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Herpesvirus saimiri (HVS) is an oncogenic γ-herpesvirus that produces microRNAs (miRNAs) by cotranscription of
precursor miRNA (pre-miRNA) hairpins immediately downstream from viral small nuclear RNAs (snRNA). The
host cell Integrator complex, which recognizes the snRNA 3′ end processing signal (3′ box), generates the 5′ ends of
HVS pre-miRNAhairpins. Here, we identify a novel 3′ box-like sequence (miRNA3′ box) downstream fromHVS pre-
miRNAs that is essential for miRNA biogenesis. In vivo knockdown and rescue experiments confirmed that the 3′

end processing of HVS pre-miRNAs also depends on Integrator activity. Interaction between Integrator and HVS
primary miRNA (pri-miRNA) substrates that contain only the miRNA 3′ box was confirmed by coimmunopreci-
pitation and an in situ proximity ligation assay (PLA) that we developed to localize specific transient RNA–protein
interactions inside cells. Surprisingly, in contrast to snRNA 3′ end processing, HVS pre-miRNA 3′ end processing by
Integrator can be uncoupled from transcription, enabling new approaches to study Integrator enzymology.
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Integrator is a metazoan-specific multisubunit, multi-
functional protein complex composed of 14 subunits
named Int1–Int14 (Integrator subunits) (Baillat et al.
2005; Chen et al. 2012). Despite the large number of sub-
units, characteristic structural domains are largely absent,
and there are no obvious paralogs of Integrator subunits
across animal genomes, except for Int9 and Int11 (Baillat
and Wagner 2015). Int9 and Int11 are paralogous to
CPSF100 (cleavage and polyadenylation specificity factor
100-kD subunit) and CPSF73, respectively, factors essen-
tial for 3′ end cleavage of RNA polymerase II (Pol II) tran-
scribed messenger RNAs (mRNAs) (Baillat et al. 2005;
Dominski et al. 2005; Mandel et al. 2006). Therefore, ini-
tially, the Integrator complex was implicated in the 3′ end
processing of small nuclear RNAs (snRNA), another class
of abundant Pol II transcribed RNAs (Baillat et al. 2005).
Recent studies of Integrator have extended its functions
into a broader spectrum of Pol II transcription events,
including transcription initiation, promoter-proximal
pausing, and termination of protein-coding transcripts
(Gardini et al. 2014; Stadelmayer et al. 2014; Skaar et al.

2015). In addition, Integrator is involved in microRNA
(miRNA) biogenesis in Herpesvirus saimiri (HVS), a
γ-herpesvirus that causes fatal T-cell leukemias and
lymphomas in new world primates (Fickenscher and
Fleckenstein 2001; Cazalla et al. 2011).

miRNAs are short (∼22-nucleotide [nt]) RNAmolecules
that control gene expression at the post-transcriptional
level. Since miRNAs regulate the majority of protein-cod-
ing genes inmetazoan cells and contribute importantly to
many essential biological processes, significant efforts
have been devoted to delineating their biogenesis path-
ways (Ha and Kim 2014). In the canonical miRNA biogen-
esis pathway, hairpin structures in Pol II transcribed
primary miRNAs (pri-miRNAs) are cleaved sequentially
by the nuclear Microprocessor complex (Drosha/
DGCR8) followed by cytoplasmic Dicer to produce ma-
ture miRNA duplexes (Hutvagner et al. 2001; Lee et al.
2003; Denli et al. 2004; Gregory et al. 2004). Nuclear–cy-
toplasmic transport of the precursor miRNA (pre-
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miRNA) intermediates is carried out by Exportin-5 (Yi
et al. 2003; Lund et al. 2004).
Many alternative routes of miRNA biogenesis exist

