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Summary

MicroRNAs (miRNAs) are essential for regulation of gene expression. Though numerous
miRNAs have been identified by high throughput sequencing, few precursor miRNAs (pre-
miRNAS) are experimentally validated. Here we report a strategy for constructing high-throughput
sequencing libraries enriched for full-length pre-miRNAs. We find widespread and extensive
uridylation of Argonaute bound pre-miRNAs, which is primarily catalyzed by two terminal
uridylyltransferases: TUT7 and TUT4. Uridylation by TUT7/4 not only polishes pre-miRNA 3’
ends, but also facilitates their degradation by the exosome, preventing clogging of Ago with
defective species. We show that the exosome exploits distinct substrate preferences of DIS3 and
RRP8, its two catalytic subunits, to distinguish productive from defective pre-miRNAs.
Furthermore, we identify a positive feedback loop formed by the exosome and TUT7/4 in
triggering uridylation and degradation of Ago-bound pre-miRNAs. Our study reveals a pre-
miRNA surveillance system that comprises TUT7, TUT4 and the exosome in quality control of
miRNA synthesis.
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Introduction

MicroRNA biogenesis begins with processing of primary miRNA transcripts (pri-miRNAS)
by the Microprocessor, composed of the RNase |11 enzyme Drosha and DGCRS, into hairpin
structured precursor miRNAs (pre-miRNAs) with 5’ phosphates and predominantly 2-
nucleotide (nt) 3’ overhangs (Kim et al., 2009; Wilson and Doudna, 2013). Alternatively, the
splicing machinery and the debranching enzyme, either directly or with help from unknown
5’ exonucleases or the exosome, liberate pre-miRNAs that reside close to one or both
boundaries of introns (mirtrons) (Yang and Lai, 2011). Pre-miRNAs are further processed
by a second RNase Il enzyme Dicer, together with TRBP and Ago in the miRNA loading
complex (miRLC), into miRNA duplexes (Kim et al., 2009; Wilson and Doudna, 2013).
One strand of the duplex is loaded into one of the four Ago proteins to assemble the
microRNP (miRNP) or the RNA Induced Silencing Complex (RISC) (Hammond et al.,
2001; Mourelatos et al., 2002). Chaperones and co-chaperones assist miRNA loading to
Agos (lwasaki et al., 2010; Miyoshi et al., 2010). pre-miR-451, whose processing is Dicer-
independent, is loaded into the miRNA precursor deposit complex (miPDC) (Liu et al.,
2012), where it is cleaved by Ago2 and trimmed into mature miR-451 (Cheloufi et al., 2010;
Cifuentes et al., 2010; Yang et al., 2010).

As an important class of regulatory RNAs, miRNAs are also regulated (Obernosterer et al.,
2006; Siomi and Siomi, 2010). One pathway involves untemplated addition of nucleotides to
the 3’ end of miRNAs or pre-miRNAs by terminal uridylyltransferases (TUTs) (Kim et al.,
2010). For instance, extensive base pairing between a miRNA and its target leads to
destabilization of the miRNA via trimming and tailing (Ameres et al., 2010). In contrast,
adenylation of miR-122 by TUT2 is crucial for maintaining its stability in the liver (Katoh et
al., 2009). In embryonic stem (ES) cells, oligo-uridylation of pre-let-7 induced by Lin28a
and TUT4 (ZCCHC11), sequesters pre-let-7 away from the pre-miRNA processing
machinery, and attracts the exosome-independent 3’ exonuclease DIS3L2 for degradation
(Chang et al., 2013; Hagan et al., 2009; Heo et al., 2008; Heo et al., 2009; Newman et al.,
2008). On the contrary, in somatic cells, mono-uridylation of pre-let-7 family members with
1-nt 3’ overhangs by TUT7, TUT4, or TUT2 promotes their processing by Dicer (Heo et al.,
2012).

The exosome is a major 3'—> 5’ ribonucleolytic complex that is found in both the nucleus
and the cytoplasm and plays crucial roles in the processing, maturation, surveillance and
degradation of many types of RNAs (Doma and Parker, 2007; Houseley and Tollervey,
2009). It is an evolutionarily conserved complex that is composed of an inert nine protein
structural core and two catalytic subunits: DIS3 (RRP44) and RRP6 (EXOSC10) (Liu et al.,
2006; Mitchell et al., 1997). DIS3 contains a PIN domain that functions as an
endoribonuclease (Lebreton et al., 2008) and an RNase I1/R homologous domain that
functions as a processive, hydrolytic 3’—> 5’ exoribonuclease, which provides the
predominant activity of DIS3 (Dziembowski et al., 2007). RRP6 is a distributive, hydrolytic
3’—> &/ exoribonuclease (Briggs et al., 1998). The composition of mammalian exosomes is
expanded by the presence of a DIS3 homolog DIS3L, which can substitute for DIS3 in the
cytoplasm (Staals et al., 2010; Tomecki et al., 2010). RRP6 is localized in both the nucleus
and the cytoplasm in mammals (Tomecki et al., 2010; van Dijk et al., 2007). Therefore,
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although exonucleolytic activities of nuclear exosomes are furnished by DIS3 and RRP6,
those of cytoplasmic exosomes may be mediated by RRP6 with either DIS3 or DIS3L in
mammals (Staals et al., 2010; Tomecki et al., 2010). The function of DIS3 depends largely
on the integrity of the exosome structural core (Wasmuth and Lima, 2012), whereas RRP6
also has core exosome independent targets and functions (Ibrahim et al., 2010). In yeasts,
the exonucleolytic activity of the nuclear exosome is stimulated by the TRAMP
polyadenylation complex, which is composed of a noncanonical poly(A) polymerase Trf4p/
Trf5p, a zinc-knuckle RNA binding protein Airlp/Air2p and the RNA helicase Mtr4dp
(LaCava et al., 2005; Vanacova et al., 2005; Wyers et al., 2005). In mammals, the TRAMP
complex is composed of poly(A) polymerase TUT3, ZCCH7 and MTR4 (Lubas et al.,
2011). The short tail added by the TRAMP complex facilitates the exosome in digesting
RNA substrates with secondary structures. However, it is presently unknown whether there
are similar factors that promote the exonucleolytic activity of mammalian exosomes in the
cytoplasm.

