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SUMMARY

The cellular abundance of mature microRNAs
(miRNAs) is dictated by the efficiency of nuclear pro-
cessing of primary miRNA transcripts (pri-miRNAs)
into pre-miRNA intermediates. The Microprocessor
complex of Drosha and DGCR8 carries this out, but
it has been unclear what controls Microprocessor’s
differential processing of various pri-miRNAs. Here,
we show that Drosophila DGCR8 (Pasha) directly
associates with the C-terminal domain of the RNA
polymerase II elongation complex when it is phos-
phorylated by the Cdk9 kinase (pTEFb). When
association is blocked by loss of Cdk9 activity, a
global change in pri-miRNA processing is detected.
Processing of pri-miRNAs with a UGU sequence
motif in their apical junction domain increases,
while processing of pri-miRNAs lacking this motif
decreases. Therefore, phosphorylation of RNA poly-
merase II recruits Microprocessor for co-transcrip-
tional processing of non-UGU pri-miRNAs that
would otherwise be poorly processed. In contrast,
UGU-positive pri-miRNAs are robustly processed
by Microprocessor independent of RNA polymerase
association.

INTRODUCTION

MicroRNAs (miRNAs) are a class of small non-coding RNAs that

negatively regulate expression of most protein-coding genes

(Bartel, 2009). They play integral roles in a variety of cellular,

developmental, and physiological processes in animals (Bushati

and Cohen, 2007). It is therefore important to understand how

the expression levels of miRNAs are determined within cells.

Biogenesis of miRNAs begins in the nucleus with the synthesis

of a capped and polyadenylated primary miRNA (pri-miRNA)

transcript by RNA polymerase II (Pol II) (Cai et al., 2004; Lee

et al., 2004). Embedded within a single pri-miRNA transcript

are one or more hairpins of a defined structure. Each hairpin
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stem is 33–35 bp in length with a terminal loop of variable size,

and the hairpin is flanked by unstructured single-stranded RNA

(Han et al., 2006; Lee et al., 2003; Zeng and Cullen, 2003). The

Microprocessor complex, composed of the RNase III enzyme

Drosha and its cofactor DGCR8, binds to these hairpins and

cleaves them from pri-miRNA transcripts (Denli et al., 2004;

Gregory et al., 2004; Han et al., 2004; Landthaler et al., 2004;

Lee et al., 2003; Nguyen et al., 2015).

It has been found that pri-miRNA processing ismore important

than pri-miRNA transcription in determining the steady-state

abundance of mature miRNAs within HeLa cells (Conrad et al.,

2014). Moreover, pri-miRNAs often undergo differential process-

ing. This can be inferred by the differential abundance of discrete

miRNAs that are processed from a common pri-miRNA (Chaulk

et al., 2011). Often, such polycistronic miRNAs show expression

polarity, with the 50-most miRNA being more abundant than

downstream 30 miRNAs, even though all of the miRNAs originate

from a common transcript (Conrad et al., 2014; Pfeffer et al.,

2004; Yu et al., 2006). The specific ratios of these polycistronic

miRNAs are often functionally important, and perturbing them re-

sults in misregulation of the cellular processes that the cluster

regulates. This is associated with diseases such as cancer (Olive

et al., 2013).

The mechanisms underlying differential processing of pri-

miRNAs are not thoroughly understood. Processing can be

controlled by RNA-binding proteins that selectively interact

with certain pri-miRNAs and/or with Microprocessor (reviewed

in Ha and Kim, 2014). Another mechanism controls Micropro-

cessor processing on the basis of intrinsic structural features

of the pri-miRNA itself. For example, in vitro processing activity

can be enhanced or repressed by local structural features of

the pri-miRNA hairpin and flanking sequences (Alarcón et al.,

2015; Auyeung et al., 2013; Fang and Bartel, 2015; Han et al.,

2006; Ma et al., 2013; Nguyen et al., 2015). Another potential

mechanism for differential processing is that differences in

miRNA levels are attributable to co-transcriptional processing

of hairpins on nascent transcripts. Indeed, evidence suggests

that co-transcriptional pri-miRNA processing can occur (Mor-

lando et al., 2008; Nojima et al., 2015; Pawlicki and Steitz,

2008; Suzuki et al., 2017; Van Wynsberghe et al., 2011; Yin

et al., 2015).
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Figure 1. The Pasha Subunit of Micropro-

cessor Associates with Phosphorylated

Pol II

(A) Schematic structures of the Drosophila Micro-

processor subunits, Drosha and Pasha. Both

proteins have nuclear localization sequences

(NLS). Drosha has two RNase III domains, RIIIDa

and RIIIDb, and a double-strand RNA-binding

domain (dsRBD). Pasha has two dsRBDs and a

Rhed domain, which drives homotypic dimeriza-

tion and also binds heme and pri-miRNA hairpins.

TheWWdomain is located within a region (orange)

of Rhed that is sufficient for heme binding and

dimerization.

(B) Model of Microprocessor structure when

bound to a pri-miRNA hairpin. The cleavage site in

the hairpin is marked by blue arrowheads. The

model is adapted from Kim and colleagues (Kwon

et al., 2016; Nguyen et al., 2015).

(C) Phylogenetic tree of a subset of eukaryotic WW

domains. The sub-lineage containing DGCR8 and

Pin1 is highlighted.

