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SUMMARY

Nuclear processing of most miRNAs is mediated by
Microprocessor, comprised of RNase III enzyme
Drosha and its cofactor DGCR8. Here, we uncover
a hidden layer of Microprocessor regulation via
studies of Dicer-independent mir-451, which is clus-
tered with canonical mir-144. Although mir-451 is
fully dependent on Drosha/DGCR8, its short stem
and small terminal loop render it an intrinsically
weak Microprocessor substrate. Thus, it must reside
within a cluster for normal biogenesis, although the
identity and orientation of its neighbor are flexible.
We use DGCR8 tethering assays and operon struc-
ture-function assays to demonstrate that local
recruitment and transfer of Microprocessor en-
hances suboptimal substrate processing. This prin-
ciple applies more broadly since genomic analysis
indicates suboptimal canonical miRNAs are enriched
in operons, and we validate several of these experi-
mentally. Proximity-based enhancement of subopti-
mal hairpin processing provides a rationale for
genomic retention of certain miRNA operons and
may explain preferential evolutionary emergence of
miRNA operons.

INTRODUCTION

microRNAs (miRNAs) comprise an abundant family of �22

nucleotide (nt) RNAs derived from inverted repeat transcripts

that mediate extensive gene regulatory networks. In the canon-

ical pathway, a primary miRNA (pri-miRNA) hairpin is cleaved

by the nuclear RNase III enzyme Drosha and its double-stranded

RNA binding (dsRBD) partner DGCR8 (‘‘Microprocessor’’) to

release the pre-miRNA hairpin, which is cleaved by the cyto-

plasmic RNase III enzyme Dicer to yield a miRNA-star duplex.

This is loaded into an Argonaute effector and matured to a sin-

gle-stranded complex that seeks complementary targets for

regulation. In addition, a variety of non-canonical miRNA sub-

strates are known. For example, a variety of Drosha-indepen-
M

dent and Dicer-independent miRNA biogenesis pathways have

been documented (Yang and Lai, 2011), which made it possible

to design synthetic, RNase-III-independent miRNA biogenesis

strategies in mammalian cells (Maurin et al., 2012). Improved

mechanistic knowledge of miRNA biogenesis is important not

only to understand this endogenous regulatory system, but

also to exploit these pathways for experimental gene silencing.

Although many canonical miRNAs are ‘‘solo’’ loci, �1/3 of

vertebrate miRNAs are expressed as operons, in which two or

more miRNA hairpins are hewn from a single primary transcript

(Altuvia et al., 2005). The biological imperatives that drive miRNA

clustering are not fully known. Where tested, miRNAs derived

from operons are generally functional when expressed as indi-

vidual pri-miRNA constructs (Bejarano et al., 2012; He et al.,

2005; Mavrakis et al., 2010; Silver et al., 2007). This argues

against the widespread existence of dispersed cis-elements

that are essential for miRNA processing within clusters. Never-

theless, idiosyncrasies of miRNA cluster biogenesis have been

reported, such as stepwise processing of inner miRNAs within

the mir-17�92 cluster (Donayo et al., 2019; Du et al., 2015) or

dependencies in the maturation of select miRNAs on their neigh-

bors. The latter has been observed in certain Drosophila (Trus-

cott et al., 2016), mammalian (Hutter et al., 2019; Lataniotis

et al., 2017), and even viral (Haar et al., 2016) miRNA clusters.

Overall, the mechanistic reasons are not clearly defined, but

such dependencies were suggested to correlate with suboptimal

processing. Alternatively, the frequent arrangement of miRNA

operons might have to do with the nature of preferential evolu-

tionary emergence within clusters (Marco et al., 2013; Mo-

hammed et al., 2014) or with selection to maintain precise

cellular co-expression of miRNAs or perhaps co-targeting by op-

eronic miRNAs (Bushati et al., 2008; Han et al., 2015; Wang

et al., 2016).

Many features of optimal, canonical miRNA biogenesis were

elucidated from detailed analyses of individual mutagenized

miRNA precursors, along with large-scale sequencing-based

assays using randomized miRNA model backbones. These ap-

proaches reveal that a double-stranded stem of �35 basepairs,

flanking single-stranded regions, a terminal loop of >10 nts, and

specific sequencemotifs within the terminal loop and flanking re-

gions, all contribute positively to miRNA biogenesis (Auyeung

et al., 2013; Fang and Bartel, 2015; Han et al., 2006; Kwon

et al., 2016, 2019; Ma et al., 2013; Nguyen et al., 2015; Zeng
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and Cullen, 2005; Zeng et al., 2005; Zhang and Zeng, 2010). A

majority of conserved miRNAs conform to these general struc-

tural features and contain one or more recognizable cis-motifs,

suggesting that such miRNAs are under selection for molecular

mechanisms that enable efficient biogenesis. On the other

hand, miRNA loci that are evolutionarily young tend to conform

less strictly to this menu of features, exhibit more heterogeneous

processing, and generate low-expressed mature miRNAs.

Studies of the conserved vertebrate operon mir-144/451 (Fig-

ure S1) showed that mir-451, in contrast to canonical mir-144,

is matured by an unusual strategy (Yang and Lai, 2010). While it

has a typical ‘‘lower stem’’ that mediates hairpin cleavage by

Drosha/DGCR8, the resulting pre-miRNA is only 42 nt in length

(Cheloufi et al., 2010; Yang et al., 2010). Since its stem is only

17 bp in length, it is too short to be cleaved by Dicer; instead,

pre-mir-451 hairpins load directly into Ago proteins (Cheloufi

et al., 2010; Cifuentes et al., 2010; Yang et al., 2010). If pre-

mir-451 binds ‘‘Slicer’’ Ago2, the sole vertebrate Ago-class fac-

tor with efficient catalytic activity, it is cleaved on the 30 hairpin
arm and subsequently further trimmed at its 30 end by PARN

(Yoda et al., 2013) to yield mature, functional miR-451.

Although miR-451 is the only conserved vertebrate miRNA

matured by this strategy, its backbone can be readily reprog-

rammed to produce synthetic Dicer-independent miRNAs

(Cheloufi et al., 2010; Shang et al., 2015; Yang et al., 2010,

2012). This strategy does not produce a miRNA* sequence,

which is a substantial source of off-targeting effects.

In this study, we reveal unexpected dependency of mir-451

cropping on proximity to mir-144. This requirement can be

substituted by other canonical miRNAs, and the underlying

mechanism involves suboptimal features of themir-451 terminal

loop that render it a poor Microprocessor substrate in vivo. This

makesmir-451 processing subservient to that ofmir-144 and ex-

plains why these miRNAs remain tightly clustered across evolu-

tion. We use tethering assays and structural variants of the mir-

451 locus to provide evidence that Microprocessor is recruited

to its vicinity and transferred locally to facilitate the nuclear

biogenesis of this suboptimal miRNA hairpin. Moreover, we

extend this principle by showing that suboptimal canonical miR-

NAs are also enriched within clusters. This strategy by which the

nuclear biogenesis of a suboptimal miRNA hairpin is enhanced

within a cluster may contribute to the high frequency of miRNA

operons in present day metazoan genomes.
RESULTS

Biogenesis of Non-canonical mir-451 Is Dependent on
Its Neighbor mir-144

Although miR-451 is Dicer-independent, its biogenesis requires

the canonical nuclear miRNA processing machinery (Yang et al.,

2010). In particular, miR-451 cannot be matured upon knockout

of Drosha (Cheloufi et al., 2010) or DGCR8 (Jee et al., 2018). Of

note, prior ectopic expression studies used constructs contain-

ing genomic DNA covering bothmir-144 andmir-451 (Figure 1A)

(Cheloufi et al., 2010; Yang et al., 2010) or synthetic pre-mir-451

that bypasses Drosha cleavage (Cheloufi et al., 2010; Cifuentes

et al., 2010).
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Surprisingly, when we tested mir-144 and mir-451 solo

expression constructs (Figure 1A), we observed normal matura-

tion of miR-144, but the latter were extremely poor at generating

pre-mir-451 and mature miR-451 (Figure 1B). Co-expression of

pri-mir-144 in trans did not rescue activity or maturation of

solo pri-mir-451, implying a cis-requirement for mir-144 during

mir-451 biogenesis (Figure 1B). This notion was further sup-

ported by testing pri-mir-144/451 variants. Not only did deletion

of pre-mir-144 from this longer primary transcript block matura-

tion of miR-451 (D144-451), so did a small deletion of the termi-

nal loop of pre-mir-144 (144LD-451; Figure 1A). The latter

construct barely expressed the truncated pre-mir-144LD

hairpin, failed to yield miR-144, and was similarly inhibited for

miR-451 maturation (Figure 1B). Finally, the relative position of

miRNAs within the cluster was flexible, as mir-144 supported

effective miR-451 maturation from a downstream position (Fig-

ures 1A and 1B). Consistent with these processing data, lucif-

erase sensor assays of all these constructs showed that mir-

451 yielded substantial repression only when expressed from

the same primary transcript asmir-144, whereasmir-144 activity

was independent of mir-451 (Figure 1C).