MicroRNA biogenesis consists of multiple maturation events. Yet, it is largely unknown,
particularly in mammals, how cells control the quality of this elaborate and thus error-prone
process. One quality control pathway for miRNAs and siRNAs in plants or flies is via decay
of small RNAs that lack 2’-O-methylation in their 3’ ends from Agos by noncanonical
TUTSs, such as HESO1 or MUT68 (Ameres et al., 2010; Ibrahim et al., 2010; Ren et al.,
2012; Zhao et al., 2012). However, mammalian miRNAs are not methylated and the
relevance of this surveillance pathway for mammals is not apparent.

Here, we report the first genome-wide profiling of full-length pre-miRNAs bound to Agos,
key proteins in miRNA biogenesis and function. We find widespread and extensive
uridylation of the 3’ end of Ago-bound pre-miRNAs that is primarily catalyzed by TUT7
and TUTA4. Uridylation facilitates either processing or degradation of pre-miRNAs by the
exosome to prevent clogging of Ago, which is found in limited quantities in cells (Grimm et
al., 2010), by defective pre-miRNAs. The exosome exploits distinct substrate preferences of
its two catalytic subunits DIS3 and RRP6 to distinguish productive from faulty pre-
miRNAs, and forms a positive feedback loop with TUT7/4 in triggering degradation of Ago-
bound pre-miRNAs. Our study reveals a pre-miRNA surveillance system that consists of
TUTY7, TUT4 and the exosome in quality control of miRNA synthesis.

A strategy for constructing high-throughput sequencing libraries of full-
length pre-miRNAs—AIthough innumerable small RNAs have been identified by high-
throughput sequencing (HITS) analyses, few full-length pre-miRNAs have been
experimentally identified in vivo. pre-miRNAs are far fewer than miRNAs and their size
overlaps that of other, far more abundant RNAs such as tRNAs and snRNAs. Indeed, pre-
miRNAs constitute only a minute population (< 1%) from size-selected libraries prepared
from total RNAs in HITS studies (Burroughs et al., 2012; Li et al., 2013). Furthermore, the
extensive secondary structure of pre-miRNAs makes them poor substrates for RNA ligases.
Agos are core protein components that bind to pre-miRNAs in both miPDC and miRLC (Liu
et al., 2012). We exploited this property to purify pre-miRNAs and prepared HITS libraries
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from Ago immunoprecipitates (IPs) from Dicer Knock-Out mouse embryonic fibroblasts
(MEFs), which have been transduced with either wild-type (WT) or catalytically inactive
(D2A) Dicer (Liu et al., 2012; Tan et al., 2009). We surmised that pre-miRNAs should
accumulate in D2A MEFs while miRNAs should be detected primarily in WT MEFs. Indeed,
50-80 nt RNAs, which match the size range of pre-miRNAs, accumulated in D2A MEFs,
indicating that they were Dicer substrates (Figure 1A). Consistent with the essential role of
Dicer in miRNA biogenesis, miRNAs were detected primarily in WT MEFs (Figure 1A).

Our initial attempts in constructing pre-miRNA HITS libraries using the classical small
RNA cloning protocol were not successful as we failed in ligating the 5’ linker to pre-
miRNAs due to their strong secondary structure and recessed 5’ ends, which made them
inaccessible to the RNA ligase. To solve this problem, we adapted a method that attached
the 5’ linker through CircLigase-mediated cDNA circularization (Ingolia et al., 2009)
(Figure 1B), and prepared HITS libraries of miRNAs from WT MEFs and of pre-miRNAs
(50-80 nt) from both WT and D2A MEFs (Figure 1A).

The majority of reads in pre-miRNA libraries represent bona fide pre-miRNAs
—\We obtained more than 10 million reads from each library that mapped to the genome.
The length distribution of mapped reads resembled that in the Ago IPs for both pre-miRNA
libraries (Figures 1A and S1A-B), suggesting that our library construction did not suffer
from biases of capturing pre-miRNAs of different lengths. 50-80% of the mapped reads
from the two pre-miRNA libraries were aligned to miRNA loci (Figure 1C and Table S1).
To verify that these reads represented genuine pre-miRNAS, we first computationally
defined their 5’ and 3’ ends by selecting one of the most frequently cloned and fully-mapped
sequences for each pre-miRNA. Most defined ends of pre-miRNAs from the D2A library
were aligned precisely to those from the WT library (Figure S1C), suggesting that
inactivation of Dicer did not perturb the pri-miRNA processing machinery. The defined ends
of pre-miRNA candidates display many characteristics of bona fide pre-miRNAs. For
instance, > 85% of them begin with 5’-uridine/-adenosine (Figure 1D) and > 90% of them
have 1-3 nt 3’ overhangs, with > 50% possessing the 2-nt 3’ overhang signature of Drosha
cleavage (Figure 1E). Furthermore, > 85% of their 5’ ends and > 50% of their 3’ ends match
the annotated 5’ end of 5p miRNAs and the 3’ end of 3p miRNAs in miRBase, respectively
(Figure 1F). Interestingly, in contrast to defined 5" ends, defined 3’ ends of pre-miRNAs are
more likely to diverge from the annotated ends in miRBase, suggesting that 3’ ends of Ago-
bound pre-miRNAs may be enzymatically polished after Drosha processing.

