within a given clade. By comparing the structure profile
between the highly and lowly expressed miRNA precursors, we
find that the lower basal stem is consistently observed to be
more stable in the highly expressed miRNA precursors in mam-
mals (p = 5e—5; Figures 4A-4D, top row), fruit flies (p = 0.0084;
Figures 4A-4D, second row), and lophotrochozoans (p = 0.013;
Figures 4A-4D, fourth row). We do not observe the tendency in
nematodes (p = 0.21; Figures 4A-4D, third row). Note that nema-
tode precursors have slightly longer basal stems (Warf et al.,
2011), which in turn shifts the location of their lower basal stem
(around from position —16 to —10) by around 3 nt away from
the Drosha cleavage site relative to the lower basal stem in other
species (from position —13 to —7). Interestingly, the lower basal
stem is also more stable in ancient miRNAs than in more recently
emerged miRNAs (Figure S6). These findings support the idea
that the stable lower basal stem is not an artifact of our RNA struc-
ture screening system but is rather a naturally occurring and
deeply conserved biological feature for miRNA processing.

Chromatin-associated primary miRNA profiles support
importance of lower basal stem

Previous studies indicate that miRNA primary transcripts may sta-
bly associate with chromatin (Pawlicki and Steitz, 2008). To study
whether precursors with stable and unstable lower basal stems
giverise to different primary miRNA profiles as a result of process-
ing, we reanalyzed sequenced primary miRNA transcripts associ-
ated with chromatin from a study by Conrad et al. (2014). In this
previous experiment, the amount of intact versus cleaved primary
miRNA transcripts was used to estimate processing efficiency.

Figure 3. Processed miRNA precursors have more stable lower basal stem structures

(A and B) Detailed structure profile of processed precursors (A) and unprocessed precursors (B). The “dumbbell” plots show the structure of miRNA precursors,
with the single-stranded region to the left and the apical loop to the right, and the 5’ strand on top and the 3’ strand below. The color code indicates CG base
pairing (dark blue), AU base pairing (light blue), GU base pairs (white), or bulges of mismatched nucleotides of increasing size (yellow to red). The Drosha cleavage
site at the 5’ strand is at position zero, and the two white vertical lines to the left indicate the position of the lower basal stem.

(C) Thermodynamic stability profiles of processed and unprocessed precursors. The estimated minimum free energy (AG in kilocalories per mole) for RNA duplex
was calculated by a rolling 7-nt window through the given precursor stem loop. Lower minimum free energy indicates more stable structures.

(D) Minimum free energy distribution of the lower basal stem, represented by the 7-mer window at position —13, of processed and unprocessed precursors.
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Figure 4. miRNAs with high in vivo expression have more stable lower basal stems
(A-D) Similar to Figure 3, but the plots were generated based on the miRNAs with highest and lowest expression in animal tissues according to MirGeneDB.
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Figure 5. Design of miRNA precursors with improved or impaired processing

(A) (Left and right panels) Design of hsa-mir-16-1 variants with increased or decreased lower basal stem stability. All the variants are tagged by swapping 2
nucleotides at the 3’ end of the stem to distinguish them from endogenous miRNAs in sequencing. (Middle panel) Relative proportion of miRNAs from the tagged
hairpin stem of hsa-mir-16-1, hsa-mir-30a, and hsa-mir-125a, as measured by small RNA sequencing.

(B) Scatterplots showing hairpin expression measured by summing 5p and 3p miRNAs in the mock or transfected cells.

We compared the structure profile between the most efficiently
processed and the least efficiently processed miRNAs identified
by the study (Figures S7A and S7B). As expected, the efficiently
processed miRNA precursors have a more stable lower
basal stem compared to the non-efficiently processed miRNAs,
although this tendency is only significant when counting from po-
sition —14 and not from position —13 (Figures S7C and S7D).
Again, this indicates the importance of the lower basal stem stabil-
ity as a biological feature for miRNA processing.

Design of miRNA precursors with improved or impaired
processing capacity

Hairpin RNAs are widely used in RNA interference experiments
and also for therapeutic treatments (Beg et al., 2017; Janssen
et al., 2013; Sahu et al., 2019). We next investigated whether it
is possible to tune precursor design by modifying the lower basal
stem regions. We designed four variants of mir-16, one of which
should stabilize the lower basal stem and improve processing
(variant 1) and three that should destabilize the lower basal
stem and impair processing (variants 2—4; Figure 5A, left and
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right panels). In each experiment we co-transfected with equi-
molar abundances of mir-30a and mir-125a for normalization,
and all transfected miRNAs were additionally modified (tagged)
in the mature region to discern them from endogenous miRNAs
(STAR Methods). We found that stabilizing the lower basal stem
indeed improved expression subtly, while destabilizing the stem
substantially reduced it (Figures 5A, middle, and 5B; Figure S8).
Interestingly, endogenous mir-99b, mir-501, and mir-1271 were
consistently reduced in the transfection experiments (Figure 5B).
These miRNAs may be part of the same regulatory networks as
the three transfected miRNAs and may be repressed through
negative feedback loops. The influence of stability of the lower
basal stem can also be observed in the designed variants of
mir-30a (Figure S9). In summary, we show that hairpin design
can be tuned by stabilizing or destabilizing the lower basal stem.

The GHG motif predicts processing better as a structure
than as a sequence feature

Having focused on processing efficiency, we next investigated
processing precision, measured as the percentage of sequenced
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Figure 6. Influence of GHG feature on miRNA processing

(A) Histogram showing the Drosha cleavage precision of the processed precursors calculated by the equation on the top panel.

(B) Detailed structure profile of precursors with high Drosha cleavage precision (>98% of reads from dominant cleavage site).

(C) Same as (B) but using precursors with low Drosha cleavage precision (<90% of reads from dominant cleavage site).