(D) Immunoprecipitation from S2 cell lysate using

4H8 antibody, which recognizes all CTD isoforms

of Pol II (Brodsky et al., 2005; Schröder et al.,

2013). Molecular weights of standards are shown

on the right; 0.3% input was loaded for Pasha and

10% input for Pol II.

(E) Immunoprecipitation from S2 cell lysate using

anti-GFP to purify GFP-Pasha or GFP. Molecular

weights of standards are shown on the left; 2%

input was loaded for Pol II, and 8% input was

loaded for GFP and GFP-Pasha.

(F) Immunoprecipitation from S2 cell lysate using

an antibody recognizing all Pol II isoforms (4H8), in

which some samples were treated with a mixture

of RNases. Precipitates were probed for Pasha as

shown. 0.3% input was loaded.

See also Figure S1.
The domain organization of Drosha and DGCR8 proteins is

strongly conserved throughout the animal kingdom (Figure 1A).

Drosha has two RNase III domains, which carry out cleavage

of the pri-miRNA hairpin (Han et al., 2004). The RNase do-

mains also bind to the C-terminal tails of two DGCR8 polypep-

tides (Kwon et al., 2016). This generates a heterotrimeric

Microprocessor complex composed of one Drosha subunit

and two DGCR8 subunits (Figure 1B). The complex is further

stabilized by DGCR8 homo-dimerization mediated by its

Rhed domain (Quick-Cleveland et al., 2014; Weitz et al.,

2014). The dimerized Rhed domain also binds to a molecule

of ferric heme. Structural modeling predicts that the Micropro-

cessor complex extends the entire length of a pri-miRNA
3124 Cell Reports 20, 3123–3134, September 26, 2017
hairpin, with Drosha covering the basal

part of the hairpin and the two DGCR8

subunits covering the apical part (Fig-

ure 1B) (Kwon et al., 2016). On the basis

of biochemical experiments, it is likely

that the dimerized Rhed domains bind

to apical junction and terminal loop

RNA (Nguyen et al., 2015).
Embedded within the Rhed domain is a conserved WW

domain whose function is currently unknown (Figures 1A and

S1A). WW domains are 30–40 amino acids in length, and they

mediate interactions with short proline-rich motifs in other pro-

teins (Macias et al., 2002). To uncover a role for the DGCR8

WW domain, we performed phylogenetic analysis of the eukary-

otic WW domain family. Intriguingly, DGCR8’s WW domain is

most highly related to a WW domain that mediates specific

binding of the Pin1 protein to the phosphorylated C-terminal

domain (CTD) of the Pol II subunit Rpb1 (Figure 1C) (Morris

et al., 1999; Verdecia et al., 2000). The CTD is composed of a

heptad sequence YSPTSPS that is repeated 52 times in human

Pol II (Jeronimo et al., 2016). It is extensively modified
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Figure 2. The WWDomain of Pasha Associ-

ates with the Phosphorylated CTD of Pol II

(A) Scheme of assay for binding between GST

proteins and phospho-Pol II present in nuclear

extracts.

(B) Nuclear extract was incubated with GST pro-

teins, as indicated, and pulled-down material was

probed for S2-phosphorylated Pol II. Input repre-

sents 4% of the total pull-down reaction.

(C) Binding betweenGST proteins and biotinylated

peptides containing four CTD heptad repeats.

Peptide-associated GST proteins were visualized

by western blot. Inputs shown represent 5% of

total binding reactions.

(D) Biotinylated peptides with different phospho-

modifications were assayed for binding to GST-

WWD. Input is 5% of the binding reactions.

See also Figure S1.
by phosphorylation of specific residues within each repeat.

Serine-2 (S2), serine-5 (S5), and serine-7 (S7) are phosphory-

lated by nuclear kinases to generate a modified Pol II enzyme

whose phosphorylation state varies during the transcription cy-

cle (Buratowski, 2009). S5P/S7P-modified Pol II is correlated

with early transcription initiation, while S2P-modified Pol II is

correlated with elongation and termination.

Here, we describe a mechanism by which the Micropro-

cessor complex differentially processes pri-miRNAs by associ-

ation with elongating Pol II complexes. The Drosophila DGCR8

subunit (called Pasha) of Microprocessor binds to the CTD of

Pol II subunit Rpb1 through its highly conserved WW domain.

When the nuclear kinase that modifies CTD and marks elon-

gating Pol II is inhibited, this impairs the interaction of Pasha

with Pol II. Kinase inhibition causes a major shift in the differen-

tial processing of miRNAs. This effect has functional conse-

quences, because miRNA-mediated gene silencing is impaired

in vivo.
Cell Reports
RESULTS

Pasha Interacts with the Elongation
Isoforms of Pol II
In light of the phylogenetic data, we

wondered if the Drosophila DGCR8 ho-

molog’s WW domain mediates an inter-

action between Microprocessor and

phosphorylated Pol II. We immunopre-

cipitated all isoforms of Pol II from

Drosophila S2 cells and observed that

Pasha co-immunoprecipitated with S2P-

and S5P-modified isoforms of Pol II

(Figure 1D). To perform the reverse immu-

noprecipitation, we created S2 cell lines

stably expressing GFP-Pasha or GFP

and used an antibody specific to GFP to

immunoprecipitate these proteins from

lysates. Both S2P- and S5P-modified

Pol II specifically co-immunoprecipitated

with GFP-Pasha (Figure 1E). Co-immuno-
precipitation of total Pol II with Pasha was insensitive to RNase

treatment, indicating that it occurs via a protein-protein interac-

tion (Figure 1F). Thus, Pol II and Pasha physically associate in

Drosophila S2 cells.