To explore if the integrity of this specific miRNA cluster is

needed togeneratemiR-451,weswappedothermiRNAs inplace

of mir-144 (Figure 1D). We found that mir-7a and mir-545 suc-

cessfully promoted effective miR-451 maturation and function,

while a second copy ofmir-451 had little effect on either readout

(Figures 1E and 1F). Thus, miR-451 has a generic biogenesis

requirement for proximity to a canonicalmiRNA, butmir-451 itself

is inherently suboptimal and additional copies do not help.

In vitro assays have been powerful to dissect substrate prefer-

ence and cleavage site selection by Drosha/DGCR8 complex. At

face value, these data with transfected constructs appeared at

odds with prior observations that pri-mir-451 could be cropped

in vitro by Drosha/DGCR8 (Cheloufi et al., 2010). We compared

the processing of pri-mir-144/451 and pri-(D144)mir-451 using

Drosha/DGCR8-IP material, using internally labeled substrates

or unlabeled substrates followed by Northern blotting (Fig-

ure S2A). The appearance of pre-mir-451 hairpin in these reac-

tions from the solo context was slightly delayed relative to the

operon context (Figure S2B). Nevertheless, pri-mir-451 was

cropped in vitro, as previously reported (Cheloufi et al., 2010),

and was not markedly delayed relative to mir-144 when pro-

cessed from the operon. We attempted to sensitize substrate

availability and reaction kinetics, but did not obtain further differ-

ential processing (Figure S2C). Thus, our in vitro assay condi-

tions did not fully model strong in vivo dependence of mir-451

biogenesis on a neighboring canonical miRNA.

Biogenesis of Endogenous miR-451 Requires
Neighboring mir-144

Because of discrepancies between transfected constructs and

in vitro tests, we sought definitive assays of the endogenous lo-

cus. To do so, we used CRISPR-Cas9 to engineer K562 cells,

which express mir-144/451 abundantly. As summarized in Fig-

ure 2A, we isolated clones with biallelic deletions encompassing

both mir-144 and mir-451 hairpins, biallelic deletion of mature

miR-451, and biallelic or monoallelic deletion of the mir-144

hairpin (Figure S3). Northern blotting yielded clear results, in
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Figure 1. Biogenesis and Function of Conserved

Vertebrate mir-451 Requires Its Operon Neighbor

mir-144

(A) Schematics of wild-type and variant mir-144/451 con-

structs. 144 and 451 are smaller expression constructs that

still contain extensive flanking genomic segments; D144-

451 refers to the starting pri-mir-144/451 expression

construct bearing a deletion in the pre-mir-144 hairpin, while

144LD-451 contains only a deletion in the terminal hairpin

loop of mir-144. The order of the miRNAs is reversed in

451-144.

(B) Processing of different wild-type and variantmir-144/451

constructs by Northern blotting in HEK293T cells. mir-144/

451 and mir-375 expression constructs were cotransfected

and blotted sequentially; endogenous let-7a and U6 snRNA

were also assayed as further loading controls. RNA size

markers (nt) are shown on the left. Mature miR-144 is pro-

cessed regardless of miR-451 status, while normal matura-

tion of miR-451 requires the transcription of mir-144 in cis.

Note that the loop-deletion form of mir-144 accumulates a

modest amount of hairpin precursor (pre-mir-144LD) but no

mature miRNA.

(C) Activity of wild-type and variant mir-144/451 constructs

on luciferase sensors.

(D) Replacement of pri-mir-144 sequences by othermiRNAs.

(E and F) Processing (E) and activity (F) of mir-451 from

constructs with different neighbors. mir-7a and mir-545 can

effectively substitute for mir-144, but another copy of mir-

451 cannot.
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Figure 2. K562 Knockout Cells Recapitulate

Dependency of mir-451 on mir-144

(A) Schematics for endogenous mir-144/451

knockout (KO) by CRISPR-Cas9 in K562 cells.

(B) Biogenesis of endogenous mir-144 and mir-451

in KO cell lines by Northern blotting. The ratio of

(pre + mature) miRNA to U6 snRNA is indicated for

each lane. Note that miR-451 is lost in 144KO ho-

mozygous cells, and both miRNAs are reduced by

�50% in 144 het cells.

(C) Expression of pri-mir-144/451 transcripts in KO

cell lines by qRT-PCR.GAPDHmRNAwas used as a

reference control. pri-mir-144/451 is increased in

144KO and 144/451-dKO cells to comparable levels

but is not increased in 451KO cells.

(D) Model to interpret mir-144/451 processing. The

nuclear biogenesis of suboptimal mir-451 is

enhanced by its clustered neighbor mir-144. Based

on qPCR data from mutants, there appears to be

sequential processing of the hairpins, where the

recruitment of Microprocessor to mir-451 is facili-

tated by local transfer from neighboring mir-144.
that single deletions of the cognate miRNAs eliminated produc-

tion of the expected miRNAs (Figure 2B), as expected. However,

biallelic deletion of pre-mir-144 also resulted in complete loss of

pre-mir-451 and mature miR-451. Moreover, monoallelic loss of

pre-mir-144 correspondingly reduced the hairpin and mature

forms of bothmiR-144 andmiR-451 by�50% (Figure 2B). These

data provide stringent evidence that cropping and maturation of

endogenous miR-451 indeed depends on the neighboring mir-

144 hairpin in cis.

We tested for reciprocal changes in pri-mir-144/451 using a

qPCR amplicon located upstream of the miRNAs. Deletion of

the mir-144 hairpin increased the level of the primary transcript

to the same extent as did the double miRNA deletion, while dele-

tion of mir-451 did not markedly affect pri-mir-144/451 (Fig-

ure 2C). This further supports the notion thatmir-451 is not effec-

tively cropped in the absence ofmir-144. A corollary implication

of these pri-mir-144/451 data is that there is sequential cleavage

of themiRNA hairpins (Figure 2D). We sought to test the tenets of

this implied mechanism, in whichmir-451 is a suboptimal Micro-

processor substrate whose effective biogenesis relies upon

increased local availability of Drosha/DGCR8 due to proximity

to a neighboring canonical miRNA.
306 Molecular Cell 78, 303–316, April 16, 2020
Suboptimal Features of mir-451

Render It a Poor Microprocessor
Substrate
We first addressed whymir-451might be a

poor substrate forMicroprocessor. Current

knowledge invokes that optimal substrates

involve recognition of hairpins of sufficient

length, with the cleavage site measured

from the basal junction of the single-

stranded and duplex region (Fang and Bar-

tel, 2015; Han et al., 2006; Kwon et al.,

2019). In addition, specific motifs help po-

sition Microprocessor, such as the mGHG

motif within the lower stem that is bound
by theDrosha dsRBD, UG at the basal junction that is recognized

by Drosha, and UGU near the apical junction that is bound by

DGCR8. mir-144 and mir-451 have basal UG sequences but

lack apical UGU and lower stemmGHGmotifs (Figure S1). More-

over, although little studied until recently, effective miRNA

biogenesis requires a sufficiently sized terminal loop (Zeng

et al., 2005; Zhang and Zeng, 2010). The mir-451 hairpin not

only has a short duplex, but also exhibits a notably small terminal

loop of 4 nt (Figure S1).