(D) Thermodynamic stability profile of the processed precursors with high and low Drosha cleavage precision. The free energy (AG in kilocalories per mole) was
calculated by a rolling 4-nt window through the given precursor stem loop. The orange bar shows position —7.

(E) The GHG motif predicts processing better when defined as a structural rather than sequence motif. miRNA precursors tested in our study were divided into the
ones that are efficiently processed and highly expressed versus the ones that are unprocessed and had low expression. It was then tested how many miRNA
precursors in the two groups contained the GHG motif, according to three different definitions. The “GHG motif” (Fang and Bartel, 2015) and the “GHG score
>65” (Kwon et al., 2019) are defined by both structure and sequence features, while the “GHG structure” is a purely structure feature. For the purpose of this
analysis, the MapToCleave data from HEK293T cells, MirGeneDB miRNA in vivo expression atlas of human tissues, and chromatin-associated primary miRNA
data from Conrad et al. (2014) were used.

miRNAs that map exactly to the consensus cut site (Figure 6A). left) than does the sequence definition—that a precursor has a
We find that the precursors with high Drosha precision (>98%) GHG motif if the positions —7 to —5 relative to the Drosha cleav-
tend to have a small bulge of 1 or 2 nt that overlap with position age site consist of an unmatched nucleotide other than guano-
—6, while the precursors that are processed with low precision  sine that is flanked by two base-paired guanosines (definition
(<90%) rarely have a bulge at this position (Figures 6B and 6C). by Fang and Bartel, 2015). The same holds true for miRNA pro-
This tendency for a bulge is clearly visible as an unstable region  cessing efficiency estimated from chromatin-associated miRNA
(Figure 6D). It is well established that the GHG motif, located primary transcripts from Conrad et al. (2014) (Figure 6E, middle).
from nucleotides —7 to —5 from the Drosha cleavage site, can We also find that the structural GHG definition better predicts
facilitate processing efficiency and precision of miRNA precur-  processing precision in the MapToCleave assay or in vivo (Fig-
sors (Fang and Bartel, 2015; Kwon et al., 2019). However, it is  ure 6E, right). In summary, we find that the GHG motif better pre-
debated whether the motif is functionally more a sequence motif  dicts miRNA processing efficiency and precision when defined
or a structural motif. Given the clear bulge that we see in precisely  only by its structure.

processed hairpins (Figure 6B), we propose the purely structural

definition that a precursor has the GHG structure motif if it hasa  Relative importance of structures and sequence motifs
bulge composed of 1 or 2 nt that overlap with position —6 for miRNA biogenesis

(counted from the 5’ stand). We find that the structural definition To understand the relative importance of known and novel
better predicts processing efficiency in our MapToCleave assay  sequence and structure features for miRNA biogenesis, we esti-
and also better predicts miRNA expression in vivo (Figure 6E, mated how well each feature correlates with miRNA processing,
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(A) Schematic of miRNA precursor stem showing location and type of known and newly identified features for miRNA processing efficiency.

(B) Feature importance estimated by adjusted R-squared value of the linear regression model with miRNA processing efficiency (MapToCleave data) or with mean
miRNA RPM of human tissues (in vivo expression data from MirGeneDB) as the outcome variable and a given feature (or features) as the explanatory variable.
(C) Schematic of features that influence miRNA biogenesis. The background structure profile in the panels of Microprocessor cleavage efficiency and precision
shows the presence of bulges in the MapToCleave-processed precursors. The color code is the same as in Figure 3A. In the panel on arm selection, the
background structure profiles on the left and right show, respectively, the presence of bulges in the 5p arm- and the 3p-arm-selected MapToCleave-processed

precursors.

as measured by MapToCleave, and miRNA in vivo expression,
as collected in MirGeneDB (Figure 7A). Specifically, we applied
linear regression to measure feature importance by the adjusted
R-squared value, which reflects the amount of data variance of
miRNA processing efficiency that is explained by the model built
on the feature (STAR Methods). Intriguingly, the lower basal stem
stability is ranked as the most important individual feature using
MapToCleave data and the second most important using in vivo
data (in green, Figure 7B), suggesting it is at least as important for
processing as are the well-studied sequence motifs. We find that
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Shannon entropy (Rice et al., 2020) explains little of in vivo pro-
cessing (in gray, Figure 7B), but does contribute to processing
in our cleavage assay, although to a lesser extent than the
lower basal stem stability (Figure 7B). Interestingly, two bulge-
depleted regions of the precursors also contribute (in blue),
consistent with previous results (Roden et al., 2017), as does
the stability of other local structures along the miRNA stem
that have only been investigated in a few studies (Li et al.,
2020a; Nguyen et al., 2020). Overall, the combined structural
features explain more of the miRNA processing (16.5%) than
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do the combined sequence features composed of CNNC, UG,
and UGUG (7.9%). The structural features explain comparable
data variance of the in vivo expression (6.7%) to the sequence
features (7.4%). In summary, we provide evidence that local
structural precursor features are at least as important as the
well-studied sequence motifs for miRNA processing.

MapToCleave recovers two rules of miRNA arm
selection

Two rules have been proposed to determine which precursor
arm gets selected as the guide miRNA and which gets degraded
as a by-product of biogenesis (Czech et al., 2009; Khvorova
et al., 2003; Okamura et al., 2009; Schwarz et al., 2003). Accord-
ing to the thermodynamics stability rule, the miRNA duplex end
that is less stable is easier to open, and the arm whose 5’ end
(so-called “5p” armes) is at this end will be selected. According
to the nucleotide rule, the arm with U and A as the first nucleotide
is more likely to be selected as the guide miRNA compared to the
arm with G and C. We divided the processed MapToCleave pre-
cursors into four groups depending on their preference for arm
selection and investigated their distinct structural features (Fig-
ure S10A). We find that precursors that have a strong 5p arm
bias have a strong tendency for a bulge at the Drosha cleavage
site (position 0), which would make the duplex end less stable, as
predicted by the thermodynamic rule (Figure S10B). Interest-
ingly, for the precursors with a strong 3p bias, this bulge tends
to be located at position —1, just outside of the duplex (Fig-
ure S10A). The precursors that have a 3p arm bias also tend to
have more bulges toward the 3’ end of the duplex (Figure S10A),
resulting in less stability in that end (Figure S10B). Furthermore,
precursors with extreme 5p and 3p arm usage have the highest
local free energy at the 5’ and 3’ ends, respectively, of the miRNA
duplex (Figure S10B), and they also have the highest proportions
of U and A, respectively, as the start nucleotide (Figure S10C).
These two rules of arm selection are identified by MapToCleave,
suggesting that the method is able to capture features that
impact different steps of miRNA biogenesis (Figure 7C).