We wondered if the association between Pol II and Pasha was

mediated by Pasha’s WW domain and the phosphorylated

CTD domain of Pol II. We generated two GST fusion proteins:

GST-WW containing only Pasha’s WW domain, and GST-

WWD, which contains the WW domain plus the adjacent

heme-binding segment of the Rhed-domain (Figure S1A). We

first asked if theWWDdomain is sufficient to interact with endog-

enous phosphorylated Pol II. We incubated Drosophila S2 cell

nuclear extract with GST-WWD protein and pulled down result-

ing complexes with glutathione beads (Figure 2A). S2P-modified

Pol II was specifically pulled down with GST-WWD (Figure 2B).

We next asked if the WW and WWD proteins directly interact

with the phosphorylated CTD heptad repeats. GST fusion pro-

teins were incubated with biotinylated peptides containing four
20, 3123–3134, September 26, 2017 3125
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Figure 3. Pasha Binding to Pol II Requires Cdk9

Activity

(A) S2 cells were treated with flavopiridol for 20 hr.

Whole-cell extracts prepared from cells were blotted for

Pasha, total Pol II, S2P-modified Pol II, S5P-modified Pol

II, and tubulin.

(B) Extracts analyzed in (A) were subjected to immuno-

precipitation with antibody specific for all isoforms of Pol

II. Immunoprecipitates were probed for Pasha, total Pol

II, S2P-modified Pol II, and S5P-modified Pol II.

(C) S2 cells were treated with flavopiridol for 2 hr. Nuclear

extracts were subjected to pull-down reactions with GST

proteins, as indicated, and pulled-down material was

probed for S2P-modified Pol II. Inputs represent 5% of

total pull-down reactions.

See also Figure S1.
repeats of the canonical CTD heptad sequence, and complexes

were pulled down using streptavidin beads. Neither GST-WW

nor GST-WWD formed stable complexes with peptides that

were unmodified by phosphorylation (Figures 2C and 2D). In

contrast, both proteins formed stable complexes with peptides

that were either singly or doubly phosphorylated at the S2 and

S5 positions. The Kd for binding was estimated to be approxi-

mately 4 mM (see Experimental Procedures). To ensure that bind-

ing was not simply due to electrostatic interactions with phos-

phate-laden peptide, we performed the binding reaction in

phosphate buffer, which competes for such electrostatic inter-

actions (Kim et al., 2004). Specific binding to peptide with S2P

was still detected (Figure S1B). Altogether, these results indicate

that Pasha directly binds to the phosphorylated CTD of Pol II and

that Pasha’sWWdomain is sufficient for the interaction to occur.

Interaction between Pasha and Pol II Requires the Cdk9
Kinase
Pol II CTD phosphorylation depends upon several serine-threo-

nine kinases (Buratowski, 2009; Jeronimo et al., 2016). Cdk7 is

a subunit of TFIIH, and it phosphorylates S5 and S7 in the CTD

repeat. This occurs in the pre-initiation complex and is thought

to aid in promoter escape and pausing by Pol II. The marks are
3126 Cell Reports 20, 3123–3134, September 26, 2017
erased in two phases; first, shortly after initia-

tion and second, when Pol II reaches the 30

end of the gene. In Drosophila, the S2 residue

is phosphorylated by two kinases. Cdk9 is a

subunit of pTEFb, and it phosphorylates S2

residues in Pol II situated at the 50 end of

genes (Price, 2000). Cdk12 phosphorylates

S2 residues in Pol II situated in the middle

and at the 30 end of genes (Bartkowiak

et al., 2010).

To test if the interaction between Pasha and

Pol II requires CTD phosphorylation in vivo, we

treated Drosophila S2 cells with flavopiridol, a

small-molecule inhibitor of Cdk activity. At

the dose applied to cells, Cdk9 was predicted

to be strongly inhibited by flavopiridol, while

other Cdks were less affected (Ni et al.,

2004). Although 20 hr of flavopiridol treatment
strongly inhibited Pol II phosphorylation, it had no effect on total

Pol II and Pasha protein levels (Figure 3A). We then immunopre-

cipitated all Pol II isoforms and determined that co-immunopre-

cipitation of Pasha was greatly reduced in the flavopiridol-

treated samples (Figure 3B). As expected, little or no S2P- or

S5P-modified Pol II was immunoprecipitated from these sam-

ples. We next prepared nuclear extracts from cells treated for

2 hr with flavopiridol. Because Pol II must be completely dephos-

phorylated before flavopiridol can have an effect on its phos-

phorylation state, 2 hr was not long enough for many Pol II

molecules to go through a dephosphorylation-phosphorylation

cycle. Extracts were incubated with GST-WWD protein, which

was used to pull down newly associated complexes. A physical

interaction between GST-WWD and S2P-modified Pol II was

strongly inhibited in extracts from flavopiridol-treated cells (Fig-

ures 3C and S1C). Thus, de novo binding of added GST-WWD

protein appeared to be highly specific for newly phosphorylated

Pol II. The newly phosphorylated molecules might not be

masked by interacting nuclear factors and thus are more free

to associate with the exogenous bait protein. In summary, dy-

namic phosphorylation of Pol II by Cdk9, and possibly other

Cdks, is necessary for the in vitro and in vivo association of

Pasha and Pol II.