We constructed mir-451 variants where we lengthened its

stem into a typical pre-miRNA and/or enlarged its terminal loop

(Figure 3A). These were prepared in the context of mir-144LD/

451 bearing a non-functional loop deletion variant of mir-144

and in the context of solomir-451. Indeed, enlarging the terminal

loop of mir-451 enhanced its maturation in both Dicer-indepen-

dent and Dicer-dependent formats, with the combination of

these yielding optimal miRNA biogenesis and activity that is fully

independent ofmir-144 (Figures 3B–3D). Thus, the short terminal

loop intrinsically renders both canonical and non-canonical hair-

pins as suboptimal Microprocessor substrates. Interestingly,

although pri-mir-144LD is not effectively diced, it remains a Dro-

sha substrate. We observed that optimizedmir-451 bearing both
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Figure 3. Mechanistic Basis of Suboptimal Nuclear Processing of mir-451

(A) Schematics ofmir-451 variants with a larger loop (LM), longer stem (SM), or both alterations (LSM). These variants were inducedwithin themir-144/451 operon

bearing an inhibitory loop deletion of mir-144 (144LD) as well as in a solo mir-451 context.

(legend continued on next page)
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longer stem and enlarged loop (mir-451LSM) enhanced the

accumulation of pre-mir-144LD (Figure 3B). Thus, we can un-

couple the capacity of a clustered miRNA to enhance Drosha

processing of a neighboring substrate from the fate of the result-

ing hairpin in miRNA maturation.

Since mir-451 is an obligate Microprocessor substrate, albeit

a suboptimal one, we asked if we could improve its biogenesis

by global elevation of Microprocessor. Compared to control

EGFP transfection, introduction of Drosha/DGCR8 expression

constructs did not substantially affect the amounts of miR-144

or miR-451 produced from an optimal mir-144/451 backbone,

nor did it affect endogenous let-7a (Figure 3E). By contrast, the

latter condition dramatically increased the production of pre-

mir-451 and mature miR-451 species from a solo mir-451

construct (Figure 3E). Thus, unlike overexpression of Ago pro-

teins, which stabilize all co-expressed miRNAs (Diederichs and

Haber, 2007), elevated Microprocessor selectively enhances

suboptimal mir-451 only from the solo context.

The cropping reaction is co-transcriptional and localized on

chromatin (Ballarino et al., 2009; Liu et al., 2016; Morlando

et al., 2008; Pawlicki and Steitz, 2008). Recently, evidence was

reported that DGCR8 binds CTD-phosphorylated RNA Pol II,

coupling of transcription to cropping (Church et al., 2017). This

mechanism preferentially promotes biogenesis of a class of sub-

optimal miRNAs (lacking apical UGU). Asmentioned, neithermir-

144 normir-451 bears apical UGU motifs, and the small terminal

loop of mir-451 appears to be a poor DGCR8 binding site in

particular (Figure S1).

To test the possible impact of Pol II coupling on the mir-144/

451 locus, we expressed a panel of constructs from an RNA

Pol III promoter (Figure 3F). We observed meager biogenesis

of miR-451 from a solo H1 > mir-451 or from H1 > mir-144LD-

451, containing a deletion in themir-144 hairpin loop (Figure 3G).

By contrast, H1 > mir-144/451 efficiently produced mature miR-

144 and miR-451 (Figure 3G). Thus, Pol II coupling to Micropro-

cessor is not required for enhancement of miR-451 biogenesis

within the cluster, even though Microprocessor appears to be

limiting for nuclear cleavage of mir-451.

Direct Recruitment of DGCR8 Can Selectively Promote
miR-451 Biogenesis
We found that co-expression of Drosha/DGCR8 was far more

potent at inducingmiR-451 biogenesis than either individual fac-

tor (Figure S4). This might be expected, since these factors work
(B) Processing of variant mir-144/451 precursors or solo mir-451 constructs.

sequentially; endogenous let-7a and U6 snRNA were also assayed as further load

144LD and solo expression vectors. This effect of increasing loop size was syne

(C and D) Activity of mir-451 from different mutants in mir-144 loop-deleted (C) o

(E) Overexpression of Microprocessor (Drosha/DGCR8) selectively enhanced th

mir-144/451 operon.

(F) Schematics of Pol III > mir-451 variants under control of the H1 promoter.

(G) Northern blotting shows that miR-451 was still enhanced by a neighboring can

the other constructs. Maturation of cotransfected miR-375 serves as a control.

(H) Comparison of lN-DGCR8 overexpression on naive and tethered miRNA hai

(I) Schematics of wild-type and BoxB-substituted pri-mir-451. Note that the dista

Ago2 cleavage.

(J and K) Processing of wild-typemir-451 (J) ormir-451-BoxB chimera (K) precurs

mature) miR-451 to U6 snRNA is indicated. lN-DGCR8 selectively enhanced the
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as a complex and are known to stabilize and/or solubilize each

other (Han et al., 2009). We hypothesized that DGCR8 expres-

sion might represent a sensitized situation for tethering assays.

If the small terminal loop of mir-451 impedes effective recruit-

ment of DGCR8, then direct tethering of DGCR8 to its binding

site may further improve biogenesis above general overexpres-

sion (Figure 3H). We therefore replaced the distal portion of the

mir-451 hairpin with a BoxB sequence (Figure 3I).

A caveat of this design is that, by replacing the distal mir-451

duplex with BoxB, we convert this normally A:U-rich region to

nearly complete G:C pairing (Figure 3I). We previously showed

such a configuration inhibits 30 trimming of Ago2-cleaved mir-

451-like hairpins (Yang et al., 2012). In spite of this, we indeed

observed specific biogenesis enhancement by lN-DGCR8. As

mentioned, DGCR8 only modestly enhanced maturation of

miR-451 from solo-mir-451, compared to co-expressed

Drosha+DGCR8 (Figure 3E versus Figure 3J). However, lN-

DGCR8 selectively yielded additional enhancement of miR-451

biogenesis only from solomir-451-BoxB, particularly at the level

of pre-mir-451BoxB, while its effect on native mir-451 was

similar to untethered DGCR8 (Figures 3J and 3K). Therefore,

direct recruitment of DGCR8 to pri-mir-451 can bypass the

need for a neighboring canonical miRNA.

Evidence for Local Microprocessor Recruitment and
Transfer to Promote miR-451 Biogenesis
We next sought evidence to support the model that Micropro-

cessor is transferred from the local vicinity tomir-451 to promote

its biogenesis (Figure 2D). We substituted the mir-144 hairpin

with 1 or 5 BoxB sites, allowing us to separate neighboring

miRNA biogenesis from local increase of Microprocessor (Fig-

ure 4A). DGCR8 overexpression only mildly promoted biogen-

esis of miR-451 from either construct, similar to lN-DGCR8 on

untethered mir-451 (Figure 4B). By contrast, lN-DGCR8 elicited

2-fold greater miR-451 maturation than did DGCR8 via BoxB-

mir-451 and was nearly 20-fold more effective than DGCR8 on

5xBoxB-mir-451. These specific, dose-sensitive data provide

evidence for a local effect on mir-451 biogenesis.

In principle, tethered DGCR8, presumably in association with

endogenous Drosha, should not affect mir-451 biogenesis until

it was released. However, recruitment to BoxB sites might be

relatively stable, since the short BoxB hairpin is not a Drosha

cleavage substrate. We therefore prepared another variant in

which a single BoxB site replaced the terminal region of
These were cotransfected with mir-375 expression construct and blotted

ing controls. Enlarging themir-451 loop stimulated miR-451 biogenesis in both

rgistic with increasing stem length.

r solo (D) mir-451 constructs.

e biogenesis of miR-451 from the suboptimal solo context but not from the

onical miRNAwhen transcribed by Pol III but was not appreciably matured from

rpins.

l BoxB sequence is mostly G:C pairs, which inhibit mir-451 trimming following

ors under expression of control GFP, DGCR8, or lN-DGCR8. The ratio of (pre +

biogenesis of 451BoxB.
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Figure 4. Local Recruitment and Transfer of Microprocessor Promotes Nuclear mir-451 Biogenesis

(A) Schematics of constructs tested. UsingD144-451 as a starting construct, we inserted 1 or 5x BoxB elements at the site of themir-144 hairpin. We alsomade a

version in which BoxB was introduced at the terminal loop of mir-144 (144BoxB-451).