DISCUSSION

In this study, we have systematically surveyed features of miRNA
biogenesis through the use of our high-throughput screening
method MapToCleave. This allows us to test processing of thou-
sands of distinct RNA structures in one experiment, recapitu-
lating miRNA biogenesis in the natural context of living cells
with protein cofactors, cellular compartments, and more. We
find that most of the tested human, mouse, and fruit fly miRNA
precursors are efficiently processed in human HEK293T cells,
while precursors of nematodes, planarians, and non-bilaterian
animals are inefficiently processed, and precursors of organisms
that lack Drosha are not processed above trace levels (Fig-
ure 2B). Surprisingly, the miRNA precursors that are not pro-
cessed in our MapToCleave assay specifically tend to have un-
stable lower basal stems, defined as positions —13 to —7
relative to the Drosha cleavage site (Figure 3). Applying public
data of in vivo expression of curated miRNA complements of
20 animal species from MirGeneDB, we find that highly ex-
pressed miRNA precursors tend to have stable lower basal
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stems, while lowly expressed precursors tend to have unstable
lower basal stems, indicating that the stability of this region tunes
miRNA expression (Figure 4). We find that a structural definition
of the GHG motif better predicts precursor cleavage efficiency
and precision than does a sequence definition (Figure GE),
consistent with recent cryo-EM studies of Drosha substrate
recognition (Jin et al., 2020; Partin et al., 2020). Comparing the
relative importance of precursor features, we find that novel
structural features explain MapToCleave processing efficiency
and in vivo miRNA expression as well as or better than sequence
motifs (Figure 7B). We find that lower basal stem stability in itself
explains ~7% of processing efficiency, more than each of the in-
dividual known sequence motifs. Lastly, we recover and confirm
known features of miRNA biogenesis, including the rules that
determine miRNA strand selection (Figure S10; Figure 7C).

It may seem surprising that Shannon entropy explains little of
in vivo miRNA processing (Figure 7B), in contrast to findings in a
recent in vitro large-scale screening study (Rice et al., 2020). This
may in part be explained by the complexity of living cells, but it
may also be explained by the definition of miRNA precursors.
The previous screening study used miRBase annotations, which
contain many young miRNA genes as well as false-positive
annotations (Fromm et al., 2020). In contrast, our study uses
MirGeneDB2 annotations, which are carefully curated. Thus,
Shannon entropy may be a good measure for distinguishing
genuine miRNAs from evolving genes or false positives (Fig-
ure S11), while lower basal stem stability distinguishes genuine
miRNAs that are highly or lowly expressed in tissues.

It is well established that the length and stability of the ~35-nt
miRNA stem is important for processing (Fang and Bartel, 2015;
Roden et al., 2017), and the contribution of the lower stem (posi-
tions —13 to —1 from the Drosha cleavage site) has been shown
before in in vitro assays (Auyeung et al., 2013; Han et al., 2006;
Zeng et al., 2005). Here, we provide evidence that the first 7 nu-
cleotides of the lower stem (positions —13 to —7) are of particular
importance relative to other individual sequence and structure
features for miRNA expression in cells and in tissues (Figure 7B).
We argue that this relates to Drosha recognition and binding,
rather than simply defining the single-stranded to double-
stranded transition, since the stability of the full 7 nucleotides
is critical and predicts processing much better than do shorter
regions close to the single-stranded to double-stranded transi-
tion site (data not shown).

It may seem counterintuitive that the lower basal stem tunes
miRNA expression, since a given precursor only gives rise to a
single miRNA guide. However, there is evidence that many
miRNA primary transcripts are not cleaved but rather remain
relatively stable in the chromatin (Pawlicki and Steitz, 2008).
Specifically, sequencing of RNAs in the chromatin allowed Con-
rad et al. (2014) to assign processing indexes to miRNA primary
transcripts and to find that many had intermediate levels of pro-
cessing. If the lower basal stem facilitates efficient precursor
processing, it would result in higher expression of the resulting
mature miRNA, as we observe in the in vivo MirGeneDB data
from 20 animal species.