in animals and their viruses (Xie and Steitz 2014). In
animals, there are miRNA biogenesis pathways that
bypass either Drosha or Dicer cleavage. For example,
some cellular pre-miRNAs are produced via splicing (mir-
trons) or Pol II transcription initiation/termination (m7G-
capped pre-miRNA and other endogenous shRNAs),
thereby bypassing the Drosha cleavage step (Okamura
et al. 2007; Ruby et al. 2007; Babiarz et al. 2008; Xie
et al. 2013). Dicer cleavage is replaced by AGO-2 cleavage
in vertebrate miR-451 biogenesis (Cheloufi et al. 2010;
Cifuentes et al. 2010). In animal viruses, several miRNA
biogenesis pathways skip the Drosha cleavage step by
using Pol III to produce pre-miRNAs directly or tRNA-
pre-miRNA chimeric transcripts that are further pro-
cessed by RNaseZ (Bogerd et al. 2010; Kincaid et al.
2012). HVS-infected monkey T cells express seven viral
snRNAs called HSUR1–HSUR7 (Herpesvirus saimiri
U RNAs); three HVS pre-miRNAs are cotranscribed
immediately downstream from HSUR2, HSUR4, or
HSUR5, giving rise to mature miRNAs named miR-
HSUR2, miR-HSUR4, and miR-HSUR5, respectively
(Cazalla et al. 2011). The Integrator complex was previ-
ously shown to cleave the chimeric pri-snRNA/miRNA
transcript, thus generating the 5′ ends of the three HVS
pre-miRNAs as well as the 3′ ends of all HSURs (Cazalla
et al. 2011).
The 3′ end processing of snRNAs has been studied ex-

tensively beginning two decades before the discovery
of Integrator. Two sequence elements are essential for
snRNA 3′ end processing: (1) a snRNA-type promoter
and (2) a 3′ end processing signal called the 3′ box, with
the consensus 5′-GTTTN0–3AAARNNAGA-3′ sequence
found 9–19 nt downstream from theU1,U2, or U3 snRNA
3′ ends (Hernandez 1985; Yuo et al. 1985; Hernandez and
Weiner 1986). Although the required sequence elements
seemed to be clear, it has been surprisingly difficult to
directly assay snRNA 3′ end processing in vitro (Uguen
and Murphy 2003). snRNA 3′ end processing appears to
occur cotranscriptionally, since substituting the snRNA-
type promoter with an mRNA-type promoter severely re-
duces the efficiency of 3′ end formation (Hernandez and
Weiner 1986; Hernandez and Lucito 1988). Accordingly,
in HVS miRNA biogenesis, the snRNA promoter and 3′

box proved to be essential for both HSUR 3′ end pro-
cessing and pre-miRNA 5′ end formation (Cazalla et al.
2011). However, the precise mechanism of HVS pre-
miRNA 5′ end formation was unclear: The Integrator
complex presumably cleaves upstream of the HSUR 3′

box, generating pre-miRNAs preceded by a 5′ leader that
is further trimmed by Integrator itself or another exonu-
clease (Fig. 1A; Cazalla et al. 2011). Likewise, the 3′ end
formation mechanism for the three HVS pre-miRNAs re-
mained elusive.
Here, we identify aHVSmiRNA-specific 3′ end process-

ing signal, which we call the miRNA 3′ box (miR 3′ box).
Mutational analyses reveal that the essential elements of
this sequence are the central adenosine residues. ThemiR

3′ box therefore resembles the adenosine-rich snRNA 3′

box, which is required for 3′ end processing of the HSURs.
Using a construct expressing a m7G-capped HVS pre-
miRNA, which circumvents Integrator-dependent 5′ end
processing, we performed in vivo knockdown and rescue
experiments to demonstrate a requirement for Integrator
activity in pre-miRNA 3′ end processing. We confirmed
a direct interaction between Integrator and HVS pri-
miRNA substrates that contain only the miR 3′ box by
coimmunoprecipitation and a novel in situ PLA (proxim-
ity ligation assay) that detects transient RNA–protein in-
teractions inside cells. Most strikingly, unlike promoter-
dependent snRNA 3′ end processing by Integrator, HVS
pre-miRNAs can be generated from an mRNA-type pro-
moter and successfully 3′ end-processed. We conclude
that HVS has uniquely evolved sequences that hijack
the host Integrator processing machinery to generate
both the 5′ and 3′ ends of its viral pre-miRNAs.

Results

Identification of the miR 3′ box essential
for HVS miRNA biogenesis

Multiple sequence alignment of pre-miR-HSUR2, pre-
miR-HSUR4, and pre-miR-HSUR5 and downstream
sequences from different strains of HVS revealed a con-
served A-rich tract (5′-TNAAAANT-3′) (Fig. 1A; Supple-
mental Fig. S1A), indicating an important signal for 3′

end formation. We named it the miRNA 3′ box (miR 3′

box) to mirror the nomenclature of the snRNA 3′ box. Al-
though we focused here on miR-HSUR4 because it is the
most highly expressed viral miRNA in HVS-infected mar-
moset T cells, the presence of the miR 3′ box downstream
frommiR-HSUR2 andmiR-HSUR5 suggests that they use
the same signal and mechanism for 3′ end formation. In
this study, we refer to the processing intermediate con-
taining a HVS pre-miRNA hairpin and its downstream se-
quences as HVS pri-miRNA (Fig. 1B).
We first asked whether the 20-nt genomic sequence