(B) Northern blotting shows that lN-DGCR8 is slightly better than DGCR8 at promoting biogenesis of BoxB-451 but is far better on the 5xBoxB-451 substrate

(almost 20-fold). Notably, the single BoxB in 144BoxB-451 yields much better enhancement of miR-451 biogenesis with lN-DGCR8 compared to DGCR8

(10-fold).

(C) Varying the spacer length betweenmir-144 andmir-451. Note that these distances correspond to the nts between Drosha cleavages, and therefore the 0 nt

spacing actually deletes all the lower sequences between these miRNAs while the 30 nt spacing removes one side of the lower single-stranded flanking se-

quences for both miRNAs.

(D)mir-144/451 andmir-375 expression constructs were cotransfected and blotted sequentially; endogenous let-7a and U6 snRNA were also assayed as further

loading controls. The biogenesis of miR-144 is relatively stable across these length variants (excepting 0, which is expected to be non-functional for both

miRNAs), whereas biogenesis of miR-451 was optimal at its normal spacing and gradually declined with greater inter-miRNA distance. Little miR-451 was

produced at a 2 kb spacing. NomiR-451was produced at the 30 nt spacing, whichwould leave insufficient flanking single-stranded sequence forMicroprocessor

to recognize pri-mir-451 following mir-144 cropping.

(E) Sensor assays of the mir-144-(Xnt)-451 length variants. The activity of miR-451 declines with increasing distance from mir-144.

(F) Enhancement at a longer distance. Although tempered,mir-144 still enhancesmir-451 biogenesis across a range of longer spacer distances. These are all due

specifically to mir-144, since deletion of the mir-144 loop (144LD) within all of these constructs abolishes both miR-144 and miR-451 function.
mir-144 (Figure 4A). In this setup, we hypothesized that locally

recruited DGCR8 may have greater availability to transfer to

pri-mir-451 following release of pre-mir-144-BoxB. Indeed,

recruitment of lN-DGCR8 to a single site on mir-144-BoxB

boosted miR-451 biogenesis �5-fold higher than did a single

BoxB site per se and was only �2-fold less than 5xBoxB sites

(Figure 4B). This experiment strongly supports the concept that

local recruitment and release of Microprocessor is responsible

for enhancement of mir-451 biogenesis in vivo. Notably, pre-

mir-144-BoxB proved to be a poor Dicer substrate, as it accumu-

lated mostly as a hairpin and yielded little mature miRNA

(Figure 4B). Thus, biogenesis interactions that promote nuclear

pri-miRNA cleavages within clusters can be fully uncoupled

from subsequent Dicer cleavages that yield mature miRNAs.

Another implication of our model for local Microprocessor

transfer is that proximity-based enhancement of cropping might

be constrained by inter-miRNA distance. Indeed, the close pair-

ing of mir-144/451 is relatively conserved across vertebrates

(Cheloufi et al., 2010; Cifuentes et al., 2010; Yang et al., 2010).
We inserted spacers of varying lengths between these miRNAs,

up to �2 kb (Figures 4C and S5). Northern blotting showed that

while biogenesis miR-144 was similar across these constructs,

the maturation of miR-451 was maximal from the wild-type

construct and declined progressively as the inter-miRNA dis-

tance increased (Figure 4D). The maturation of miR-451 was

severely impaired at �2 kb separation from mir-144.

We also tested the functionality of miR-144 and miR-451

across these length variants using luciferase sensors. Consistent

with blotting, miR-144 activity was comparable across all con-

structs, but repression by miR-451 was progressively reduced

with increasing distance from mir-144 (Figure 4E). We could

confirm that all alterations ofmir-451 activity in these length var-

iants were specifically due to mir-144. When we deleted the ter-

minal loop of mir-144, which we showed strongly inhibits its

cropping (Figures 1A and 1B), we observed concomitant loss

of miR-144 and miR-451 activity from the entire panel of length

variants (mir-144LD-[Xnt]-451 constructs; Figure 4F). Thus,

the pri-mir-144 hairpin preferentially enhances pri-mir-451
Molecular Cell 78, 303–316, April 16, 2020 309



processing when they are close. We note that the nucleotide

lengths of these spacers should not be taken as linear measure-

ments of physical distance between thesemiRNA hairpins within

cells. Nevertheless, the fact that increasing inter-miRNA dis-

tance correlates with loss of biogenesis capacity and function

of suboptimalmir-451 provides robust support for spatially local-

ized transfer of Microprocessor between hairpin substrates.

We also tested a few constructs in which we moved the

miRNAs closer (Figures 4C and S5). The spacing noted refers

to the distance between the pre-miRNAs such that 0 nt actually

removes all the lower sequences between the pre-miRNA hair-

pins and 30 nt removes one side of the lower single-stranded

flanking sequences for both miRNAs. Unsurprisingly, neither

miRNA was produced nor functional from the shortest construct

(Figures 4D and 4E). Although less miR-144 was generated from

the 30 nt spacer construct, no miR-451 emerged. In this case,

once mir-144 is released from mir-144-[30]-451, the single-

stranded region 50 to pri-mir-451 is too short to be recognized

by Microprocessor substrate (Figure S5).

Overall, these tests support our model that the basis of

biogenesis enhancement of suboptimal mir-451 involves local

recruitment and transfer of Microprocessor from a neighboring

canonical miRNA that resides within suitable proximity.

Suboptimal Canonical miRNAs Are Enriched within
Genomic Clusters
Although mir-451 is the only well-expressed Dicer-independent

mammalian miRNA, we were curious if this principle could be

generalized, since many canonical miRNAs reside in clusters.

Although all miRNAs adopt hairpin structures that can be

computationally predicted, the details of experimentally deter-

mined miRNA hairpin structures often differ from predictions

(Starega-Roslan et al., 2011). In particular, RNA folding methods

tend to over-predict base-pairing in silico, which, in reference to

our interests, would create a systematic bias in calling subopti-

mal small terminal loops. Moreover, quantitative data are lacking

to assess the relative efficiency with which different miRNAs are

cleaved by Drosha/DGCR8. To overcome this, we exploited two

newly generated large-scale datasets: (1) SHAPE-MaP struc-

tural probing data for >400 pri-miRNAs (B.K., S.C.B., and

V.N.K., unpublished data) and (2) systematic in vitro Micropro-

cessor data reflecting the relative processing efficiency of these

miRNAs (K.K., S.C.B., and V.N.K., unpublished data).

As shown in Figures 5A and 5B, there is a directional tendency

for experimentally derived structures to exhibit less pairingwithin

the terminal loop compared to RNA structure predictions. We

emphasize the value of the empirical data with selected pri-

miRNA hairpins whose structures are substantially discrepant

between the two methods (Figures 5C and S6). In summary,

the distal loop regions tend to be less structured in genuine

miRNA hairpins than predicted by RNA folding algorithms

(Figure 5D). With this in mind, it was relevant to consider how

to classify pri-miRNAs with suboptimal loop properties. A simple

analysis of the very terminal hairpin region (‘‘simple loop’’) re-

vealed dozens of loci with 3–4 nt loops, potentially analogous

tomir-451 (Figure 5E). However, as exemplified by let-7a-1 (Fig-

ure 5F), many of these loci still harbor long segments above the

apical junction that might contribute to DGCR8 binding in vivo.
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Therefore, we classified the length of the apical segment above

the junction between the double-stranded and single-stranded

(ds-ss)RNA regions as comprising the ‘‘terminal loop.’’ With

this criterion, we observed relatively few pri-miRNAs with very

small terminal loops, but their numbers increased substantially

between 7 nt to 8 nt loops (Figure 5E). In total, there were 45

pri-miRNAswith short (%7 nt) terminal loop segments (Table S1).