Surprisingly, in our MapToCleave assay, we found that only
~50% of the bona fide human miRNA precursors were pro-
cessed in HEK293T cells. We estimate that ~5% of the tested
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precursors appear to be unprocessed because the exogenous
expression is masked by high endogenous expression. We
further estimate that ~9% of the tested precursors may not
have been cleaved because they are normally clustered with
other precursors that may facilitate their biogenesis (Fang and
Bartel, 2020; Hutter et al.,, 2020; Kretov et al., 2020; Shang
et al., 2020). The remaining unprocessed precursors tend to
have unstable lower basal stems (Figure 3A), which means they
may be outcompeted for Drosha processing by the precursors
that have more stable lower basal stems or may have other struc-
tural features that facilitate interactions with Microprocessor. We
did not find any depletion of the known sequence motifs in the
unprocessed precursors (Figure 2B). Finally, it is possible that
some of the precursors may depend on biogenesis cofactors
that are absent in HEK293T cells. This again highlights the advan-
tage of studying miRNA biogenesis in a cellular system.
Interestingly, we find that known and novel precursor features
overall explain less of the miRNA in vivo expression (13%) than
they explain the miRNA processing (22%). This is what we ex-
pected, since MapToCleave comprises a well-controlled exper-
iment in a human cell line, whereas the human MirGeneDB data
comprise miRNA expression of various tissues that are affected
by more layers of regulation of miRNA biogenesis as well as by
the technical effects of heterogeneous data. Even with our new
features, the current model of miRNA biogenesis has a relatively
limited information content and is still far from explaining the
specificity of miRNA biogenesis. The optimal structure profile
and the known sequence motifs together only explain ~22%
of data variance of miRNA processing in MapToCleave (Fig-
ure 7B). Of the remaining ~78% data variance, MapToCleave
DNA construct copy number for each precursor explains
~14%, consistent with previous findings that primary miRNA
transcription explains a substantial fraction of its final expression
(de Rie et al., 2017). Besides data noise of experimental tech-
niques, this points to more global factors, including, for example,
RNA tertiary structure (Chaulk et al., 2011), global RNA structure
(Rouleau et al., 2018), nuclear localization of precursors and
biogenesis proteins, and biogenesis cofactors binding outside
the local vicinity of the precursors (Nussbacher and Yeo, 2018;
Treiber et al.,, 2017). Our results suggest that local features
may only explain part of miRNA precursor selection and pro-
cessing efficiency, and that a full model of miRNA biogenesis
may also need to include global factors as critical components.

Limitations of the study

This study focuses on a single human cell line, HEK293T, and it is
uncertain to what degree conclusions can be extended to other
cell types. In particular, other cell types may contain cell-specific
factors that facilitate or inhibit processing of specific miRNAs.
However, we find overall good agreement between processing
in human and mouse cells, with some notable differences (Fig-
ure 2A). A further limitation is that we are profiling miRNA biogen-
esis in its entirety and cannot unravel the contributions of individ-
ual biogenesis steps. For instance, we could not assign the
contribution of the GHG motif to Microprocessor cleavage as
opposed to nuclear export or Dicer processing, if Microprocessor
activity had not already been studied in vitro. Finally, our tissue
data can be confounded by transcription levels, which can differ
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from one tissue to another and which cannot easily
be corrected for, and this may make our in vivo analyses more
noisy. The widely used in vitro methods in contrast have the
advantage of specifically profiling Microprocessor activity without
confounding factors (e.g., Han et al., 2006; Auyeung et al., 2013;
Fang and Bartel, 2015; (Li et al., 2020a); (Li et al., 2020b); Rice
et al., 2020). These methods however may be limited by lack of
cellular context and cofactors and it is not certain whether molec-
ular concentrations reflect physiological levels. The two ap-
proaches seem complementary, and importantly the findings
from our in-cell and in-tissue approach recover and converge
with main findings of previous in vitro studies (Figure 7B).
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RESOURCE AVAILABILITY

Lead contact
Further information for resources and reagents should be directed to and will be fulfilled by the lead contact Marc Friedlander (marc.
friedlander@scilifelab.se).

Materials availability
All reagents generated in this study are available from the lead contact without restriction.

Data and code availability

o MapToCleave sequencing data and experimental validation data of stability of lower basal stem tuning of microRNA processing
have been deposited at Gene Expression Omnibus (GEO) with accession number GSE169020. The supplemental datasets
"Detailed feature profile of MapToCleave processed and unprocessed miRNA precursors" (https://doi.org/10.17044/
scilifelab.15134739), "Detailed feature profile of in vivo highly and lowly expressed miRNA precursors" (https://doi.org/10.
17044/scilifelab.15134862), and "GHG feature profiling with multiple definitions" (https://doi.org/10.17044/scilifelab.
15144339) have been deposited on figshare, and the other supplemental datasets have been deposited on Mendeley Data.
All the supplemental datasets are publicly available. DOlIs are listed in the key resources table.

® The original code has been deposited on Zenodo and is publicly available. DOlIs are listed in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human HEK293T (female) and HelLa (female), murine MEF (male and female mixed) and NIH 3T3 (male) were cultured in DMEM
(Sigma-Aldrich, D6429) supplemented with 10%-15% heat-inactivated fetal bovine serum (GIBCO, 10500064) and penicillin-strep-
tomycin (GIBCO, 15140122) under standard conditions. All cell lines were maintained at 37°C and 5% CO2. All cell lines in culture
were routinely tested for mycoplasma using a gPCR-based test (Eurofins Genomics) and are mycoplasma negative.

METHOD DETAILS

MapToCleave library design

We selected 12,472 sequences to include in our MapToCleave library; please refer to Mendeley data (https://doi.org/10.17632/
4zb54wsfxz.1). These include known human miRNA precursors that are not highly expressed in HEK293T and HelLa cells (test se-
quences) and sequences that are not predicted to form any hairpin structures (negative controls). The sequences also included novel
predicted human miRNAs (Friedlander et al., 2014), hairpin-forming human sequences from exonic, intronic and intergenic regions,
and known miRNAs from non-human animal, sponge, mold or plant species (‘cross-species miRNAs’). STAR Methods Tables “Map-
ToCleave hairpin library” and “MapToCleave non-human miRNA hairpins” give an overview of all sequences.

One expression library was generated and used for all experiments (see below). It was tested in human cell cultures HEK293T and
mouse cell culture NIH 3T3. For the HEK293T cell, two concentrations of library (1 times and 10 times the concentration) and mock
transfections were performed. For the NIH 3T3 cell, 1 times (1x) the concentration and mock transfections were performed. Four rep-
licates were transfected for each condition. An lllumina small RNA TruSeq library was prepared for each transfection and sequenced
in replicates (see below).