Widespread and extensive RNA madifications in Ago-bound pre-miRNAs—
Interestingly, we found that more than half of the identified Ago-bound pre-miRNAs were
represented by many sequencing reads (30-60% of total) with non-genome-matching
nucleotides (RNA modifications) at their 3’ ends (tailed reads) (Figure 2A and Table S1).
These extended reads contained predominantly uridines in their tails and some reads actually
harbored oligo(U) tails as long as 6 nts (Figure S2A). RNA tails in pre-miRNA libraries
form two patterns: a 3’ peak close to the 3’ end and a 3’ cliff that is > 10 nts away from the 3’
end (Figure 2B). Though the majority of pre-miRNAs have 3’-peaked tails, a small subset
contains both types of tails (Figure 2C). Notably, reads with 3’-cliffed tails are found in both

Mol Cell. Author manuscript; available in PMC 2015 September 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liuetal.

Page 5

WT and D2A libraries, indicating that they are not dependent on the catalytic activity of
Dicer. Among the pre-miRNAs with 3’ cliffed tails are all the pre-let-7 family members that
are cleaved by Ago2 (Diederichs and Haber, 2007) (Figure 2C), indicating that 3’-cliffed
tails are formed by addition of uridines to the 3’ end of Ago2-cleaved pre-miRNAs (ac-pre-
miRNASs). In support of this notion, the majority of 3’ cliffs (12/14) are found opposite to
nucleotides 9 to 11 of pre-miRNAs, which is consistent with Ago2 using the 5p strand of
pre-miRNASs as a guide to cleave the 3p strand (Figures 2B, C). Furthermore, pre-miR-31,
which was not known to be an Ago2 substrate, was cleaved by Ago2 both invivo and in
vitro (Figures S2B, C). Taken together, these results indicated that Ago2-cleaved pre-
miRNAs are frequently tailed after the cleavage site.

Tails in the WT miRNA library contain similar amounts of adenosines and uridines (Figure
S2D). Consistent with previous reports (Berezikov et al., 2011; Chiang et al., 2010), we
found that tails of 3p miRNAs are enriched in both adenosines and uridines (Figure 2D),
while 5p miRNAs predominantly have adenosines in their tails (Figure S2E). As 5p
miRNAs can only acquire tails after Dicer processing whereas 3p miRNAs can also inherit
tails from their precursors (Chiang et al., 2010), adenosines and uridines in 3p miRNAs' tails
are primarily added after Dicer processing and inherited from their precursors respectively.
When we plotted RNA modifications from WT (Figure 2E) or D2A pre-miRNA library
(Figure S2F) and those from the 3p miRNA library (Figure 2D) by their relative positions to
the defined 3’ end of pre-miRNAs, we found that the chance of transmission of RNA
modifications from pre-miRNAs to their 3p miRNAs, as judged by the abundance of
uridines, is position-dependent (Figures 2D, E, and S2F). The transmission is predominantly
restricted within two positions; the 3’ end of a pre-miRNA (position -1) and the downstream
position (+1), even though neighboring positions are also uridylated to comparable levels
(Figures 2D, E, and S2F). Moreover, we found that the tail length of a pre-miRNA read
depends on the position of its last genome-matching nucleotide (prefix position) relative to
the defined 3’-end of the full-length pre-miRNA: the farther away the prefix position from
the 3’ end, the longer the tail (Figure 2F). In general, tailed reads whose prefix positions
reside close to the 3’ end of pre-miRNAs contain 1 to 2 additions. On the contrary, reads
whose prefix positions lie further upstream from the 3’ end can harbor 6-7 additional
nucleotides (Figure 2F). Collectively, these results suggested that Ago-bound pre-miRNAs
that are mono-uridylated at or immediately downstream of their 3’-ends can give rise to
miRNAs that carry these modifications and assemble functional miRNPs, which is
consistent with previous findings for group Il let-7 miRNAs (Heo et al., 2012). In contrast,
Ago-bound pre-miRNAs with oligo(U) tails (= 2 nts), either extending out from the 3’ end,
or added to severely trimmed 3’ ends cannot serve as Dicer substrates and fail to assemble
miRNPs.

Uridylation of pre-miRNAs by TUT7 and TUT4 plays a dual role in miRNA
biogenesis—There are seven TUTs in mammals that have tailing activities towards many
different types of RNAs. To test which TUTSs can uridylate pre-miRNAs in vitro, we
incubated immunopurified FLAG-TUTs 1-7 (Figure S3A) with 5’ radiolabeled pre-miRNA
substrates. Consistent with a recent report (Heo et al., 2012), we found that TUT2, TUT4
and TUT?7 displayed tailing activities towards pre-miRNAs (Figure S3B) and preferred UTP

Mol Cell. Author manuscript; available in PMC 2015 September 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liuetal.

Page 6

over other nucleotides in vitro (data not shown). Notably, such uridylation activity was not
observed when catalytically inactive TUT4 or TUT7 were used in the assay (Figure S3C),
suggesting that uridylation was not mediated by a contaminating enzyme. To find out which
of the three candidate TUTs regulate miRNA biogenesis in vivo, we depleted TUT2, TUT4
or TUT7 from MEFs. Given the high similarity between TUT4 and TUT7, we also knocked
down both TUTs simultaneously. Depletion of TUT2 or TUT4 alone had no appreciable
effect on miRNA levels (Figures 3A, B, S3D and data not shown). In contrast, several
mature miRNAs were significantly upregulated in TUT7- and TUT4/7-depleted cells
(Figures 3A, B, S3D). Similar results were obtained with a second set of siRNAs against
TUT4 or TUT7 (Figures S3F, G), demonstrating that our finding was not due to off-
targeting effects. For most of the upregulated miRNAs except miR-34a and 34c, only their
precursors but not their primary transcripts increased (Figures 3C and S3E), suggesting that
the increase in most miRNAs resulted after Drosha processing but prior to Dicer cleavage.
Interestingly, primary transcripts of miR-34a and 34c also increased in TUT7- and
TUT4&7-depleted cells. Nevertheless, their fold changes were smaller than those of their
mature miRNAs (Figures 3B and S3E), indicating that the increase of miR-34a/c in TUT7-
and TUT4&7-depleted cells was contributed not only by stabilization of their precursors
(Figure 3C), but also by increase in their primary transcripts. This is consistent with our
observation that most miRNAs are modestly modulated by TUT7/4 in MEFs. Concomitant
with an increase in miR-34 levels, known targets of miR-34 (MET and CDKG6) (He et al.,
2007; Migliore et al., 2008) were further repressed in TUT7- and TUT4&7-depleted cells
(Figure 3D). In contrast, known targets of miR-21 (Spryl and PDCD4) (Ma et al., 2011),
which was not altered in TUT7 or TUT4&7 knockdown cells, remained unchanged (Figure
3D). Thus, TUT7/4 can modulate the activity of miRNAs by fine-tuning their biogenesis.