We analyzed whether miRNAs with short loops were differen-

tially processed in vitro from those with longer loops using pro-

cessing data generated with individual pri-miRNAs. We

observed a trend for poorer processing of short loop miRNAs,

but the difference was not significant (Figures S7A and S7B).

However, when we narrowed our scope to pri-miRNAs lacking

UGU motif, which is expected to sensitize for DGCR8 recruit-

ment, the difference was greater and now statistically significant

(Figure 5G; two-tailed Mann-Whitney U test). Therefore, even

though the in vitro Microprocessor assay is readily saturable

(Figure S2), quantitative comparisons reveal that smaller terminal

loops weaken miRNA cropping efficiency.

Next, we examined the tendency of suboptimal miRNAs to

reside in operons. Here, we measured the distance between

each pre-miRNA and its closest pre-miRNA. On account of our

experimental data (Figures 4C–4F), we set a cutoff of ±2000

nts as reflecting genomic clustering relevant to Microprocessor

enhancement. We observed that pri-miRNAs with short terminal

loops were indeed more likely to reside in operons (Table S1).

This is easily visualized in cumulative distribution function

(CDF) plots of closest neighbor miRNA distances (Figures S7C

and S7D), especially when restricting the comparison to those

miRNAs lacking UGU (Figure 5H, miRNAs with <2 kb neighbors

shown in Figure 5H0). This emphasizes that the strong majority of

miRNAswith combined suboptimal features have close genomic

neighbors.

Finally, we integrated these analyses to test whether the in vitro

processing efficiency of suboptimal, operonic pri-miRNAs is

different from others. We find that these miRNAs indeed have

lower efficiency than solo pri-miRNAs with large terminal loops,

particularly if they lack apical UGU (Figures 5I, S7E, and S7F).

Together, these genomic analyses support and expand the notion

that processing interactionswith clustered neighbors can facilitate

the biogenesis of suboptimal canonical miRNAs. Interestingly, we

note that several solo pri-miRNAs (lacking a neighbor within 2 kb)

that bear short terminal loops had similar overall processing effi-

ciency to the control group (Figure 5I). This suggests that these

seemingly suboptimal miRNAs that lack neighbors may harbor

other features that enhance their biogenesis in the solo context.

Validation that Canonical miRNAs with Small Terminal
Loops Are Enhanced by Residence in Operons
We selected several suboptimal loci for experimental validation.

We initially took note of suboptimal mir-374b and mir-374a

(Table S1), which also happen to be the two shortest canonical

pre-miRNA hairpins determined from Drosha formaldehyde

crosslinking, immunoprecipitation, and sequencing (fCLIP-seq),

which precisely mapped pri-miRNA cleavage sites in cells (Kim

et al., 2017). Both harbor very short (4 nt) terminal loops based

on selective 2’-hydroxyl acylation analyzed by primer extension

and mutational profiling (SHAPE-MaP) data, and both are
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Figure 5. Genomewide Analyses of Suboptimal Canonical miRNAs

(A) Global analysis of predicted and SHAPE-MaP data near the 3’ ends of the mature 5p miRNAs.

(B) Global analysis of predicted and SHAPE-MaP data near the 5’ ends of mature 3p miRNA strands. Both (A) and (B) show substantially less base-pairing of

nucleotides distal to the miRNA duplex in experimentally derived structures.

(C) Example miRNA hairpin that illustrates how computational data tend to over-predict base-pairing in the terminal loop of pri-miRNAs.

(D) Schematic of the structural discrepancy between SHAPE-MaP data and computationally predicted hairpins.

(E) Defining an appropriate criterion of suboptimal loops. The ‘‘simple loop’’ records the very apical loop of the hairpin, whereas a more inclusive ‘‘terminal loop’’

describes the region apical to the double-stranded to single-stranded (ds-ss) junctions distal to miRNA annotation sites (i.e., above the apical junction, ‘‘AJ’’).

Many miRNAs are recorded as having very small simple loops, but small terminal loops are much rarer.

(F) Illustration of hairpin loop calculations. For pri-let-7a-1, the simple loop is only 4 nt, but the terminal loop is calculated as 27 nt. We subsequently used the

terminal loop calculation as a more accurate reflection of a suboptimal feature.

(G) Processing efficiency of miRNAs with short (%7 nt) versus longer (>7 nt) terminal loops; only miRNA hairpins lacking apical ‘‘UGU’’ were considered. Two-

tailed Mann-Whitney U test is used to show the significance.

(H) Intra-cluster distance distribution between non-UGU miRNAs and their neighbors. The suboptimal miRNAs exhibit significantly higher residence within

clusters, as emphasized by replotting only the data up to 2 kb neighbors (H0).
(I) Processing efficiency of small loop (%7 nt) miRNAs, with or without neighbors within 2 kb, relative to other miRNAs; only miRNA hairpins lacking apical ‘‘UGU’’

were considered. Only the suboptimal miRNAs that live in clusters exhibit decreased processing efficiency relative to the control group.
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Figure 6. Validation of Suboptimal Canonical miRNAs Whose Biogenesis Is Enhanced within Operons

(A) Schematics ofmir-374a/545 andmir-374b/421 clusters, for whichmir-374a/b both have 4 nt terminal loops. Also shown aremir-374a/b variants with enlarged

terminal loops (LM), which were engineered into cluster constructs in which their partner miRNA carried a loop deletion to inhibit processing (545LD or 421LD).

(B and C) Processing of wild-type (wt) and variantmir-374a/545 constructs (B) andmir-374b/421 constructs (C) in HEK293T cells. Note these cells lackmiR-374a/

miR-545 but do express miR-374b/miR-421; asterisk indicates blots indicates background band hybridized to miR-374a probe.

(D and E) Activity ofmir-374a (D) ormir-374b (E) from wt and mutated constructs. These assays demonstrate that biogenesis and activity of miR-374a and miR-

374b require their miRNA neighbors but can be compensated by enlarging their terminal loops.

(F) Schematic of mir-449c/b/a cluster, which yields three similar mature miRNAs; only mir-449c bears a small (5 nt) terminal loop.

(G) To avoid cross-hybridization, we compared the properties of solo mir-449c with an artificial cluster with mir-545.

(H and I) Biogenesis (H) and activity (I) of mir-449c is enhanced when transcribed from an operon relative to a solo context.
clustered (Figure 6A), with inter-hairpin distances similar to mir-

144/451 (hsa-mir-374b/421, 108 nt; hsa-mir-374a/mir-545, 109

nt). Note that mir-421 and mir-545 are distinct miRNAs, so these

clusters have diverged from each other and thus are not identical

duplicate clusters.

We prepared constructs to test whether biogenesis or func-

tion of mir-374a or mir-374b are influenced by their neighboring

miRNAs. Northern blotting indicates that optimal biogenesis of

both miR-374a and miR-374b depends on their clustered

context (Figures 6B and 6C). Moreover, deletion of either the
312 Molecular Cell 78, 303–316, April 16, 2020
partner miRNA hairpin or even just the terminal loop (LD) of

the partner miRNA within the respective operon constructs

was sufficient to abrogate the enhancing effects of the neigh-

boring miRNA (Figures 6B and 6C). The relative capacity to

mature miR-374a and miR-374b from these various constructs

correlated well with activity sensor measurements (Figures 6D

and 6E).

Finally, we tested if the small terminal loops of these loci were

causal to their suboptimality. To do so, we re-engineered mir-

374a andmir-374b to have larger terminal loops (‘‘LM’’ variants;
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Figure 7. Location-Dependent Competition among Suboptimal Clustered miRNAs

(A) Schematics ofmiRNA constructs. In addition toD144-451 solo andmir-144/451 constructs used earlier, we replacedmir-144with suboptimalmir-374a (374a-

451), inserted mir-374a in between mir-144 and 451 (144-374a-451), or placed it upstream in this operon (374a-144-451).