MapToCleave hairpin library

Type of sequence Control Number of sequences
Human known miRNAs Positive control 921

Human sequence not forming hairpins Negative control 1500

Random sequence not forming hairpins Negative control 1500

Human predicted novel miRNAs 2469

Human predicted novel miRNAs (low-confidence) 2628

Human exonic hairpins 1000

Human intergenic and intronic hairpins 1000

Known miRNAs from non-human species 1454
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MapToCleave non-human miRNA hairpins

Species Organism Number of sequences
M. musculus Mouse 498

D. melanogaster Fruit fly 221

C. elegans Nematode 214

S. mediterranea Planaria 137

N. vectensis Sea anemone 48

A. queenslandica Animal sponge

D. discoideum Slime mold

C. reinhardltii Single-cell algae 41

A. thaliana Eudicot plant 288

MapToCleave sequence cloning

To generate the expression library, 118 nucleotides in length pre-miRNA hairpin, hairpin-forming and non-forming sequences, and in
addition adjacent 5'- and 3'- PCR-adaptor sequences containing recognition sites for Xhol and EcoRl, were chemically synthesized
(CustomArrayinc, US). In total, 12,472 ssDNA oligonucleotide sequences were converted into dsDNA and amplified using emulsion
PCR, as previously described (Schutze et al., 2011), with the following PCR-adaptor primers: FRW 5-AGGGATAACAGGGT
AATCTCGAG-3' and REV 5’-CTACCCGGTAGAATTGAAAGAATTC-3'. The PCR product was inserted into modified pMSCV-LMP-to-
mato vector (OpenBiosystems), pAH_c5 digested by Xhol and EcoRlI (Thermo Scientific) using Gibson assembly cloning (Gibson
et al., 2009). The resulting plasmids were transformed into E. coli DH108 cells by electroporation. Approximately 880,000 individual
colonies were mixed and prepped in order to generate hairpin library pools. The hairpin library sequences were confirmed by the
150-bp single-end sequencing on an lllumina NextSeq 500 instrument.

Cell culture and MapToCleave transfections

HEK293T and NIH 3T3 were cultured in DMEM (Sigma-Aldrich) supplemented with 10%-15% heat-inactivated fetal bovine
serum (GIBCO) and penicillin-streptomycin (GIBCO) under standard conditions. For the standard assays, HEK293T cells grown in
12-well plates were transiently transfected with either 1.8 ng of pAH_c5 (mock control) or an incremental amount of hairpin library
(1.8 ng or 18 ug) using Lipofectamine 3000 (Invitrogen) following the manufacturer’s protocol. Transfection efficiency was confirmed
by tomato expression. Transient expression in murine cells was performed in 10 cm dishes. NIH 3T3 cells were transiently transfected
with either 26 ng of pAH_c5 or 26 ng of the hairpin library. The NIH 3T3 tomato-positive cells were sorted on a BD Influx (BD Biosci-
ence). 48 h after transfection, total RNA was extracted. miRNA expression was assessed by small RNA sequencing, and transfection
efficiency was assayed by DNA sequencing.

MapToCleave DNA and small RNA sequencing

Total RNA and DNA were isolated using TRIzol reagent (Ambion). RNA integrity was estimated with a Bioanalyzer instrument using an
RNA 6000 Nano kit (Agilent Technologies). 1 ng of HEK293T total RNA was used for standard small RNA library preparation using
TruSeq small RNA kit v2 (lllumina). 1 pg of NIH 3T3 total RNA was used for preparation of small RNA libraries. The small RNA
cDNA libraries were PCR-amplified in 15 cycles; the 75-bp single-end sequencing was carried out on a NextSeq500 (lllumina).
DNA libraries were prepared in two steps: i) the DNA isolated from the HEK293T and NIH 3T3 transfected cells was pre-amplified
using custom primers compatible with lllumina TruSeq adaptor sequences, ii) pre-amplified DNA fragments were multiplexed by
PCR using lllumina TruSeq universal forward and single-indexed reverse PCR primers. The DNA libraries were resolved on a 6% No-
vex TBE gel (Invitrogen), and the 280 — 300 bp fraction was isolated. The 150-bp single-end sequencing was carried out using lllumina
NextSeq500.

MapToCleave sequence data quality control and pre-processing

The small RNA sequencing data were quality control (QC) checked using miRTrace v 1.0.1 (Kang et al., 2018) gc mode. Human
(miRTrace option -s hsa) and mouse (-s mmu) databases were used as references for HEK293T and NIH 3T3 samples, respec-
tively. lllumina 3’ adaptor sequence TGGAATTCT was provided for 3’ adaptor trimming. The QC qualified reads of each sample
were then aligned to the prepared reference sequences, which contained the sequences from the MapToCleave library and the
endogenous human (for HEK293T sample) or mouse (for NIH 3T3 sample) miRNA hairpin sequences that are excluded from the
MapToCleave library but are included in miRbase v 21 (Kozomara and Giriffiths-Jones, 2014). The alignment was performed
using bowtie v 1.1.2 (Langmead et al., 2009) without allowing mismatches (-v 0). The reads that were uniquely mapped to
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the forward strand (-m 1) of the reference sequences were considered for the hairpin expression measurement; please refer to
Mendeley data (https://doi.org/10.17632/6xtgkhsbds.1). The RNA counts were then normalized to reads per million (RPM) for
each sample using the equations: hairpin counts/total counts of human hairpinsx10® for the HEK293T samples and
hairpin counts /total counts of mouse hairpinsx108 for the NIH 3T3 samples. The DNA sequencing data were also aligned to
the reference sequences in the same way as the small RNA sequencing data except for allowing one mismatch (-v 1) and
considering only reads that were > 100 nucleotides in length; please refer to Mendeley data (https://doi.org/10.17632/
6xtgkhsbds.1). The DNA counts were normalized to reads per million (RPM) for each sample using the formula
hairpin counts /total counts of hairpinsx10°.