downstream from pre-miR-HSUR4 (nucleotides 193–
212; nucleotide 1 is the first nucleotide of HSUR4), which
contains the miR 3′ box, is necessary for miR-HSUR4 bio-
genesis. We transfected a plasmid containing the HVS
strain A11 genomic sequence encoding HSUR4 and its
downstream miR-HSUR4, driven by the cellular U1
snRNA promoter (referred to as pHSUR4 hereafter), into
human embryonic kidney (HEK) 293T cells (Cazalla
et al. 2011). HEK293T cells were used for ease of transfec-
tion and because they faithfully express HVS miRNAs
upon transfection of HVS miRNA genes (Cazalla et al.
2011). Northern blots showed that transfection of miR 3′

box-containing plasmids generates pre-miR-HSUR4 and
maturemiR-HSUR4 RNAs that can be detected by probes
complementary to miR-HSUR4-5p or miR-HSUR4-3p
(mature miRNAs derived from the 5′ or 3′ arm of the
pre-miR-HSUR4 hairpin) (Supplemental Fig. S1B, lanes
2,3). No specific RNA band longer than pre-miR-HSUR4
is detected, suggesting the absence of pri-miRNAs of a de-
fined length. In contrast, the plasmid containing no HVS
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genomic sequence downstream from pre-miR-HSUR4
generates significantly less miR-HSUR4-5p and miR-
HSUR4-3p (Supplemental Fig. S1B, lane 4). Together,
these data argue that the 20-nt genomic sequence down-
stream from pre-miR-HSUR4, which contains the miR
3′ box, is necessary for miR-HSUR4 biogenesis.

The importance of the miR 3′ box sequence was probed
by mutation to a complementary sequence (mut miR 3′

box) or deletion (Δ miR 3′ box) in pHSUR4 and transfec-
tion of the mutant plasmids into 293T cells (Fig. 1B). As
anticipated, both mutants yielded significantly reduced
levels (∼30%) of pre-miR-HSUR4 and mature miR-
HSUR4-5p (Fig. 1B, lanes 2,3). By cotransfecting a GFP
reporter containing two sites complementary to miR-
HSUR4-5p in its 3′ untranslated region (UTR) (Fig. 1C),
we confirmed that miR-HSUR4-5p levels are reduced, as
reflected by the elevated GFP signal (Fig. 1D). Together,
these results establish that transfection of pHSUR4 into

293T cells produces functional miRNAs that repress pro-
tein expression and that the miR 3′ box is a pre-miRNA 3′

end formation signal.
To further characterize the miR 3′ box, we tested seri-

ally deleted sequences for their ability to generate HVS
miRNAs (Fig. 2A). The results argue that the central aden-
osine residues (nucleotides 200–204) are essential, since
miR-HSUR4-5p levels drop significantly only when the
adenosines are deleted (Fig. 2B [lanes 5–8,13–16], C). Indi-
vidual point mutations within the miR 3′ box confirmed
that the two central adenosines (A202 and A203) are
most critical to miR-HSUR4 biogenesis (Fig. 2D, lanes
5,6; Supplemental Fig. S1C). Whereas A202U and
A203U in the double mutant (AA-UU) are not additive
(Fig. 2D, cf. lanes 10,11 and lane 12), point mutation of
A202 or A203 causes a reduction in miR-HSUR4-5p com-
parable with deletion of the whole miR 3′ box (Fig. 2D, cf.
lanes 10,11 and lane 15). Note that none of the tested

Figure 1. Identification of the miR 3′ box
that is essential for HVSmiRNAbiogenesis.
(A) Schematic of the HSUR pre-miRNA chi-
meric transcript.Graybars representmature
miRNA-5p andmiRNA-3p. The black trian-
gle indicates cleavage by the Integrator com-
plex (gray oval). The dashed-line triangle
indicates the site of 3′ end formation investi-
gated in this study. The multiple sequence
alignmentofHVSgenomicsequencesshows
conserved nucleotides in black, while the 3′

box and miR 3′ box (identified in this study)
are outlined by gray boxes; consensus se-
quences are shown below the alignment.
The consensus sequence of the snRNA 3′