HITS analysis of miRNAs from control or TUT4&7 knockdown cells showed that
uridylation ratios (fractions of uridylated reads) of most 3p miRNAs, including miR-34-3p
and miR-106b-3p, which share the same precursor with upregulated miRNAs, were
significantly diminished in TUT4&7-depleted cells (Figure 3E and Table S2). As 3p
miRNAs primarily inherit uridines from their precursors, this suggested that upregulated
miRNAs are preferably uridylated by TUT7 and TUT4 in MEFs. A small subset of 3p
miRNAs, including those from most pre-let-7 family members, had their uridylation ratios
only modestly reduced in TUT4&7-depleted cells, presumably due to uridylation by TUT2
in the absence of TUT7 and TUT4 (Figure 3E). Taken together, these results suggested that
TUTY and TUT4 are the primary uridylyltransferases for a large number of pre-miRNAs in
MEFs.

HITS analysis showed that a group of miRNAs were upregulated in TUT4&7-depleted
MEFs (Figures S3H and Table S3). Strikingly, the uridylation ratio of their 3p miRNAs,
which reflects the uridylation status of their parental pre-miRNAs, showed a statistically
significant reduction in uridylation ratios of 3p miRNAs from pre-miRNAs whose miRNAs
are upregulated, relative to those downregulated in TUT7- and TUT4&7-depleted cells
(Figure 3F). Altogether, these results suggested that TUT7 either alone or in combination
with TUT4 fine tunes the maturation of a subset of miRNAs through uridylation and
destabilization of their precursors.
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Uridylation of pre-miRNAs by TUT7 and TUT4 facilitates their decay from Ago-
containing complexes—Pre-miR-106b is one of the most abundantly uridylated pre-
miRNAs in our HITS libraries (Figure 4A). To further verify our analysis with miRNA
HITS libraries, we cloned and sequenced pre-miR-106b, from Ago IPs from TUT4, TUT7,
TUT4&7 or control knockdown cells. Although the majority of pre-miR106b reads contain a
genome-encoded uridine right after the cytidine that forms the miRBase annotated 3’-end
(Figure 4A), sequencing of in vitro Drosha processed pri-miR-106b products (Figure S4A)
confirmed that the majority of Drosha cleavage sites is after the cytidine (Figure 4A).
Notably, none of the Drosha processed products contained a uridine after the cytidine,
suggesting that the last uridine is added after Drosha processing. Consistent with our finding
from miRNA HITS libraries, the uridylation ratio and the tail length of Ago-bound pre-
miR-106b reads are modestly and substantially reduced in TUT7- and TUT4&7-depleted
cells respectively (Figure 4B and Table S4), verifying that TUT7 and TUT4 uridylate pre-
miR-106b in vivo.

Surprisingly, compared to Ago IPs from control knockdown cells, those from TUT4&7-
depleted cells contained a substantially larger fraction of pre-miR-106b reads that appear to
be degradation intermediates with blunt or 5" overhangs (Figures 4B, C and Table S4),
which were not processed by Dicer in vitro (Figure S4B). Similar results were also observed
when we sequenced pre-miR-18a from Ago IPs (Figure SAC and Table S5). These findings
suggest that uridylation of pre-miRNAs by TUT7 and TUT4 is required for complete decay
of Ago-bound pre-miRNAs, as in their absence truncated fragments accumulate in Ago,
which may lead to clogging of Ago with defective pre-miRNAs. Consistent with this
hypothesis, there are is a higher percentage of tailed than fully-mapped reads for Ago-bound
pre-miRNAs at positions upstream of the 3’ end of Ago-bound pre-miRNAs in our libraries
(Figure 4D), indicating that tailing and trimming are intimately associated in decay of Ago-
bound pre-miRNAs. Moreover, the peak of 3’-peaked tails, which represents an equilibrium
site between tailing and trimming activities towards the 3’ end of pre-miRNAs, is
preferentially situated at a fixed distance (3 nts) away from the hairpin region of the pre-
miRNA (Figure S4D), suggesting that tailing by TUT7 and TUT4 may facilitate digestion of
pre-miRNASs by providing a grip for an exonuclease(s). Taken together, these results suggest
that uridylation of pre-miRNAs facilitates degradation of structured pre-miRNAs bound to
Agos.