Estimating processing efficiency of MapToCleave sequences

To identify the hairpins that are differentially expressed (DE) in the cells transfected with the MapToCleave library compared to the mock
cells, we applied DESeq2 v 1.22.2 (Love et al., 2014) Wald significance tests with the cutoffs: p value < 0.01, adjusted p value < 0.05 and
absolute log2 fold-change > 1. A hairpin is defined as efficiently processed if the expression vector is successfully transfected with DNA
RPM > =5 and the hairpin is differentially expressed in the transfection cells. If the processed or unprocessed hairpins are annotated in
MirGeneDB or miRBase (when MirGeneDB annotation is not available), we call them processed or unprocessed miRNA precursors;
please refer to Mendeley data (https://doi.org/10.17632/4xzrxbzdv8.1 and https://doi.org/10.17632/msm34n43j4.1). The processing
efficiency is represented by the fold-change of mean hairpin expression (RPM) between the transfection cells and the mock cells.
This analysis relates to Figures 1 and 2B. In Figure 2B, the purple heatmap, the lower basal stem is defined as stable if the free energy
of the duplex at —13to —7 is lower than —2.3, —1.8, —1.3, —2.0, —1.9 and —4.2 (kcal/mol) respectively for human, mouse, fruit fly, nem-
atode, planarian and sea anemone miRNA precursors. The processing efficiency is used in Figure 7B.

Profiling cell type-dependent processing of MapToCleave sequences

We measured the processing efficiency of MapToCleave hairpins in HEK293T cells transfected with 1x or 10x of the concentration of
MapToCleave library and in the NIH 3T3 cells transfected with 1x the concentration of MapToCleave library in the following way. We
applied quantifier.pl script from miRDeep2 v 2.0.0.8 to quantify the read counts of miRNAs, without allowing mismatches (-g 0) and
with considering all aligned reads, including multiple aligned reads. The miRBase human (hsa), mouse (mmu), Drosophila (dme) and
nematode (cel) miRNA hairpins were used as the precursor reference (-p) and the corresponding 5p and 3p arm sequences were
used as the mature reference (-m). The read counts (see Mendeley data, https://doi.org/10.17632/t5|drzfwjs.1) were then normalized
to RPM using the following formulas: miRNA counts/total counts of human miRNAsx10® for the HEK293T samples and
miRNA counts /total counts of mouse miRNAsx10° for the NIH 3T3 samples. The expression of miRNA hairpins was calculated
by summing up the RPM expression of the corresponding arm sequences. The processing efficiency is represented by the
difference of mean hairpin expression (RPM) between the transfection cells and the mock cells. The MapToCleave miRNA
precursors that are processed in either the HEK293T or NIH 3T3 cells were used to generate Figure 2A. In Figure 2A, the HEK replicate
1 represents HEK293T cells with the 1x transfection concentration. The HEK replicate 2 represents HEK293T cells with the 10x trans-
fection concentration.

Identifying structural features and sequence motifs in MapToCleave hairpins

The MapToCleave hairpin sequences were folded using RNAfold v 2.4.2 from the ViennaRNA Package (Lorenz et al., 2011) with the
default setting but forced open if the flanking sequences are 19 nucleotides away from the 5’ side of Drosha cleavage site and 17
nucleotides away from the 3’ side of Drosha cleavage site. Each hairpin can be divided into four parts, comprising the flanking region,
basal stem, miRNA duplex and apical loop, depending on the single and double stranded structure changes and Drosha cleavage
site (illustrated by the example hairpin below). Since Drosha cleavage is the critical entry point for canonical miRNA biogenesis, we
defined the coordinates along the hairpin stem loop relative to the Drosha cleavage site at the 5’ strand. For example, in the hairpin
stem loop of hsa-mir-371a (Figure S12), the nucleotides away from the Drosha cleavage site to the apical loop are counted from 0 to
28 and 0 to 27 for the 5’ and 3’ strand. The nucleotides away from the Drosha cleavage site to the flanking sequences are counted
from —1to —30and —1to —31 for the 5’ and 3’ strand respectively. The 5p and 3p arm sequences at the 5’ and 3’ strand are colored in
red and blue respectively. In this coordinate system, all the features were counted according to the relative distance from the Drosha
cleavage site.

To determine the Drosha cleavage site of each hairpin in the HEK293T and NIH 3T3 cells, the QC qualified small RNA reads from all
HEK293T or NIH 3T3 samples were pooled together and then aligned to the reference sequences in the same way as the previous
alignment for MapToCleave sequence pre-processing. The mapping profile of each hairpin generated by the perfectly, uniquely and
forward mapped reads was used to determine the Drosha cleavage site, which is identified by the 5’ end of the most abundant reads
that aligned to the 5’ strand of the hairpin stem. For the hairpins with no reads aligned to the expected region, we used miRBase
annotation to infer the Drosha cleavage site, which is located at the 5’ end of the 5p arm.

For each hairpin, we parsed the secondary structure to profile base pairing and mismatch information of each nucleotide at the 5’
strand and at the 3’ strand of the hairpin. If the nucleotide is base paired, we record the type of base pair, including A-U, U-A, C-G,
G-C, G-U or U-G; if the nucleotide is unpaired and present as part of a bulge, we record the features of the bulge, including its size,
symmetry and nucleotide content. We also checked if the known sequence motifs that influence miRNA processing are present at the
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expected position. For example, the GU motif at the basal junction is expected to be located at position —15 to —12 of the 5’strand;
the UGU or GUG motif at the apical junction is expected to be located at position + 19 to +27 of the 5’ strand; the CNNC motif is
expected to be located at position —24 to —17 of the 3’ strand. The detailed feature profile of MapToCleave processed and unpro-
cessed miRNA precursors are available in the figshare data (https://doi.org/10.17044/scilifelab.15134739). This analysis relates to
Figures 3A and 3B.