Cdk9 Activity Regulates miRNA Levels In Vivo
We asked whether the Pasha-Pol II interaction has a functional

impact on Microprocessor activity. Point mutations in the WW

domain of DGCR8 that potentially would disrupt Pol II binding

result in impaired dimerization or heme binding, both of which

lead to insoluble protein (Quick-Cleveland et al., 2014). Homolo-

gous mutations in Pasha also caused protein insolubility (data

not shown). Therefore, we could not generate cis-mutations

that would specifically block Pol II binding. Instead, we reasoned

that loss of Cdk9 would affect Microprocessor activity if there

was such a functional connection, because loss of Cdk9 activity

impairs the physical association between the proteins. We iso-

lated a mutant strain of Drosophila that had a point mutation in

the cdk9 gene. The point mutation results in a single amino

acid substitution of the first invariant glycine in the ATP-binding

motif GXGXXG located in the kinase domain (Figure S2A). The

G57S mutant allele is homozygous lethal, and mutant larvae ar-

rest their development at the L1-L2 transition before dying (Fig-

ures S2B and S2C). To demonstrate that the mutation was

responsible for the lethal phenotype, we created a Cdk9 trans-

gene (Figure S2D). The transgene fully rescued the lethal mutant

phenotype, and a single transgene copy was sufficient to rescue

the developmental defects (Figure S2E) and produce fertile adult

flies (data not shown). Although themutant is organismal lethal, it

is not cell lethal (Figure S2F).

We tested the mutant for its effect on S2 and S5 phosphoryla-

tion of Pol II. Western analysis of Pol II from mutant animals

showed that Pol II protein levels were normal, but S2P- and

S5P-modified Pol II levels were strongly inhibited (Figures 4A

and S3A). Thus, S2 and S5 phosphorylation is strongly depen-

dent upon Cdk9 activity in vivo. Although Cdk7 and Cdk12

have been found to contribute to CTD phosphorylation in

Drosophila (Bartkowiak et al., 2010; Schwartz et al., 2003),

Cdk9 may provide phospho-marks on elongating Pol II, with

the other kinases transiently marking initiating and terminating

Pol II complexes. We attempted to perform Pasha-Pol II co-im-

munoprecipitations in extracts derived from the mutant larvae,

but non-specific proteolysis in these extracts precluded their

completion (data not shown).

If Cdk9 regulates Microprocessor activity, we reasoned that

the cdk9 mutant would have abnormal levels of processed

miRNAs. Therefore, we performed small-RNA sequencing on

homozygous wild-type and mutant larvae collected at the

L1-L2 transition (Table S1). This time point was chosen because

it was close to the lethal phase, but the mutant animals were still

developmentally synchronized with the wild-type animals. Thus,

any differences in miRNA levels between mutant and wild-type

would not be due to asynchronous development. As a further

effort to exclude mutant effects unrelated to processing, we first

considered pri-miRNA transcripts that contain more than one

hairpin, and individually generate multiple miRNAs. If Cdk9 had

differential effects on polycistronic miRNAs originating from the

same pri-miRNA transcript, this would suggest that processing

was affected.

Five loci were predicted to encode polycistronic miRNAs that

were detected in the sequenced libraries (Figure 4B) (Ryazansky

et al., 2011; Sun et al., 2015; Truscott et al., 2011). Using nested

RT-PCR and 30RACE, we validated that all five loci generate pri-
miRNAs encompassing the relevant miRNAs; that is, the pri-

miRNAs are polycistronic in L1 larvae (Figures S3B–S3D). Exam-

ination of the sequencing data found that three of the five

clusters exhibited an expression polarity such that the 50-most

mature miRNA was more abundant than the 30 mature miRNAs

derived from the same cluster (Figure 4C). Strikingly, this expres-

sion polarity was impaired in the cdk9 mutant for all three clus-

ters (Figures 4C and 4D). Abundance of the 50-most miRNA

was reduced, while 30 miRNAs either increased in abundance

or remained constant. We also observed differences with the

other two clusters. The miR-279/996 cluster exhibited the oppo-

site polarity in wild-type animals, with the 30-most miR-996 being

more abundant than miR-279. However, approximately equal

levels of miR-279 andmiR-996 were detected in the cdk9mutant

(Figure 4C). The fifth miRNA cluster was unique in that the two

hairpins encoding miR-275 and miR-305 are spaced only

80 bp apart, significantly less than the 500 or more base pairs

that exist between hairpins in the other clusters (Figure 4B). Inter-

estingly, miR-275 and miR-305 are expressed at equivalent

levels in wild-type, but the 30 miR-305 is almost exclusively ex-

pressed in the mutant (Figure 4C). We validated the results of

RNA-seq analysis by independently measuring levels of the

more abundant miRNAs in wild-type and mutant, using a

splinted-ligation assay (Maroney et al., 2007) (Figure S4A).

Thus, Cdk9 affects differential abundance of miRNAs originating

from common precursor RNAs.