Where do TUT4 and TUT7 uridylate Ago-bound pre-miRNAs? To address this question, we
first examined the subcellular localization of TUT4 and TUT7. Confocal microscopy
showed that both TUT4 and TUT7 were localized to the cytoplasm (Figure S4E). As the
amount of uridylated pre-miRNAs bound to Ago is drastically diminished in TUT4&7-
depleted cells (Figures 4B, S4C, Tables S4 and S5), we speculated that at least a fraction of
pre-miRNAs are uridylated by TUT7 and TUT4 when bound to Ago. In support of this
hypothesis, TUT7 and TUT4 co-immunoprecipitated (co-1Ped) with Ago2 in an RNA-
independent manner (Figures 4E and S4F). On the contrary, no interaction was detected
between an unrelated RNA-binding protein hnRNP Al and Ago2 (Figure 4E),
demonstrating the specificity of the association between TUT7/4 with Ago2.
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Quality Control and turnover of pre-miRNAs by the exosome—To identify 3’
exonucleases that collaborate with TUT7 and TUT4 in degrading pre-miRNAs, we
performed siRNA screening for candidates that included the catalytic subunits (D1S3,
DIS3L, RRP6) and a core structural protein (RRP40) of the exosome (Houseley and
Tollervey, 2009; Staals et al., 2010; Tomecki et al., 2010); an exosome-independent
exonuclease that is homologous to DIS3 (DIS3L2) (Chang et al., 2013; Lubas et al., 2013;
Malecki et al., 2013); and exonucleases that are involved in sSiRNA turnover or miRNA
biogenesis (ERI1 and EXD2) (Han et al., 2011; Kennedy et al., 2004; Liu et al., 2011)
(Figure S5A). Among the candidates tested, knock-down of DIS3, RRP6 or RRP40,
exosome components, led to the most pronounced and consistent increase in precursors for
all miRNAs tested, with the strongest accumulation of pre-miRNAs in RRP40-depleted cells
(Figures 5A, B, and S5B), presumably owing to disassembly of the exosome and co-
depletion of RRP6 upon depletion of RRP40 (Tomecki et al., 2010). The accumulation of
pre-miRNAS could not be solely attributed to changes in their primary transcript levels, as
the increase of pri-miRNAs (Figure S5C) was less than that of pre-miRNAs (Figure 5A).
This suggested that pre-miRNAs may be direct targets of the exosome. Interestingly, except
for RRP6, depletion of DIS3 or RRP40 did not result in appreciable increase in miRNA
levels (Figure 5C). Instead, truncated species of some pre-miRNAS such as pre-miR-93
(Figure 5B), accumulated in DIS3-, RRP6- and in particular RRP40-depleted cells. These
results suggested that the pre-miRNA population targeted by the exosome was nonfunctional
and could not be processed by Dicer. Therefore, we speculated that the exosome might
function in quality control of pre-miRNAs by removing defective species.

Surprisingly, Ago IPs from DIS3- or RRP40-depleted cells, had much fewer pre-miR-106b
reads with uridine tails, than control knockdown cells (Figure 5D, E and Table S4). Notably,
uridylation deficiency in Ago-bound pre-miRNAs is not a result of defects in the pre-
miRNA tailing machinery as profiles of pre-miR-106b reads are indistinguishable between
control cells and those with exosome component knockdown when sequenced from total
RNA (Figures S5D, E and Table S6). As such, we speculated that the exosome might
stimulate uridylation of Ago-bound pre-miRNAs by TUT7/4 (see below). Indeed, we found
that DIS3 and RRP6 also co-1Ped with Ago2 (Figures 5F and S5F, G, H). Taken together,
these results suggest that the exosome may cooperate with TUT7 and TUT4 to function in
turnover and quality control of pre-miRNAs.

Distinct preferences of DIS3 and RRP6 towards pre-miRNAs—To test whether
pre-miRNAS can be directly decayed by the two catalytic subunits of the exosome, we
immunoaffinity purified FLAG-tagged DIS3 or RRP6 from transfected 293T cells (Figure
S6A), and incubated them with 5’ radiolabeled pre-miRNAs. Wild-type (WT), but not
catalytically inactive mutant (Wasmuth and Lima), DIS3 or RRP6 protein, digested pre-
miRNAs to end products of around 4-5 nts (Figures S6B, C), indicating that pre-miRNAs
could serve as substrates for the two catalytic subunits of the exosome.

To test whether the exosome may participate in quality control of pre-miRNAs, we
examined whether the two catalytic subunits of the exosome could distinguish pre-miRNA
substrates with native 3’ overhangs from those with suboptimal or defective 3’ overhangs.
Surprisingly, we found that RRP6 preferred degrading pre-miRNAs with < 2-nt 3’
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overhangs, and especially those with 5’ overhangs (Figure 6A). Gradual addition of more
uridines to the 3’ end of pre-miRNAs did not enhance the activity of RRP6 (Figure 6B). We
obtained similar results when using pre-miR-16 as the substrate (Figure S6D), suggesting
that the end preference of RRP6 is not pre-miRNA specific. However, pre-miR-106b is
extensively uridylated (Figures 4A and S5E), so we speculated that another exonuclease
within the exosome, whose activity is stimulated by uridylation, would be responsible for
degradation of pre-miRNAs with uridine tails.

To test this hypothesis, we incubated DIS3 with pre-miR-106b containing either the native,
recessed or uridylated 3’ overhangs (Figures 6C, D). Remarkably, the exonuclease activity
of DIS3 was greatly stimulated by uridine tails (Figure 6D). Further examination revealed
that DIS3 preferred digesting pre-miRNAs with > 2-nt 3’ overhangs (Figures 6C, D). This
end preference of DIS3 is not specific to pre-miR-106b, as DIS3 also showed similar
activity towards ac-pre-miR-31 and pre-miR-21, when they were engineered to harbor the
same tails as those found in our pre-miRNA libraries (Figures 6E and S6E). Moreover, a
point mutation (U57A) that “unzips” the end structure of pre-miR-21 to create a longer
dangling 3’-end, transformed pre-miR-21 into a better substrate for DIS3 (Figures S6F, G),
indicating that DIS3 prefers pre-miRNAs with single-stranded 3’ ends. Overall, these
findings indicate that RRP6 and DIS3 have distinct preferences towards pre-miRNAs: RRP6
prefers pre-miRNAs with < 2-nt 3’ overhangs while DIS3 favors pre-miRNAs with > 2-nt 3’
overhangs.