Profiling local free energy of MapToCleave hairpins

To quantify local structure changes in terms of tightness or looseness across the hairpin, we measured the free energy of local re-
gions. We first extracted local duplex segments by sliding a 7-mer window over the hairpin stem loop predicted by RNAfold from the
flanking region to the apical loop. Since the size of the sliding window represents the number of nucleotides extracted from the 5’
strand, each segment always has 7 nucleotides from the 5’ stand but can have different numbers of nucleotides from the 3’ stand
depending on the presence of bulges. For each segment, we then calculated the free energy using RNAeval v 2.4.2 from the Vien-
naRNA Package; please refer to Mendeley data (https://doi.org/10.17632/gzmj7tctgs.1). This analysis relates to Figures 3C and 3D.

Profiling Shannon entropy of MapToCleave hairpins

We calculated the structural positional entropy of each hairpin using the same approach as in the study by Rice et al. (Rice et al., 2020)
(see Mendeley data, https://doi.org/10.17632/sgjv7tm2x3.1). Fora given RNA sequencea =ay, ..., &, &, ..., apandfor1<i<j<n,
pi;j the probability of pairing for nucleotides i and j given the whole set of secondary structures is calculated using RNAstructure v 6.2
(Reuter and Mathews, 2010) by running partition function followed by ProbabilityPlot with -t option for text file output. We define the
positional base pairing probability distribution at fixed position 1 </ <n by

py ifi<j
pij= Py ifi>]
p/J-:0ifi:j

The positional Shannon entropy H; at nucleotide i, which provides a measure of local structural certainty, is calculated by

n
H= - p;jlog1op;;, with the convention for p;; =0 that Iimoplogmp = 0. Low values of positional Shannon entropy at nucleotide
j=1 p=
i indicate the strong agreement among low energy structures. Therefore, the well-defined regions have low Shannon entropy. It
should be noted that a given nucleotide does not pair with itself. Therefore, to calculate Shannon entropy, one needs to provide
an additional assumption on i =j case. The simplest way is to assume the p;-; = 0, as described earlier (Rice et al., 2020). Alterna-
tively, one can consider p;_; = 1 — Zp;‘j, which is used in mountain.pl script of ViennaRNA package and described in the section
i%f
“Positional entropy” from Garcia-Martin and Clote (Garcia-Martin and Clote, 2015). This analysis relates to Figure 7B.

MirGeneDB miRNA expression analysis

Using the MirGeneDB miRNA expression atlas of tissues from twenty species that are grouped into four clades, namely, mammals,
fruit flies, nematodes and lophotrochozoans (Fromm et al., 2020), we calculated the mean RPM of miRNA precursors by species. The
miRNAs were then sorted according to the mean RPM. The top and bottom 30 miRNAs of each species were selected as highly and
lowly expressed miRNAs and pooled by clade. This analysis relates to Figure 4. All the MirGeneDB miRNAs used in the study were
processed in the same way as the MapToCleave hairpins to profile structure features, sequence motifs and Shannon entropy.
MirGeneDB annotation was used to identify the Drosha cleavage site, which is important to define the coordinate of the hairpin
stem. The detailed feature profile of in vivo highly and lowly expressed miRNA precursors in 20 species are available in the figshare
data (https://doi.org/10.17044/scilifelab.15134862).

Design of miRNA precursors with improved or impaired processing

Hsa-mir-30a, hsa-mir-16 and hsa-mir-125a wild-type, tagged and mutant hairpins with 5'- and 3'-flanking adaptor sequences were
synthesized (GeneArt, Thermofisher). The hairpins were subcloned into modified pMSCV-LMP-tomato vector (OpenBiosystems) us-
ing Gibson assembly cloning (NEB). HEK293T cells were transfected using Lipofectamin-3000 (Invitrogen). The hairpins were tested
in triples; 0.6 pg of each hairpin was used for transfection in two biological replicates. The tested hairpin oligonucleotide sequences
and hairpin combinatorial sets used in the lower basal stem stability validation are available in our Mendeley data (https://doi.org/10.
17632/zk257mkecvb.1) and in Table S2. After 48 hours, total RNA was extracted using a Zymo quick-RNA microprep kit (Zymo
Research). miRNA expression was assayed through small RNA sequencing using a TruSeq small RNA kit v2 (lllumina). We first
checked the quality of the small RNA sequencing data generated from the validation experiments using miRTrace v 1.0.1 qc
mode with option-species hsa—adaptor TGGAATTCT. The QC qualified reads were used to quantify expression of the human miRNA
hairpins and the modified hairpins (Mendeley data, https://doi.org/10.17632/zk257mkcvb.1) using miRDeep2 (Friedlander et al.,
2012) quantifier.pl with allowing 0 mismatches (-g 0) and allowing multi-mapping. The human miRNA hairpin sequences downloaded
from miRBase v21 and the modified hairpin sequences were used as the precursor reference (-p). The corresponding human miRNA
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sequences from miRBase v21 and the manually curated miRNA sequences of the modified hairpins (Mendeley data, https://doi.org/
10.17632/zk257mkcvb.1) are used as the mature reference (-m). The hairpin sequence counts (Mendeley data, https://doi.org/10.
17632/xkvpw9drvr.1) are measured by summing up the number of small RNA reads that mapped to an interval 2 nucleotides up-
stream and 5 nucleotides downstream of the 5p or/and 3p miRNA sequence from the hairpin. The hairpin counts were further normal-
ized to RPM using the formula: hairpin counts /total counts of hairpins x108. This analysis relates to Figure 5.

Profiling Drosha cleavage precision of MapToCleave hairpins

The QC-passed reads from four replicates of 1x HEK transfection samples were pooled together and then aligned to the sequences
of the MapToCleave library using bowtie v 1.1.2 without allowing mismatches (-v 0). The reads that were uniquely mapped to the
forward strand of the reference sequences were used for the analysis; please refer to Mendeley data (https://doi.org/10.17632/
z6zf48nvct.1). The Drosha cleavage precision was calculated by the number of reads aligned to the dominant cut site divided by
the number of reads aligned in the region ranging from 5 nucleotides upstream to 5 nucleotides downstream of the dominant cut
site. This analysis relates to Figure 6A.