One possible reason for the differential effect is that Cdk9

affects pri-miRNA synthesis, and therefore pri-miRNA levels

change in the mutant in concordance with altered mature

miRNA levels. To test this possibility, we performed RT-qPCR

on pri-miRNA transcripts. To ensure that our RT-qPCR analysis

was measuring bona fide pri-miRNAs, we measured RNA

levels in a droshamutant (Figure S4B). Because Drosha is essen-

tial for pri-miRNA processing, its loss should increase abun-

dance of the pri-miRNA precursors. Indeed, most probes

measured higher levels of mutant RNA, consistent with their

detection of pri-miRNAs. We then compared pri-miRNA levels

between cdk9 mutant and wild-type animals (Figure 4E). The

miR-279/-996 pri-miRNAwas increased in the cdk9mutant, sug-

gesting an effect on processing. Three of five clusters showed no

significant change in pri-miRNA levels in the cdk9 mutant. The

reason why the mutant did not elicit a significant change in these

pri-miRNA levels is likely because the mature miRNA levels are

only reduced 1.5- to 3-fold in the mutant relative to wild-type,

in contrast to the drosha mutant, which had a greater effect

because processing was abolished. The miR-275/-305 pri-

miRNA was reduced in the mutant, whereas the level of mature

miR-305 was increased, suggesting an effect on processing

and not synthesis. Overall, these results indicate that altered

miRNA levels cannot be explained by an effect of Cdk9 on pri-

miRNA synthesis.

An Apical Junction Motif in pri-miRNA Hairpins Is
Related to Differential Processing
Sequence motifs in the pri-miRNA hairpin ensure accurate and

efficient pri-miRNA processing in vitro (Auyeung et al., 2013;

Fang and Bartel, 2015; Ma et al., 2013; Nguyen et al., 2015).

These determinants include an apical junction motif composed
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Figure 4. Cdk9 Is Required for Differential miRNA Processing

(A) Western blot of total Pol II and specific phospho-isoforms of Pol II from cdk9 mutant tissue.

(B) Schematic structures of five polycistronic genes that were analyzed for miRNA expression.

(C) LevelsofmaturemiRNAsexpressed frompolycistronic genes.Shownare normalizedRNA-seq read levels (1,000s) fromanimals that arewild-typeandcdk9mutant.

(D) Differential expression of mature miRNAs between mutant and wild-type animals as determined by RNA-seq. *p % 0.01, **p % 0.001, and ***p % 0.0001

(edgeR exact test).

(E) Differential expression of pri-miRNAs between mutant and wild-type animals as determined by RT-qPCR. Shown below are positions of the various RT-qPCR

products being assayed. Error bars represent SD. *p % 0.01 (t test).

See also Figure S2.
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Figure 5. An Apical Junction Sequence Is Related to Cdk9-Dependent Processing

(A) Generalized structural and sequence features of pri-miRNA hairpin. Sequence motifs that affect in vitro processing specificity and efficiency are highlighted.

Cleavage sites for Drosha and Dicer are shown with arrowheads.

(B) Predicted pre-miRNA structures for those miRNAs whose abundance did not decrease in cdk9 mutants. Highlighted are the UGU motif (yellow) and mature

miRNA (blue).

(C) Predicted pre-miRNA structures for those miRNAs whose abundance decreased in cdk9 mutants. For (B) and (C), mFold and RNAfold were independently

used to predict the pre-miRNA structures.

(D) Differential expression of all miRNAs detected by RNA-seq betweenmutant and wild-type samples. miRNAs are ranked by fold change, and those whose fold

change is considered significant (FDR below 5%) are colored. Those miRNAs that are derived from polycistronic genes are noted.

(E and F) Logo graphs of nucleotide sequence bias within the apical junctions of pri-miRNA hairpins. Contrasted are the 30miRNAswhose expression is greater in

cdk9 mutants (E) versus the 26 miRNAs whose expression is reduced in cdk9 mutants (F). The y axes correspond to the binomial probability of residue fre-

quencies, with respect to the background of all Drosophila pre-miRNA sequences. Threshold values of p < 0.05 significance (2.75) are shown in red and marked

with red horizontal lines.

See also Figures S3 and S4.
of UGU and two basal junctionmotifs: UG andCNNC (Figure 5A).

They enhance in vitro processing but are not essential. We

wondered whether these motifs or some unknown sequence

motif might be related to the differential processing regulated

by Cdk9. Therefore, we analyzed polycistronic miRNA hairpin

sequences that were affected by the cdk9mutant. The only motif

that showed hints of a correlation was the apical junction UGU.

miRNAs that did not decrease in cdk9 mutants typically con-

tained a UGU in their apical junctions (Figure 5B), whereas

those that decreased in cdk9 mutants did not have a UGU (Fig-

ure 5C). Although this might suggest that presence of a UGU
motif in hairpins is related to differential processing events medi-

ated by Cdk9, the number of hairpins was too small to make any

definite conclusion. However, the polycistronic miRNAs we

examined represent only a small fraction of the miRNAs that

were affected by the cdk9mutant. In total, out of 77 miRNAs de-

tected (Table S1), 30 miRNAs were significantly overexpressed

in cdk9 mutants, while 26 miRNAs were under-expressed (Fig-

ure 5D). Thus, many monocistronic miRNAs were also affected

by cdk9. To confirm that monocistronic miRNA levels were

affected by cdk9 in the same manner as polycistronic miRNAs,

we examined two of the monocistronic miRNAs: miR-7 and
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Figure 6. Differential Processing Has a Sig-

nificant Effect on Gene Silencing In Vivo

(A) Expression of the Brd reporter gene in the

developing eye. The image contains approximately

800 cells, some of which are genetically wild-type

and some of which are mutant for the cdk9 gene.

Cell genotypes have been marked by the presence

or absence of an RFPmarker, as indicated. RFP and

GFP channels are shown separately along with a

merged image.

(B) The clone of mutant cdk9 mutant cells also ex-

pressed the Cdk9 rescue transgene, and conse-

quently, silencing of the Brd reporter is restored

within these cells.