(B) Northern blotting shows thatmir-374a onlymodestly enhancesmir-451 biogenesis. However, miR-374a can be enhanced bymir-144, but in so doing, it blocks

biogenesis of downstream mir-451. Placing mir-144 in between these suboptimal miRNAs allows both to experience some biogenesis enhancement.

(C) Sensor assays of these constructs correlate well with the Northern results, indicating location-dependent competition between mir-374a and mir-451 for

benefitting from proximity to mir-144. Reciprocally, miR-144 activity is little affected by the presence or number of suboptimal neighbors.

(D) In vivo test of competition for locally released Microprocessor by suboptimal primary miRNA hairpins. lN-DGCR8 is tethered to the terminal loop ofmir-144,

and its capacity to locally promote the biogenesis of neighboring suboptimal miRNAs is assayed; untethered DGCR8 is used as a control.

(E) Northern blotting shows that local recruitment and release of lN-DGCR8 from neighboring pre-mir-144BoxB can strongly potentiatemir-451 biogenesis, but

this is blocked by proximal location of suboptimal mir-374a.
Figure 6A) within the context of LD operon constructs where

their neighbors were inactivated by loop deletions. For both

miRNAs, this restored normal biogenesis (Figures 6B and 6C)

and activity on sensors (Figures 6D and 6E), providing direct ev-

idence that their small terminal loops are the relevant subopti-

mal feature.

We tested additional loci with small terminal loops for

possible suboptimal biogenesis. We were curious about mir-

449c, since it is a member of the well-studied miR-34/449

miRNA family that has overlapping activities in cilia develop-

ment and cancer (Lv et al., 2019). Three mir-449 members are

located in a cluster, with mir-449c located �1.5 kb away from

the closely paired mir-449b/a (Figure 6F). This case is some-

what hidden, since the operonic miRNAs are highly similar (Fig-

ure 6F). To distinguish the role of miRNA neighbors in its pro-

cessing, we excised mir-449c as a solo locus and compared

to an operon version with mir-545 (Figure 6G). With these re-

agents, we could clearly see that both biogenesis and activity

of miR-449c were enhanced by residence near a normal canon-

ical miRNA (Figures 6H and 6I).
Competition among Suboptimal miRNAs within an
Operon Further Supports the Microprocessor
Transfer Model
The availability of additional validated suboptimal miRNAs al-

lowed us to perform a final set of critical tests of our model for

Microprocessor transfer during operon biogenesis. Recall that

diverse miRNAs are able to substitute for mir-144 to promote

mir-451 biogenesis, and mir-451-solo biogenesis can be

enhanced by generally elevating Microprocessor or by direct

recruitment of DGCR8. However, can we locally block this

enhancing effect? If so, that would further support the model

for local transfer.

We set a scheme by placing suboptimal mir-374a (Figure 6A)

in various locations within a mir-144/451 construct (Figure 7A).

Unlike mir-451 itself (Figure 1E), mir-374a mildly enhanced

miR-451 biogenesis and repression activity, although this was

modest compared to mir-144 (Figures 7B and 7C). Although

both mir-374a and mir-451 are demonstrably suboptimal for

Microprocessor recruitment, mir-374a has a conventional pri-

miRNA stem length.
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We then asked whethermir-374a could compete withmir-451

for biogenesis and/or functional enhancement bymir-144. When

we placed mir-374a in between mir-144 and mir-451, we

observed increased miR-374a levels and sensor repression at

the expense of miR-451 (Figures 7B and 7C). However, when

mir-144was in betweenmir-374 andmir-451, we observed inter-

mediate enhancement of both suboptimal miRNAs (Figures 7B

and 7C). To summarize these tests, proximity of the suboptimal

miRNA to the optimal miRNA provides a competitive advantage

for biogenesis enhancement.

In a final test of the competition model, we used the mir-

144BoxB system to assess the biogenesis enhancement of

linked mir-374a/451 miRNAs by lN-DGCR8 (Figure 7D). As

shown previously (Figures 4A and 4B), lN-DGCR8 promotes effi-

cientmaturation ofmiR-451 bymir-144BoxB. However, insertion

of mir-374a between these miRNAs (144BoxB-374a-451)

strongly inhibits maturation of miR-451, concomitant with the

appearance of miR-374a (Figures 7D and 7E). Thus, there is

competition between suboptimal miRNAs to take advantage of

a fixed amount of Microprocessor recruited to a neighboring

pri-miRNA hairpin, and these tests further imply that a limited

amount of serial transfer between hairpins is possible.

DISCUSSION

Regulated Biogenesis of miRNAs
Although themiRNA pathway is often perceived as linear and un-

fettered, the reality is that miRNA biogenesis does not proceed

exclusively via canonical or optimal routes (Treiber et al.,

2019). In the case of the former, a diversity of non-canonical

miRNA biogenesis strategies have been documented that

bypass either Drosha or Dicer (Yang and Lai, 2011) or in principle

can bypass both (Maurin et al., 2012). In the case of the latter,

there are numerous miRNAs whose processing is inhibited at

the Drosha step or requires activation by a trans-acting factor,

and analogous regulation has been found for Dicer cleavage as

well as for control of mature miRNA levels and/or activity (Treiber

et al., 2019).

Previous studies have defined sequence and structure re-

quirements for optimal Microprocessor substrates (Fang and

Bartel, 2015; Kwon et al., 2019), but individual miRNA often

lack one or more of these features. In this study, we studied a

hidden layer for miRNA biogenesis regulation in which the pro-

cessing efficiency of a suboptimal miRNA can be enhanced by

a neighboring canonical miRNA within the same primary tran-

script. This phenomenon was documented for certain miRNA

clusters in diverse species. For example, the biogenesis of

Drosophila mir-998 is dependent on its neighbor mir-11 in a po-

sition-independent manner (Truscott et al., 2016), accumulation

of mammalian miR-497a is dependent on its neighbor mir-195a

(Lataniotis et al., 2017), and the expression of Epstein-Barr virus

(EBV) miR-BHRF1-3 is dependent on its cluster neighbor mir-

BHRF1-2 (Haar et al., 2016).

Although a mechanism for these cluster dependencies was

not established in these studies, miRNAs that require cluster res-

idency exhibit unusual secondary structures that in some cases

were shown as poor Microprocessor substrates, as with pri-mir-

BHRF1-3 (Haar et al., 2016). We provide evidence for a similar
314 Molecular Cell 78, 303–316, April 16, 2020
rationale for suboptimality of nuclear processing of Dicer-inde-

pendent mir-451, for which proximity of a nearby strong

Microprocessor substrate presumably increases the local con-

centration of this enzymatic activity, thereby facilitating recogni-

tion and processing of the suboptimal hairpin (Figure 2D).

Beyond known elements sought by Microprocessor during the

challenging process of correctly identifying miRNA substrates

(Auyeung et al., 2013; Fang and Bartel, 2015), we show a key

role for terminal loop size in DGCR8 recruitment. We extend

this by providing explicit evidence that local Microprocessor

recruitment and release are the key determinants for promoting

the nuclear biogenesis of clustered suboptimal miRNAs.

Many, but not all, suboptimal Drosha/DGCR8 substrates are

located within clusters. For other miRNAs with small apical

loops but lacking close neighbors (Figure 5I), perhaps some

are regulated by RNA binding proteins (RBPs) that promote

their biogenesis. It is conceivable that regulators of suboptimal

miRNA biogenesis have already been revealed in the course of

large-scale RBP-miRNA interaction studies (Nussbacher and

Yeo, 2018; Treiber et al., 2017). A preprint by Herzog and col-

leagues also investigates how the clustered neighbor mir-16

promotes the nuclear biogenesis of suboptimal mir-15a (Hutter

et al., 2019). Notably, they identify SAFB2 as a trans-acting fac-

tor that promotes biogenesis of miR-15a from the cluster by

interacting with Drosha. As SAFB2 is required for optimal

biogenesis of certain other clustered miRNAs (Hutter et al.,

2019), it will be interesting to elucidate if suboptimal miRNAs

generally exhibit common or distinct mechanistic involvement

for this factor.