box is derived fromHSUR1–7 as well as hu-
man snRNAs, including U1, U2, U4, U5,
U7, U11, and U12. (B) pre-miR-HSUR4
from HVS strain A11 is boxed by a dashed
line, with mature miR-HSUR4-5p and miR-
HSUR4-3p shaded gray. The right panel
shows a Northern blot probed for miR-
HSUR4-5p (above) and HSUR4 (below). To-
tal RNAwas isolated from 293T cells trans-
fected with pHSUR4 containing either the
wild-type or mutated miR 3′ box, as shown
in the schematic. Quantifications [mean ±
standarddeviation(SD)]showtherelativeav-
erage of pre-miR-HSUR4 and mature miR-
HSUR4-5p levels derived from three inde-
pendent experiments. The asterisk labels a
nonspecific band. (C ) AGFP reporter detect-
edmutations affectingHVSmiRNAbiogen-
esis. When essential sequence elements are
mutated,GFPexpression is elevatedbecause
of the absence of miR-HSUR4-5p (gray),
which targets sites in the GFP mRNA 3′

untranslated region. (D) 293T cells were
cotransfected with the pGFP-miR-HSUR4-
5p reporter and the miR-HSUR4 expression
vectors shown in B. GFP fluorescence and
bright-field images of the cells after 48 h are
shown.
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mutations completely eliminates pre-miR-HSUR4 3′ end
formation, reminiscent of the partial inhibition of snRNA
3′ end formation observed after mutating the snRNA 3′

box (Ach and Weiner 1987). We conclude that HVS
evolved a unique adenosine-rich miR 3′ box that is essen-
tial for viral miRNA biogenesis.

The 3′ end of HVS pre-miRNA is not produced
by exonuclease trimming

To elucidate the molecular mechanism of HVS pre-
miRNA 3′ end formation, we first asked whether the
HVS pre-miRNA 3′ end is created by the exosome com-
plex, a major 3′-to-5′ exonuclease involved in RNA turn-
over in eukaryotic cells (Houseley et al. 2006). It was
previously reported that the exosome trims 3′-tailed
mirtrons (Flynt et al. 2010). We used siRNA to knock
down Dis3 (also known as Rrp44), a core component of
both the nuclear and cytoplasmic exosome complexes
(Tomecki and Dziembowski 2010), followed by transfec-
tion of pHSUR4. Reduced miR-HSUR4-5p levels were
not observed even though the Dis3 protein was success-

fully depleted (Supplemental Fig. S2A), arguing that the
exosome complex does not participate in HVS pre-
miRNA 3′ end formation.
To test the possibility that the HVS pre-miRNA might

be generated by another 3′-to-5′ trimming activity, we in-
serted into pHSUR4 18 consecutive guanosine residues
downstream from pre-miR-HSUR4 at two different loca-
tions 20 nt apart (G18 at nucleotide 200 or 220) (Supple-
mental Fig. S2B). Poly-G tracts were previously used to
block exonuclease trimming, while poly-A tracts served
as negative controls (Anderson and Parker 1998). When
the mutant plasmids were transfected into 293T cells, in-
sertion of either G18 or A18 at nucleotide 220 did not neg-
atively impact miR-HSUR4-5p levels (Supplemental Fig.
S2C, cf. lanes 5,6 and lane 1). In contrast, at nucleotide
200, G18 insertion severely reduced pre-miRNA and ma-
ture miRNA production, whereas insertion of A18 had
no effect (Supplemental Fig. S2C, lanes 3,4). Because in-
sertion of G18 farther downstream (nucleotide 220) did
not block miR-HSUR4-5p biogenesis and because the
miR 3′ box was disrupted by addition of G18 but not A18

at nucleotide 200, we conclude that the production of

Figure 2. The central adenosine residues of themiR 3′

box are essential. (A) Serial deletions in the 20-nt HVS
genomic sequence downstream from pre-miR-HSUR4
are illustrated, with the nucleotide numbers counting
from the HSUR4 transcription start site. (B) The
Northern blot analyzes expression of miR-HSUR4-5p
and HSUR4 in total RNAs extracted from 293T cells
transfected with the constructs illustrated in A. (C )
Relative miR-HSUR4 levels in B are graphed. Error
bars represent SD from three experiments. (D) North-
ern blot of total RNA extracted from 293T cells trans-
fectedwith pHSUR4wild-type or the indicatedmutant
constructs, probed for miR-HSUR4-5p and HSUR4.
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the pre-miR-HSUR4 3′ end is likely to be exonuclease-
independent.