(C) When rbf mutant eye discs are stained for acti-

vated caspase protein, they show a zone of preva-

lent cell apoptosis within the morphogenetic furrow.

(D) This zone is absent if eye cells overexpress miR-

998 via the GAL4/UAS system.

(E) When rbf mutant cells are also mutant for cdk9,

there is greatly reduced apoptosis.

(F) A summary of the genetic experiments showing

the pathways of gene regulation downstream of

Cdk9.

Scale bars for (A)–(E) represent 10 mm. See also

Figure S5.
miR-14. By RNA-seq, miR-7 was reduced and miR-14 was

increased in the cdk9 mutant (Figure S4C). These effects were

also observed when mature miR-7 and miR-14 levels were

assayed by northern blot (Figures S4D and S4E). However, the

level of pri-miR-7 RNA was not reduced in the cdk9mutant (Fig-

ures S4D and S4F), consistent with what we had observed with

polycistronic miRNAs. Therefore, it appears that processing of

monocistronic and polycistronic miRNAs is regulated by Cdk9.

Polycistronic miRNAs showed a bias for having or not having

the apical UGU motif dependent on their response to Cdk9 ac-

tivity. We looked to see if all miRNAs responsive to Cdk9

showed a similar bias. miRNAs that were overexpressed in

cdk9 mutants had apical junctions that were strongly enriched

for a UGU motif (Figure 5E). There was also a small enrichment

for C and U at positions 6 and 7 downstream of the U at posi-

tion 1. miRNAs that were under-expressed in cdk9 mutants had

apical junctions that were strongly depleted for the UGU motif

(Figure 5F). In particular, position 1 was typically lacking a U,

and there was no enrichment for C at positions 6 and 7. These

data suggest that Cdk9 is required for regulating differential

processing events related to the apical UGU motif in pri-miRNA

hairpins.
3130 Cell Reports 20, 3123–3134, September 26, 2017
Cdk9 Is Required for Proper miRNA-
Mediated mRNA Silencing In Vivo
Microprocessor appears to associate with

Pol II, which leads to differential process-

ing of certain pri-miRNA hairpins. Is this

of functional importance? To explore the

question, we looked at the effects of the

cdk9 mutant on miRNA-mediated gene

regulation. We had previously generated

a transgenic reporter for miRNA regulation
of theBearded (Brd) gene (Pressman et al., 2012). This reporter is

regulated by miR-7, which is reduced in the cdk9 mutant (Fig-

ure S5A). Therefore, we assayed the reporter in a developing

eye that contained clones of cdk9 mutant cells (Figure 6A).

Mutant cells showed a dramatic upregulation of reporter expres-

sion. If cdk9 mutant eye clones also contained the Cdk9 rescue

transgene, reporter expression was not upregulated to the same

degree (Figure 6B). Reporter mRNA abundance and structure

were unchanged in the mutant, as demonstrated by 30-RACE
(Figure S5B). These results indicate that miR-7-mediated Brd

gene regulation is impaired in cdk9 mutant cells.

Other miRNAs are overexpressed in the cdk9 mutant,

including miR-998. This miRNA has an anti-apoptotic function

in the developing eye, where it enhances survival signaling via

EGFR (Truscott et al., 2014). MiR-998 does so by directly repres-

sing Cbl, a negative regulator of EGFR signaling. Anti-apoptotic

function of miR-998 was studied in the context of an rbf muta-

tion, which induces a high level of apoptosis (Figure 6C). If

miR-998 is overexpressed, apoptosis is completely blocked

(Figure 6D). We reasoned that because cdk9 mutant cells over-

expressed miR-998, this might also be sufficient to block

apoptosis in the eye. Therefore, we generated clones of cdk9



mutant cells in the rbf eye and found that these cells, like

cells overexpressing miR-998, were completely protected from

apoptosis (Figure 6E). In summary, Cdk9 is required for gener-

ating levels of miRNAs appropriate for regulating normal cellular

functions (Figure 6F).

DISCUSSION

We provide evidence for a direct interaction between a compo-

nent of the Microprocessor complex and Pol II. Our results are

consistent with previous studies suggesting that select miRNAs

are co-transcriptionally processed and that co-transcriptional

processing is specifically associated with CTD-phosphorylated

Pol II (Morlando et al., 2008; Nojima et al., 2015; Pawlicki and

Steitz, 2008). Our results are also consistent with Drosha associ-

ation with Pol II and ChIP detection of DGCR8 at pri-miRNA loci

in a variety of cells (Gromak et al., 2013; Suzuki et al., 2017). We

found that Cdk9 stimulates processing of miRNAs that lack a

UGU apical junction motif, whereas miRNAs that contain a

UGU motif are not stimulated by Cdk9. From in vitro studies, it

was found that a pri-miRNA is processed by purified Micropro-

cessormore efficiently if the pri-miRNA has aUGUmotif (Nguyen

et al., 2015). However, if DGCR8 lacks its Rhed domain, the UGU

motif has no effect on processing efficiency. This indicates that

the Rhed domain is essential for freely diffusing Microprocessor

to functionally interact with the UGU motif. It is also consistent

with binding studies that find the Rhed domain physically asso-

ciates with the apical junction (Nguyen et al., 2015; Quick-Cleve-

land et al., 2014).