In accord with our findings, pre-miRNAs with 3’ overhangs of different lengths were
digested more efficiently in the presence of both DIS3 and RRP8, than either alone, in vitro
(Figure 6F). Taken together, these results suggested that 3’ ends of pre-miRNAs are
monitored by the exosome, which exploits the distinct preferences of its two catalytic
subunits to distinguish productive from faulty pre-miRNAs.

A positive feedback loop formed by the exosome and TUT7/4 in degradation
of Ago-bound pre-miRNAs—As DIS3 favors pre-miRNAs with > 2-nt 3/ overhangs, we
postulated that pre-miRNAs, which predominantly harbor 2-nt 3’ overhangs, would first
need tailing by TUT7/4 to become better substrates for DIS3. Indeed, we found that decay of
pre-miR-106b by DIS3 was stimulated in vitro by addition of wild-type TUT7 or TUT4, but
not catalytically-inactive mutants, indicating that tailing was required for stimulating decay
of pre-miRNAs by DIS3 (Figures 7A, B).

To test whether the exosome may stimulate uridylation of pre-miRNAs by TUT7/4, we
conducted uridylation assay in the presence or absence of DIS3 or RRP6. Surprisingly, we
found that the uridylyltransferase activity of TUT7 or TUT4 towards pre-miRNAs,
regardless of their 3’ overhang length, was specifically stimulated in vitro by addition of
immunoprecipitates from wild-type DIS3, but not RRP6 or catalytically inactive DIS3
(Figures 7C-E and S7A, B), suggesting that DIS3 cooperates with TUT7/4 to polish the 3
end of suboptimal substrates for more efficient digestion. Uridylation of pre-miRNAs was
not observed with addition of only DIS3 (Figure 7D), indicating that enhanced uridylation of
pre-miRNAs by TUT7/4 in the presence of DIS3 was not due to a contaminating
uridylyltransferase in our DIS3 protein preparation. In support of this hypothesis, the tail
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length of Ago-bound pre-miR-106b reads is shorter in DIS3- or RRP40-depleted cells than
that in control knockdown cells (Figure 5D and Table S4), indicating that DIS3 is required
for efficient uridylation of Ago-bound pre-miRNAs in vivo. This cross-stimulation of
activities between the exosome and TUT7/4 prompted us to test whether TUT7/4 may
associate with the exosome. Indeed, we found that both TUT7 and TUT4 co-1Ped with DIS3
and RRP6 (Figures 7F and S7C, D). Taken together, these results suggest that a subset of
Agos is in complex with TUT7/4 and the exosome, which form a positive feedback loop in
degradation of Ago-bound pre-miRNAs.

Discussion

Multiple protein factors and mechanisms operate to ensure loading of mammalian Ago
proteins with authentic miRNAs (Buhler et al., 2008; Wilson and Doudna, 2013). The
structure, stem length, loop size, 5" phosphate, and 3’ overhang length of pre-miRNAs are
sensed by Dicer, while Ago quality controls incoming miRNAs or pre-miRNAs through
preferentially accepting those with 5’-uridines/adenosines and 5’ phosphates (Liu et al.,
2012; Wilson and Doudna, 2013). Our study has revealed a novel quality control mechanism
in mammalian miRNA synthesis and identified a pre-miRNA surveillance network formed
by TUT7, TUT4 and the exosome, which functions not only in polishing the 3’ end of pre-
miRNAs, but also in pre-miRNA turnover and discriminating authentic from faulty pre-
miRNAs (Figure 7G).

By adapting a novel strategy for isolating pre-miRNAs and constructing HITS libraries of
full-length pre-miRNAs, we report the first genome-wide profile of pre-miRNAs bound to
Ago. We find that in somatic cells a large fraction of Ago-bound pre-miRNAs contain
extensively uridylated tails. We find that uridylation of pre-miRNAs by TUT7/4 has dual
roles: Mono-uridylation that polishes the 3’ end of pre-miRNAs for a 2-nt 3’ overhang
facilitates Dicer processing, as previously reported for group Il let-7 miRNAs (Heo et al.,
2012), and stabilizes pre-miRNAs against degradation by the exosome. On the other hand,
mono-uridylation that deviates the 3’ overhang away from the optimal length (2 nt) or oligo-
uridylation not only fine tunes select miRNA maturation by destabilizing their precursors,
but also facilitates exonucleolytic digestion of pre-miRNAs bound to Ago, which prevents
clogging of Ago with defective pre-miRNAs. This function of TUT7/4 is reminiscent of the
role for the yeast noncononical poly(A) polymerase Cid14, which limits access of small
RNAs derived from rRNAs or tRNAs to Ago (Buhler et al., 2008). Together, these suggest
that uridylation may play distinct roles for different pre-miRNAs. We speculate that
sequence and structural features of pre-miRNAs and/or protein cofactors that bind to
specific pre-miRNAs likely influence the extent and effects of uridylation, and should prove
an interesting subject for future studies.

We identify the exosome as a key player in quality control of pre-miRNAs in mammals. We
find that DIS3 and RRP6, two of its catalytic subunits, display distinct preferences towards
pre-miRNAs: RRP6 prefers pre-miRNAs with < 2-nt 3’ overhangs while DIS3 favors pre-
miRNAs with > 2-nt 3’ overhangs. Pre-miRNAs typically possess 2-nt 3’ overhangs that are
recognized by the PAZ domain of Dicer (Heo et al., 2012; Park et al., 2011). Our finding
suggests one more explanation for the need of a 2-nt 3’ overhang for pre-miRNAs: pre-
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miRNAs with 2-nt 3’ overhangs are least vulnerable to degradation by RRP6 and DIS3.
Therefore, it is possible that the stability of a pre-miRNA may be regulated by Drosha
through its 3’ cleavage site selection. In that mode, the exosome may act as a sentinel for
quality control of pre-miRNAs through sensing the 3’ end of pre-miRNAs and eliminating
defective species, such as those with blunt or 5" overhangs and other spurious RNAs with
hairpin structures, while preserving productive Dicer substrates. Although depletion of
DIS3L did not affect pre-miRNA levels in MEFs it is possible that DIS3L has a role in pre-
miRNA surveillance or turnover under different conditions or in other cell types.