Identifying the presence of the GHG feature using different definitions

The GHG feature defined by Fang et al., 2015 (Fang and Bartel, 2015) is located at position —7 to —5 of the 5’ strand and meets the
following requirements: C-G or U-G pair at position —7, C*U, U*C, G*A or A*C mismatch or U-A, G-C or A-U pair at position —6, A-U,
U-A, G-C or C-G pair at position —5. The GHG feature defined by Kwon et al. (Kwon et al., 2019) is based on the cleavage scores
reported by Fang et al. and requires the cleavage score to be higher than 65. In the study by Fang et al., Microprocessor cleavage
of the hairpin variants that were generated by randomizing the duplex segment at position —7 to —5 of three template pri-miRNAs was
tested. Since all the other regions are the same except for the mutated duplex segment, the cleavage score indicates the influence of
the duplex segment for miRNA processing. By matching the duplex segments at position —7 to —5 of MapToCleave hairpins to the
duplex segments at position —7 to —5 of hairpin variants tested by Fang et al., the mGHG scores downloaded from Table S1 of Kwon
etal. (2019) are assigned to MapToCleave duplex segments if they are matching. In this way, we can identify the GHG feature defined
by Kwon et al. using MapToCleave hairpins. Our definition of the GHG feature requires a bulge composed of one or two nucleotides at
position —6 counted from the 5’ side of the Drosha cleavage site. The highly and lowly expressed miRNA precursors in the plot “in vivo
expression” in the panel “miRNA processing efficiency” of Figure 6E are represented by the top 70 and bottom 70 bona fide human
miRNAs, which are ranked in descending order by mean RPM expression across human tissues from MirGeneDB data. The highly
and lowly processed miRNA precursors in the plot “Chromatin pri-miRNA” in the panel “miRNA processing efficiency” of Figure 6E
are represented by the top 50 and bottom 50 bona fide human miRNAs, which are ranked in descending order by pri-miRNA pro-
cessing efficiency as indicated by deltaMPI values in Hela cells from Conrad et al. (2014). The related datasets are available in
our figshare data https://doi.org/10.17044/scilifelab.15144339). This analysis relates to Figure 6E.

Estimating the relative importance of features for miRNA processing and expression

To estimate the importance of individual features and the various combinations of features for miRNA processing, we fitted a linear
regression model with the feature (or features) as the explanatory variable and miRNA processing efficiency as the outcome variable
using R language Im() function. The importance of the feature (or features) is reflected by the adjusted R squared value of the model
built on the feature (or features). The presence of CNNC at 3’ flanking sequence, UG at basal junction and UGUG at apical junction of
each miRNA precursor was used to define the sequence motif features. The local free energy of a 4-mer window at each position of
the hairpin stem was treated as a structural element, some of which were further combined to represent the structural features
of interest. For example, the stable lower basal stem feature that is located from position —13 to —7 is represented by five 4-mer
windows beginning from position —14, —13, —12, —11 and —10. The two bulge-depleted regions identified by Roden et al. (2017)
are represented by three 4-mer windows beginning from position 1, 2 and 3 and three 4-mer windows beginning from position
14, 15 and 16. The other unrecognized region is represented by the 4-mer windows left over from the above-mentioned structural
features and the GHG feature defined by the 4-mer windows at position —8 and —7. The GHG feature is defined by the presence
of a bulge at position —6 of the 5’ strand with maximum two mismatches on either side of the bulge. We performed feature importance
estimation using both MapToCleave and MirGeneDB data. For MapToCleave, we used the data of processed and unprocessed
miRNA precursors to fit the linear regression model, where the outcome variable is represented by log2 fold-change of the mean
hairpin expression (RPM) between the transfected cells and the mock HEK293T cells; please refer to Mendeley data (https://doi.
org/10.17632/sgjv7tm2x3.1). For MirGeneDB, we used the miRNA expression atlas of human tissues to fit the model, where the
outcome variable is represented by log2 of mean RPM of the tissues; please refer to Mendeley data (https://doi.org/10.17632/
cgnggdp2by.1). These analyses relate to Figure 7B.

Estimating the contribution of miRNA clustering to unprocessed MapToCleave precursors

We calculated the percentage of processed MapToCleave human miRNA precursors that are localized to within 30 kb of each other.
The same calculation was applied for the unprocessed human miRNA precursors. The contribution of miRNA clustering to miRNA
processing is estimated by calculating the percentage of clustered, processed human miRNA precursors minus the percentage
of clustered, unprocessed human miRNA precursors.

e7 Cell Reports 37, 110015, November 16, 2021


https://doi.org/10.17632/zk257mkcvb.1
https://doi.org/10.17632/zk257mkcvb.1
https://doi.org/10.17632/xkvpw9drvr.1
https://doi.org/10.17632/xkvpw9drvr.1
https://doi.org/10.17044/scilifelab.15144339
https://doi.org/10.17632/sgjv7tm2x3.1
https://doi.org/10.17632/sgjv7tm2x3.1
https://doi.org/10.17632/cgnggdp2by.1
https://doi.org/10.17632/cgnggdp2by.1

Cell Reports ¢? CellP’ress

OPEN ACCESS

QUANTIFICATION AND STATISTICAL ANALYSIS

All the statistical tests are performed using R v3.5.3. The unpaired and two-tailed Student’s t test t.test() was used to test whether the
mean stability of lower basal stem is equal between the processed and the unprocessed MapToCleave precursors (Figure 3). The
two-tailed exact binomial test binom.test() was used to compare the relative proportions of miRNAs from hsa-mir-16-1 variant 1
and hsa-mir-16-1 wild-type (Figure 5). The exact binomial test was also used in Figure 6 to compare the GHG proportions between
the precursors with high and low processing efficiency and the GHG proportions between the precursors with high and low Drosha
cleavage precision.
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