How then does Pol II association stimulate the processing of

UGU-negative miRNAs but not UGU-positive miRNAs? One

model is that when bound to Pol II, Microprocessor alters its

intrinsic preference for RNA processing on the basis of the

UGU motif. Another model is that tethering of Microprocessor

to Pol II does not affect its intrinsic processing activity. Instead,

tethering increases the effective concentration of Micropro-

cessor at the site of hairpin RNA synthesis, consequently

enhancing the rate of co-transcriptional processing. The latter

model is favored by in vitro processing studies. When phosphor-

ylated peptide is added to in vitro Microprocessor reactions, the

peptide has no effect on pri-miRNA processing efficiency,

regardless of whether the substrate RNA contains a UGU motif

or not (N. Kim and T.A. Nguyen, personal communication).

Although the model would predict that tethering stimulates

UGU and non-UGU RNA substrates equally, this is not seen.

Possibly when tethering is lost, UGU-containing RNA substrates

are still efficiently processed in the nucleoplasm. However,

because non-UGU substrates are processed so inefficiently as

free entities, the bulk of their processing would instead be

achieved by tethering Microprocessor to Pol II and localizing it

near nascent pri-mRNA transcripts. This would make non-UGU

substrates more dependent upon tethering. To summarize, pri-

miRNA processing is accelerated by either the presence of a

UGU motif in the RNA substrate or by tethering of Micropro-

cessor. In diverse animal species, only one-third of pri-miRNA

hairpins contain a UGUmotif, suggesting that these two mecha-

nisms might be an important and conserved feature of differen-

tial pri-miRNA processing.
The most parsimonious mechanism to account for the results

of our study and other studies is that the Pasha-Pol II interaction

directly mediates differential processing. If so, then a cis-muta-

tion in Pasha’s WW domain that blocks Pol II interaction would

phenocopy the processing defects of the cdk9mutant. However,

a systematic mutation of the Pasha WWD domain was unsuc-

cessful because proteins were insoluble (data not shown).

Therefore, it remains a formal possibility that the Cdk9 effect

on processing is indirect. However, we found that Cdk9-depen-

dent processing is strongly related to the UGUmotif in the apical

junction of the pre-miRNA precursor, which directly associates

with the Rhed domain. If the Cdk9 effects on differential process-

ing were indirect, it becomes difficult to parse how the presence

or absence of a UGU motif relates to it.

Why are there distinct mechanisms for nuclear processing of

pri-miRNAs? We do not think that these mechanisms act on

miRNAs according to their expression level. Analysis of our

data did not find a significant correlation between the abundance

of miRNAs and either cdk9 responsiveness or the UGU motif.

Rather, we think that these mechanisms enable efficient pro-

cessing of polycistronic transcripts. If only one or two Micropro-

cessor molecules are tethered to each elongating Pol II, then

tethered Microprocessor would encounter the 50 hairpins first,

dissociate from Pol II, and process them. Processing of more

distal miRNAs would necessitate a non-tethered mechanism,

which is more efficient if the hairpins contain a UGU motif. The

net result would be differential expression of miRNAs from a

polycistronic transcript, which is frequently observed. There

might be other reasons for processing to occur by distinct mech-

anisms. For hairpins embedded within introns, they would be

more efficiently excised by tethered Microprocessor from

nascent transcripts before splicing occurs (Pawlicki and Steitz,

2008). Indeed, intronic hairpins can be processed fromunspliced

introns (Kim and Kim, 2007). For hairpins that reside in exons,

tethered processing might not be essential for efficient excision,

and so free Microprocessor could act on them. Finally, tethered

processing could be susceptible to regulatory processes distinct

from processing in the free nucleoplasm. Local chromatin orga-

nization, histone modification, and the proximity of cis-acting

RNAs and proteins might regulate Microprocessor activity

when tethered to Pol II. Regulated RNA splicing is controlled

by such mechanisms (Naftelberg et al., 2015), so it is plausible

for pri-miRNA processing to be as well.

EXPERIMENTAL PROCEDURES

Genetics

A list of allDrosophila genotypes used is presented in Table S2. An EMS-muta-

genesis screen previously described was used to generate the cdk9G57S

mutant strain (Pressman et al., 2012). The mutation was meiotically mapped

to the cdk9 locus, and a base substitution of G to A in the gene’s coding

sequence was detected. To prove that the cdk9 mutation was responsible

for the phenotypes, a 2.5 kb fragment of genomic DNA encompassing the

cdk9 gene (Figure S2) was cloned into the pYES vector (Patton et al., 1992).

Transgenic lines were created using P element-mediated transformation.

Cell Culture

Drosophila S2* cells were cultured in Schneider’s media supplemented with

10% FBS (Invitrogen). To make stable cell lines, cells were transfected with

either GFP or GFP-Pasha expressing pMK33 plasmid vectors and selected
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for 4–5 weeks on Hygromycin B until > 90% cells expressed GFP or GFP-

Pasha when induced with 250 mM CuSO4 for 12–16 hr. For flavopiridol treat-

ment, cells were plated at 23 106 cells/mL and treated with 0.5 mMflavopiridol

(Sigma-Aldrich) for 2 or 12 hr. Longer treatments were necessary to allow suf-

ficient induction of GFP or GFP-Pasha after addition of CuSO4.

Analysis of cdk9 Mutant Larvae

Balanced cdk9G57S animals were crossed, and progeny were collected. Bal-

ancer chromosomes carried a twist>GFP transgene, so after 48 hr, non-fluo-

rescent larval progeny were isolated. They were gently washed in deionized

water and either frozen or immediately extracted for RNA. RNA extraction

was performed using Trizol. For western blotting, larvae were lysed in RIPA

buffer (50 mM Tris-Cl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1.0% NP-40,

0.5% sodium deoxycholate, and 0.1% SDS) plus protease and phosphatase

inhibitors and spun at 16,000 3 g for 15 min at 4�C before performing SDS-

PAGE.