Evolution of miRNA Clusters
Our findings may have implications for miRNA evolution. This

hidden layer of regulation may help to explain the preference of

some miRNAs within operons, perhaps within the local vicinity

of miRNA genomic loci that concentrates Microprocessor activ-

ity. In this model, the biogenesis of fortuitous, evolutionarily

emergent, suboptimal hairpins lacking the full menu of miRNA

features will be aided by proximity to pre-existing canonical miR-

NAs, compared to a solo location. Since miRNAs operate as

concentration-dependent molecules, establishing sufficient

maturation is a key step in their capacity to enter into and influ-

ence endogenous regulatory networks and to have such activ-

ities be shaped by natural selection. As it may be challenging

for completely de novomiRNAs to emerge with fully optimal fea-

tures for biogenesis, this mechanism should privilege the birth of

functional miRNA loci within operons. Such preferred biogenesis

may help to explain the frequent arrangement of miRNAs in op-

erons seen in present-day metazoan genomes (Altuvia et al.,

2005; Marco et al., 2013; Mohammed et al., 2014).

We envision that genomic retention of some of these clusters

may have to do with the utility of their co-expression, which may

have gone hand-in-hand with the gradual acquisition of benefi-

cial targets in the shared domain of such miRNAs. However, in

some cases, as with mir-144/451, the non-canonical nature

miR-451 biogenesis demands retention of the cluster for normal

processing. As we have shown (Figure 3), we can relieve the de-

pendency of mir-451 on its neighbor by increasing its terminal

loop or its stem length. Since neither of these alterations have



occurred during vertebrate evolution, we imagine a biological

imperative to keep miR-451 biogenesis subservient to miR-144

during the dynamics of erythropoiesis. As other miRNAs have

been retained as suboptimally processed loci within clusters

(Figures 5 and 6), this may reflect other biological rationales for

regulated miRNA biogenesis that remain to be elucidated.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

TOP10 Chemically Competent E. coli Our lab N/A

Chemicals, Peptides, and Recombinant Proteins

ATP, [g-P32] PerkinElmer Cat#BLU502Z250UC

UTP, [a-P32] PerkinElmer Cat#BLU007H250UC

Puromycin Dihydrochloride Thermo Fisher Cat#A1113803

Penicillin-Streptomycin Life Technologies Cat#15070063

Trizol reagent Life Technologies Cat#15596018

Protease Inhibitor Cocktail tablets, EDTA-free Roche Cat#11836170001

Lipofectamine 2000 Thermo Fisher Cat#11668030

T4 Polynucleotide Kinase NEB Cat#M0201L

T4 DNA Ligase NEB Cat#M0202L

RNaseOUT Ribonuclease Inhibitor Thermo Fisher Cat#10777019

Gel Loading Buffer II Invitrogen Cat#AM8547

TURBO DNase Thermo Fisher Cat#AM2238

Opti-MEM Reduced Serum Medium Thermo Fisher Cat#51985034

Hexadimethrine bromide Sigma-Aldrich Cat#107689

Critical Commercial Assays

Dual Glo luciferase assay system Promega Cat#E2940

HiScribe� T7 High Yield RNA Synthesis Kit NEB Cat#E2040S

SYBR select master mix Life Technologies Cat#4472942

Superscript III RT kit Invitrogen Cat#18080044

Decade marker system Thermo Fisher Cat#AM7778

AccuPrime pfx DNA Polymerase Thermo Fisher Cat#12344024

Q5 Hot Start High-Fidelity DNA Polymerase NEB Cat#M0493L

ANTI-FLAG M2 Affinity Gel Sigma-Aldrich Cat#A2220

SequaGel UreaGel System National Diagnostics Cat#EC-833

Experimental Models: Cell Lines

HEK293T Our lab N/A

K562 Michael G. Kharas N/A

miR-144 knockout K562 This study N/A

miR-451 knockout K562 This study N/A

miR-144 and miR-451 double knockout K562 This study N/A

Oligonucleotides

Oligonucleotides for plasmid construction, see Table S2 This study N/A

Oligonucleotides for in vitro transcription, see Table S2 This study N/A

Oligonucleotides for sgRNA and genotyping, see Table S2 This study N/A

Oligonucleotides for Northern blotting probes, see Table S2 This study N/A

Oligonucleotides for qPCR, see Table S2 This study N/A

Recombinant DNA

All the miRNA expression plasmids, see Table S2 This study N/A

All the miRNA sensor plasmids, see Table S2 This study N/A

pCK-Drosha-Flag V. Narry Kim N/A

CMV-HA-DGCR8 V. Narry Kim N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pCMV-lN-DGCR8 This study N/A

pCMV-lN-EGFP This study N/A

pcDNA6.2-miR-375 Our lab N/A

LentiCRISPRv2 GFP Addgene Cat#82416

LentiCRISPRv2 PuroR Addgene Cat#52961

Software and Algorithms

Multi Gauge V3.0 software FUJIFILM N/A

RNAstructure package v5.8 Reuter and Mathews, 2010 N/A

miRBase v21 Kozomara and Griffiths-Jones, 2014 N/A

Other

Illustra MicroSpin G-25 columns GE Healthcare Cat#27532501

GeneScreen Plus hybridization transfer membrane PerkinElmer Cat#NEF1017001PK

Stericup-GP Sterile Vacuum Filtration System Millipore Cat#SCGPU05RE

Millex-HV Syringe Filter Unit, 0.45 mm Millipore Cat#SLHV033RB
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the Lead Contact, Eric C. Lai

(laie@mskcc.org), or by Renfu Shang (shangr@mskcc.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines
HEK293T cells were grown in DME-high glucose media containing 10% FBS, 1% non-essential amino acids, 1% sodium pyruvate,

penicillin/streptomycin, L-glutamate, and 0.1% 2-mercaptoethanol. K562 cells were grown in RPMI1640 media containing 10% FBS

and 1% penicillin/streptomycin. Mycoplasma contaminations were regularly tested for the cell lines. The K562 cell lines for knockout

were authenticated via genotyping.

METHOD DETAILS

Constructs
Plasmids for expression of all the miRNAs used in this study were constructed by inserting amplified DNA fragments containing the

miRNA precursors from genomic DNA of HEK293T cells between BglII and Xho I sites downstream of a CMVpromoter. The luciferase

plasmids containing bulge or perfect miRNA sensors were constructed by inserting annealed DNA oligonucleotides containing

miRNA sensor sequences between Nhe I and Xba I (for bulge sensors) or Xho I and Xba I (for perfect sensors) sites in the 30 UTR
of the firefly luciferase gene (Wu and Belasco, 2005). The CRISPR-sgRNA plasmids were constructed by inserting annealed DNA

oligonucleotides containing guide RNA sequences in the BsmB I site in lentiCRISPRv2 vectors containing a GFP or puromycin-resis-

tant gene as selection marker (Shalem et al., 2014). All the details and oligonucleotide sequences used to clone these constructs are

listed in Table S2.

Generation of mir-144/451 knockout K562 cell lines using CRISPR/Cas9
Lentiviral particles containing CRISPR-Cas9 were produced by transfecting HEK293T cells with pMD2.G (400 ng/well), psPAX2

(800 ng/well) and the lentiviral sgRNA plasmids (800 ng/well) using Lipofectamine 2000 (Thermo Fisher) in 6-well plates. Cell culture

supernatants were collected 48 h after transfection and filtered through a 0.45 mm filtration membrane. K562 cells growing in 6-well

plates were infected using paired lentiviral sgRNAs particles (one containing GFP and the other containing puromycin-resistant gene)

and selected by puromycin (4 mg/mL) for 7 days.We collected cells and performed cell sorting to split the GFP-positive cells into each

well containing 100 ml of RPMI1640 media into 96-well plates containing 1 cell/well. After two weeks of culturing, the cells were

collected for genotyping to identify colonies with the desired mir-144 or mir-451 deletion alleles. Oligo sequences for sgRNAs and

genotyping are listed in Table S2.
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Sensor assays
Transient transfection of the HEK293T cells with miRNA expressing plasmids (150�200 ng/well) and luciferase plasmids containing

miRNA sensors (15 ng/well) was performed in 24-well cell culture plates using Lipofectamine2000 (Thermo Fisher) according to the

manufacturer’s protocol. Cells were harvested 24 h post-transfection and then Firefly and Renilla luciferase (co-transfected as refer-

ence gene) activities were measured using the Dual-Glo luciferase assay system (Promega).