We find that in mammals, the exonuclease activity of DIS3 towards pre-miRNAs is
stimulated by TUT7 or TUT4. Thus, in analogy to the nuclear TRAMP complex, TUT7/4
and DIS3 cooperate in the cytoplasm, where TUT7/4 resides, to stimulate degradation of
RNA targets. However, as DIS3 and RRP6 are localized to both the nucleus and the
cytoplasm in mammals, the exosome may also degrade pre-miRNAs in the nucleus, possibly
assisted by other factors. We find that the uridyltransferase activity of TUT7 or TUT4
towards pre-miRNAs is promoted by their interaction with DIS3 or a DIS3-associated
exosome component, indicating cross-stimulation of activities between TUT7/4 and the
exosome. The positive feedback loop formed by the exosome and TUT7/4 may synergize
the action of the processive exonuclease DIS3 with that of the distributive
uridylyltransferase TUT7/4 for efficient digestion of structured pre-miRNAS, particularly
when they are bound by Agos. Alternatively, this positive feedback loop may be designed to
prevent the buildup of suboptimal pre-miRNAs with trimmed 3’ ends, which may compete
with productive species for binding to Dicer or Ago.

In summary, our study has uncovered a pre-miRNA surveillance system composed of
TUTY7, TUT4 and the exosome. Our findings set the stage for future mechanistic studies to
address how the activity of TUTSs is stimulated by the exosome and vice versa; whether there
are additional quality control and turnover mechanisms for specific pre-miRNAS or
mMiRNAs.

Experimental Procedures

Cell lines

Dicer*/M: Dicerf: HA-Dicer, Dicerf/f: HA-Dicer(D2A), Dicerfl; Myc-Ago2, Dicerfl/fl;
Myc-Ago2(D669A) cell lines were cultured as previously described (Liu et al., 2012).

RNA Immunoprecipitation

RNA immunoprecipitation was performed as in (Liu et al., 2012); Dynabeads Protein A
(Life Technologies) and rabbit-anti-mouse 1gG, Fc fragment-specific (Jackson
Immunoresearch Labs) were used for immunoprecipitation of Agos with 2A8 antibody.

Construction of HITS Libraries Enriched for Full-Length Pre-miRNAs

The small RNA cloning protocol is adapted from (Ingolia et al., 2009) with a few
modifications and is detailed in Supplemental Experimental Procedures.
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Purification of Proteins, Uridylation and Decay assays

FLAG-tagged proteins were immunoaffinity purified from transfected 293T cells using anti-
FLAG M2 beads (Sigma), followed by peptide elution, dialysis and concentration. They
were used in uridylation and decay assays. Details are in Supplemental Experimental
Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Genome-wide profiling of Ago-bound, full-length precursor miRNAs; see also Figure

S1

A. Autoradiography of 5’-end radiolabeled RNAs isolated from Ago immunoprecipitates
(1Ps) from Dicer-null MEFs reconstituted with wild-type (WT) or catalytically inactive

(D2A) Dicer transgenes.

B. Schematic of preparing pre-miRNA HITS libraries. Striped segments are complementary

to solid segments with the same color.

C. Genomic annotation of mapped reads. Complex: mouse complex/cluster regions. RMSK-
RNA: RepeatMasker annotated RNA-repeats, such as rRNAs, tRNAs, snRNAs, etc. RMSK-
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TE: transposable elements, including DNA transposons, LINEs, and SINEs. RMSK-TR:
tandem repeats, including micro satellite, simple and low-complexity repeats.

D. Nucleotide composition for the first 6 positions of defined pre-miRNAs in the D2A
library.

E. 3’ overhang length distribution of defined pre-miRNAs in the D2A library. Positive and
negative values indicate 3’ and 5’ overhangs respectively. The same rule applies to all other
figures.

F. Coincidence between annotated 5’ ends of 5p or 3’ ends of 3p miRNAs in miRBase and
the defined 5’-or 3’-ends of pre-miRNAs sequenced from the D2A library. Positive and
negative values indicate that the defined ends of pre-miRNAs are within and beyond the
annotated ends of mMiRNAS in miRBase respectively.
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Figure 2. Widespread and extensive post-transcriptional modifications in Ago-bound pre-

miRNAs; see also Figure S2

A. Box plot of uridylation ratio (fraction of tailed reads) for each pre-miRNA or miRNA in

each library.

B. Nucleotide composition for every position of Ago-bound pre-miR-31 reads in WT pre-
miRNA library. Red lightning bolt denotes Ago2-mediated cleavage site. Red dotted lines
delineate the computationally defined 5" and 3’ ends. Top panel: fully-mapped reads. Lower
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panel: tailed reads. Genome-matching nucleotides in tailed reads are not colored for clarity.
Same depictions apply to all figures.

C. Ago2-cleaved pre-miRNAs identified by 3’ cliffs in both WT and D2A pre-miRNA
libraries.

D, E. Nucleotide composition of RNA modifications surrounding the defined 3’ ends of 3p
miRNAs (D) or pre-miRNAs (E) in WT libraries.

F. Average tail length of reads with the indicated prefix (last genome-matching) positions in
pre-miRNA libraries. Error bars represent 95% confidence intervals (CIs).
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Figure 3. Uridylation of pre-miRNAs by TUT7 and TUT4 fine tunes select miRNA biogenesis;
see also Figure S3
A. mRNA levels of TUT4 and TUT7 in indicated knockdown cells, measured by

quantitative real-time (QRT)-PCR. The standard error of the mean is from four experiments.
siCtrl, non-targeting siRNA.