RNA-Seq

Small-RNA-seq libraries were prepared and sequenced on an Illumina plat-

form as described (Gu et al., 2009; Shirayama et al., 2012). Because

Drosophila expresses a 2S rRNA that is 30 nt in length, we size-selected

RNAs between 15 and 29 nt by gel purification before library preparation.

Readsweremapped to theDrosophila genome build dm3 using Bowtie. Anno-

tation was performed using Avadis NGS software. Read counts were normal-

ized by library size in EdgeR/DESEQ and the data were filtered so that only

miRNAs that had 500 or more reads across samples were analyzed.

Northern Blot, Splinted Ligation, RT-qPCR, and 30RACE

For all RNA analysis, total RNA purified by Trizol was assayed. Oligos used for

RNA analysis are listed in Table S3. For northern blots, 20 mg of total RNA was

electrophoresed on a 15% acrylamide/8M urea gel. Membranes were chemi-

cally cross-linked with EDC (0.15 M 1-methylimidazole, 0.16 M N-Ethyl-N0-[3-
dimethylaminopropyl]carbodiimide [pH 8.0]) for 2 hr at 60�C. The membrane

was then pre-hybridized in ULTRAhyb (Ambion) for 30min at 60�C.Oligonucle-

otide complementary to 2S rRNA (IDT) and locked nucleic acid oligos comple-

mentary to mature miR-7 and miR-14 (Exiqon) were hybridized overnight at

37�C. Blots were washed at 37�C in 2X SSC, 0.1% SDS, and then in 0.1X

SSC and 0.1% SDS.

For splinted ligation assays of mature miRNAs, reactions were carried out as

described (Lee et al., 2009; Maroney et al., 2007). A ligation oligo was 50 end-
labeled with [U-32P]-ATP. The labeled product was phenol-cholorform-ex-

tracted and diluted in 100 mL RNase free H2O. Bridge oligos were designed

on the basis of the corresponding miRbase miRNA sequences. Bridge oligos

were synthesized with a three-carbon spacer at the 30end. Five to 20 mg total

RNA from 48 hr cdk9G57S and wild-type larvae was used for each ligation reac-

tion, including T4 DNA ligase (NEB). For each assay, three negative controls

were performed, leaving out ligase, RNA, or bridge oligo. Reaction products

were resolved on 12% urea-polyacrylamide gels. Gels were imaged overnight

on a PhosphorImager. Data were quantified in ImageQuant, and signals for

each miRNA product were corrected for control backgrounds, normalized to

2S rRNA, and then reported as the log2(fold change) for cdk9G57S relative to

wild-type.

For RT-qPCR, 2.5 mg of total RNA was primed with a 1:2 molar mix of oligo-

dT:random 9mers for the RT reaction. qPCR was performed on a Biorad

ICycler, and the delta-delta Ct method was used to measure output. RpL32

was used to normalize RNA levels.

30RACE and nested RT-PCR were performed using gene-specific RT

primers (listed in Table S3) and Qo, QI, QT primers (Scotto-Lavino et al.,

2006). Briefly, total RNAwas purified from 48 hrwild-type or droshaQ884X larvae

using Trizol. Reverse transcription was performed with Superscript III using

5 mg total RNA per reaction and QT or Ro primers (for 30RACE or nested

PCR, respectively). cDNA reactions were treated with 0.75 mL RNase H (Prom-

ega) for 20 min at 37�C and diluted in 1 mL of TE (Tris-EDTA buffer [pH 8.0]).

The first PCR round was performed with 1 mL of cDNA per 50 mL PCR reaction

and the following primers: Qo and GSP1 primers for 30RACE or the ‘‘outer’’

gene specific primers for nested PCR. The second PCR round was performed

with 1 mL of a 1:20 dilution of round one PCR, using QI and GSP2 primers for
3132 Cell Reports 20, 3123–3134, September 26, 2017
30RACE or the ‘‘inner’’ gene specific primers for nested PCR. All PCRs were

performed with GoTaq DNA polymerase following the supplied protocol

(Promega).

Apoptosis Assay

Eye imaginal discs were dissected from third-instar larvae in Schneider’s in-

sect medium (Sigma-Aldrich) and then fixed in PBS buffer with 4% formalde-

hyde. Discs were then blocked in PBS + 0.1% Triton X-100 (PBST) + 10%

normal donkey serum followed by overnight incubation with rabbit anti-C3

(cleaved caspase-3), lot 26, 1:50 (Cell Signaling). Discs were washed in

PBST and incubated in blocking solution containing the appropriate second-

ary antibodies: Cy3- or Cy5-conjugated anti-rabbit antibodies, 1:300 (Jackson

Immunoresearch). After washing in TBST, discs were placed into glycerol

containing 0.5% propyl gallate in preparation for slide mounting. Imaging

was performed using a Zeiss LSM Observer.Z1.

Protein Association Assays

Immunoprecipitations, GST pull-downs, and peptide binding assays were per-

formed essentially as described (Green and Sambrook, 2012; Kim et al., 2004),

with somemodifications. See the Supplemental Information for precise details

of these assays.

Data and Software Availability

The accession number for the RNA-seq data reported in this paper is GEO:

GSE103234.
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