Northern blotting
Total RNAs from cultured cells were prepared using Trizol reagent. Equal amounts of total RNAs (10�15 mg) were denatured at 95�C
and fractionated by electrophoresis on a 20% urea polyacrylamide gel. Then the gel was transferred to GeneScreen Plus membrane

(Perkin Elmer), UV-crosslinked and baked at 80�C for 30 min and then hybridized with g-32P-labeled probes at 42�C overnight. Probe

sequences are listed in Table S2.

Quantitative RT-PCR (qRT-PCR)
Total RNAs (1 mg) were used for cDNA preparation by DNase I treatment and reverse transcription using SuperScript III Reverse Tran-

scriptase (Invitrogen). qPCR reactions were performed using SYBR Select master mix (Life Technologies). Data were normalized to

GAPDH amplification. Primer sequences for qPCR are listed in Table S2.

Immunoprecipitation of Drosha/DGCR8 complex
HEK293T cells grown in 6-well plate were transiently co-transfected with plasmids (1 mg for each) encoding for Drosha-Flag and HA-

DGCR8. After 48 h, the cells were washed with phosphate-buffered saline (PBS) and harvested in lysis buffer containing 50 mM Tris-

HCl [pH 7.4], 150 mMNaCl, 1 mM EDTA, 1% Triton X-100 and protease inhibitor cocktail. After rotation at 4�C for 20 min, each lysate

was clarified by centrifugation at 14,0003 g at 4�C for 15 min. A total of 500 ml supernatant was mixed with 20 ml of EZview Red Anti-

FLAG Affinity Gel (Sigma-Aldrich) at room temperature for 2 h. The beads were washed four times with Tris-buffered saline (TBS) for

the following in vitro processing assays.

In vitro Microprocessor assays
Pri-mir-144/451 and variants are generated and internally labeled with a-32P-UTP by in vitro transcription using HiScribe T7 High

Yield RNA Synthesis Kit (NEB) and purified from 6% urea polyacrylamide gel. In vitro processing of pri-miRNAs was carried out in

30 ml reaction containing 6.4 mMMgCl2, 1 U/ml RNase Inhibitor, 400 ng of pri-miRNA transcripts and 5 ml of immunoprecipitated Dro-

sha-Flag/HA-DGCR8 complex from HEK293T cells. The reaction mixture was incubated at 37�C for different time points. The RNA

was purified from the reactionmixture and analyzed on 20%urea polyacrylamide gel. Primer sequences for T7 template amplification

are listed in Table S2.

High throughput in vitro Microprocessor assay
We first prepared DNA templates of pri-miRNAs by taking advantage of massively parallel synthesis technology (Cellemics). To mini-

mize cost and maximize synthetic accuracy, we confined the essential parts of 125 nt centered at pre-miRNA. This 125 nt region

encompasses all known primary sequence motifs (UG, UGU, mGHG and CNNC) and shows higher phyloP conservation scores

compared to the surrounding regions. The templates were synthesized with two adaptor sequences (18 nt each) at both ends for

amplification. After synthesis and amplification, pri-miRNA substrates were prepared by T7 in vitro transcription and gel purification.

To purify Microprocessor enzyme, DROSHA-FLAG and DGCR8-HA constructs were transfected into HEK293E cells. The cells were

harvested and sonicated, and thenMicroprocessor was purified from the supernatant through FLAG-IP followed by 3XFLAG-peptide

elution. For in vitro processing, pri-miRNA substrates were incubated with the recombinant Microprocessor for 1 h at 37�C. Input,
processed, and unprocessed RNAs were separately gel-purified and sequenced.

Calculation of processing efficiency
Two libraries were generated: one from input RNA before processing and the other after in vitro processing reaction. Processing ef-

ficiency for pri-mir-X was defined as below, where Xi and Xu are pri-mir-X read counts from the input library and the unprocessed

reads from the processing library, respectively.

Xi � adjusted Xu

Xi

Due to the depth imbalance between input and unprocessed libraries, read count in unprocessed library was adjusted by dividing

by Nu / Ni, where N refers to negative control RNA.

SHAPE-MaP
RNA folding and SHAPE probing were performed as described in (Siegfried et al., 2014). RNA mixture of pri-miRNAs was folded in

50 mM Tris-HCl pH 7.5, 100 mM NaCl, 2 mMMgCl2 at 37
�C for 20 min. After folding, RNAs were modified in the presence of 10 mM

1M7 and incubated at 37�C for 75 s. The no-reagent control sample, containing neat DMSO instead of SHAPE reagent, was
Molecular Cell 78, 303–316.e1–e4, April 16, 2020 e3



performed in parallel. For the denatured sample, RNAs were modified using 1M7 under 50 mMHEPES pH 8.0, 4 mM EDTA and 50%

formamide at 95�C for 1 min. After the modification, RNAs were precipitated by ethanol. RNAs were then subjected to reverse tran-

scription for 3 h at 42�C using SuperScript II (Invitrogen) in 0.5mMpremixed dNTPs, 50mMTris-HCl pH 8.0, 75mMKCl, 6mMMnCl2
and 10mMDTT buffer. After reverse transcription, cDNAswere purified by Agencourt RNAClean XP (Beckman). Sequencing libraries

were generated using one-step PCR approach. The one-step PCR was performed for 3 cycles to tag cDNAs and generated the final

library for sequencing. The library was sequenced by BGI platform. Empirical structures of pri-miRNAs were obtained by Shape-

Mapper (version 1.0, https://weekslab.com/software/) with sequencing data as inputs.

Computational analysis of pri-miRNA structures
Terminal loop of pri-miRNAs was defined as the RNA segment above the apical ds-ssRNA junction. The position of apical ds-ssRNA

junction was determined as the junction that satisfies the following criteria: the distance from the basal ds-ssRNA junction (> 31 and <

39), the distance from the 50 end of 5p miRNA (> 17) and the maximal number of unpaired bases. To sort pri-miRNAs with the UGU

motif, the UGU sequence was scanned at +20�+24 bp from the 50 end of 5p miRNA. In silico prediction of RNA secondary structure

and pairing probability was performed using the RNAstructure package v5.8 (Reuter and Mathews, 2010).

Genomic analysis of pri-miRNA clusters
To measure the genomic distance to the nearest neighbor miRNA locus, we retrieved the coordinates of human miRNAs from miR-

Base v21 (Kozomara and Griffiths-Jones, 2014). We assigned two adjacent pri-miRNAs as ‘‘neighbors’’ if the two locate within 1000

kb in the same strand of the same chromosome. If a pri-miRNA has neighbor(s) within 2 kb, then it was considered as ‘‘clustered’’ for

further analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

For sensor assays presented in Figures 1C, 1F, 3C, 3D, 4E, 4F, 6D, 6E, 6I, and 7C, the error bars represent standard deviation from

R3 independent biological replicates. For qPCR tests in Figure 2C, the error bars represent the standard deviation from triplicate

experiments. For quantification of Northern blot signals represented in Figures 2B, 3J, 3K, and 4B, the ratios of (pre + mature)

mir-451 or mir-144 to U6 snRNA signals were plotted under the denoted experimental conditions. For analysis in Figures 5G–5I,

p values from two-tailed Mann-Whitney U test are denoted in the figures.

DATA AND CODE AVAILABILITY

A summary of pri-miRNA processing efficiencies and terminal loop sizes determined by SHAPE-MaP are provided in Table S1.

ShapeMapper execution files and codes are available from the Kevin Weeks lab website (https://weekslab.com/software/).

The miRNA processing datasets were generated as part of another study and will be reported separately, but are available from

Narry Kim (narrykim@snu.ac.kr) upon request. Codes that analyzed processing efficiency, secondary structures, genomic informa-

tion of pri-miRNAs were deposited at https://github.com/schanbaek/mir-clustering.
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