B, C. miRNA (B) and pre-miRNA (C) levels in indicated knockdown cells. The level of
pre-miR-35 and pre-miR-185 are too low to be detected by NB. SEM is from at least three
experiments. Statistical significance was calculated by one-tail t test. NS, non-significant; *,
p<0.05; **, p<0.01; ***, p<0.001. Same depiction applies to all figures.
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D. miR-34 or miR-21 target levels in indicated knockdown cells, measured by gRT-PCR.
SEM is from three experiments. Statistical significance was calculated by t test.

E. Uridylation ratios of a subset of pre-miRNAs, as inferred from that of their 3p miRNAs,
are dramatically diminished upon depletion of TUT4 and TUT7. Red dots indicate 3p
strands of pre-miRNAs whose expression is verified by gRT-PCR or NB. Blue dots denote
3p strands of pre-let-7 family members.

F. Box Plots for uridylation ratio differences of 3p strands between control and TUT4&7-
depleted cells for differentially expressed (> 2 fold) miRNAs. Only guide strands (more
abundant species within miRNA duplexes) were used for comparison of expression levels of
miRNAs. Statistical significance was calculated by Welch's t-test.
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Figure 4. Uridylation of Ago-bound pre-miRNAs by TUT7 and TUT4 facilitates their
degradation; see also Figure S4
A. Nucleotide composition for every position of Ago-bound pre-miR-106b reads in WT pre-

miRNA library. Red arrows indicate 3’ cleavage sites identified from in-vitro Drosha
processed pri-miR-106b products. Size of arrows reflects the clone frequency such that
large, medium, and small arrows represent 10/23, 7/23, and 5/23 respectively. Red dotted
lines delineate the computationally defined 5" and 3’ ends. Blue dotted lines define the
manually corrected 3’ end.
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B. Reverse cumulative plot of 3’ overhang lengths of pre-miR-106b reads (fully-mapped and
tailed), sequenced from Ago IPs from indicated knockdown cells. The native 3’ overhang
length of pre-miR-106b is 3 nts. Reads whose ends fall within the two dotted lines are
optimal Dicer substrates as defined by in-vitro Dicer processing assay in Figure S4B.
Statistical significance was calculated by Anderson-Darling (A-D) test.

C. Reverse cumulative plot of prefix positions of pre-miR-106b reads relative to its native 3’
end (position -1), sequenced from Ago IPs from indicated knockdown cells. Statistical
significance was calculated by A-D test.

D. Average fraction of fully mapped or tailed reads for Ago-bound pre-miRNASs with prefix
positions upstream of the defined 3’ end of pre-miRNAs. Error bars represent 95% Cls.

E. Association of TUT4 and TUT7 with Ago2. Western blots of lysates and FLAG IPs from
293T cells co-expressing FLAG-Ago2 with Myc-TUT4, Myc-TUT7 or Myc-hnRNPAL.
HNRNP C, which was shown to associate with Ago2 in an RNA-dependent manner, served
as a positive control for RNase A digestion. Tubulin: loading control.
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Figure 5. Quality control and turnover of pre-miRNAs by the exosome; see also Figure S5
A - C. Pre-miRNA (A) or miRNA (C) levels in indicated knockdown cells. SEM is from

three independent experiments. Statistical significance was calculated by unpaired two-tail t
test. Representative NB of total RNAs from indicated knockdown cells (B). Red lines denote
defective (truncated) pre-miR-93. Numbers indicate fold changes of pre-miRNAs and
miRNAs relative to the control knockdown. tRNA-Glu: loading control.
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D. Reverse cumulative plot of 3’ overhang lengths of pre-miR-106b reads (fully-mapped and
tailed), sequenced from Ago IPs from indicated knockdown cells. Statistical significance
was calculated by A-D test.

E. Reverse cumulative plot of prefix positions of pre-miR-106b reads relative to its native 3’
end (position -1), sequenced from Ago IPs from indicated knockdown cells. Statistical
significance was calculated by A-D test.

F. Association of RRP6 and DIS3 with Ago2. Western blots of lysates and FLAG IPs from
293T cells co-expressing Myc-Ago2 with FLAG-RRP6 or DIS3-FLAG. Tubulin: loading
control.
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Figure 6. Distinct preferences of DIS3 and RRP6 towards pre-miRNAs; see also Figure S6

A, B. Decay assay using RRP6 and 5’ radiolabeled pre-miR-106b with progressively
shortened (A) or uridylated (B) 3’ overhangs. 3’ O/H, 3’ overhang. The native 3’ overhang is
marked in red. Same depiction applies to all figures. Prolonged exposure was used for
comparison of the end products in panel B.
C, D. Decay assay of pre-miR-106b with progressively shortened (C) or uridylated (D) 3’

overhangs using DIS3.
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E. Decay assay of Ago2-cleaved pre-miR-31 (ac-pre-miR-31) with or without an oligo(U)
tail using DIS3.

F. Decay assay of pre-miR-106b with 3’ overhangs of different lengths using a mixture of
DIS3 and RRP6 (D3+R6).
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Figure 7. A positive feedback loop constituted by TUT7, TUT4 and the exosome in uridylation
and degradation of pre-miRNAs; see also Figure S7

A, B. Decay assay of pre-miR-106b using mixtures of DIS3 with wild-type (WT) or
catalytically inactive (Wasmuth and Lima) TUT7 (A) and TUT4 (B).

C. Uridylation assay using TUT7 and DIS3 with pre-miR-106b harboring 3’ overhangs of
different lengths.

D. Uridylation assay using TUT7 and DIS3 with pre-miR-16.
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E. Uridylation assay using TUT4 and DIS3 with pre-miR-106b with a 2-nt 5" overhang (5
O/H).

F. Interaction of TUT4 and TUT7 with DIS3. Western blots of lysates and FLAG IPs from
293T cells co-expressing DIS3-Myc with FLAG-TUT4 or FLAG-TUT?7.

G. Model for a pre-miRNA surveillance network in quality control of mammalian miRNA
synthesis
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