Integrator catalytic activity is critical
for HVS pre-miRNA 3′ end processing

Since themiR 3′ box resembles the adenosine-rich snRNA
3′ box, we asked whether it is recognized by the Integrator
complex. We designed a m7G-capped pre-miR-HSUR4 ex-
pression construct (pmiR-HSUR4) in which the 5′ end of
pre-miR-HSUR4 corresponds to the Pol II transcription
initiation site instead of an Integrator processing site,
allowing specific examination of the role of Integrator
in pre-miRNA 3′ end formation (Fig. 3A). The encoded
RNA undergoes 3′ end formation to generate the pre-
miR-HSUR4 intermediate and mature miR-HSUR4-3p
but does not produce stable miR-HSUR4-5p due to the
presence of the m7G-cap (Supplemental Fig. S3, lane 3;
Xie et al. 2013). As for pHSUR4, Northern blot analysis
did not detect defined pri-miR-HSUR4 transcripts in
total RNA extracted from pmiR-HSUR4 transfected cells
(Supplemental Fig. S3, cf. lanes 2 and 3). When the abun-
dance of the catalytic subunit of Integrator (Int11) was re-
duced by ∼70% using siRNA, 293T cells transfected
with pmiR-HSUR4 generated significantly reduced levels
of both pre-miR-HSUR4 and mature miR-HSUR4-3p
(Fig. 3B, lane 2). Coexpression of a wild-type but not a

catalytically inactive (E203Q) Int11 rescued miRNA bio-
genesis (Fig. 3B, lanes 3,4). The E203Q mutation was pre-
viously shown not to affect Integrator complex assembly
but to cause snRNA misprocessing (Baillat et al. 2005).
Knockdown and rescue of Int11 showed similar effects
on HSUR4 expression (encoded on a separate plasmid
that does not generatemiR-HSUR4) but not on Pol III tran-
scribed EBER1 (Epstein-Barr virus-encoded RNA 1) (Fig.
3B). These data indicate that Integrator activity is essen-
tial for pre-miR-HSUR4 3′ end formation.

Other than processing the 3′ end of snRNAs, Integrator
is also implicated in Pol II pause release and transcription
elongation (Gardini et al. 2014; Yamamoto et al. 2014). To
distinguish whether the reduced miRNA levels in the ab-
sence of Int11 are due to a processing or a transcriptional
defect, we carried out RNase protection assays (RPAs)
by annealing 32P-body-labeled RNAprobes complementa-
ry to pri-miR-HSUR4 with total RNA from transfected
293T cells and digesting with single-strand-specific
RNases (Fig. 3C). Because RPA does not require the tran-
scripts to have a uniform 3′ end, it is superior to Northern
blot analysis for detecting pri-miR-HSUR4, which appar-
ently contains a heterogeneous 3′ end (Supplemental
Fig. S3). Knocking down Int11 led to reduced levels of
both pre-miR-HSUR4 and mature miR-HSUR4-3p as
well as increased amounts of pri-miR-HSUR4 (Fig. 3D,
cf. lanes 5 and 6). These data argue that Int11 acts directly

Figure 3. Integrator activity is required for
HVS pre-miRNA 3′ end processing. (A)
Schematic of pri-miR-HSUR4 transcribed
from the pmiR-HSUR4 construct. The
gray bar represents miR-HSUR4-3p. The
dashed-line triangle indicates potential
cleavage by the Integrator complex (gray
oval). (B) Northern blot analyzing the levels
of miR-HSUR4-3p, HSUR4, and EBER1
RNAs in 293T cells treated with a control
siRNA (−) or a siRNA against Int11 (+) fol-
lowed by cotransfection of plasmids ex-
pressing siRNA-resistant (∗) Int11 wild-
type or E203Q and the three RNAs.Western
blots show knockdown of endogenous
Int11 and the expression of siRNA-resistant
Int11, with GAPDH as a loading control.
Quantifications (mean ± SD) show the rela-
tive average of pre-miR-HSUR4-3p and ma-
ture miR-HSUR4-3p levels derived from
three independent experiments. (C ) The
cartoon depicts the pri-miR-HSUR4 tran-
script, with miR-HSUR4-3p shaded gray,
and the riboprobe used shown as a gray
line. The lengths of each protected fragment
are indicated. (D) The RNase protection
assay detects pri-miR-HSUR4, pre-miR-
HSUR4, and mature miR-HSUR4-3p simul-
taneously. Free probe is in lane 1. RNase

reactions were carried out in the presence of 5 µg of yeast total RNA with no target RNA (lane 2), 50 pg of in vitro transcribed pre-
miR-HSUR4 or pri-miR-HSUR4 marker RNAs (lanes 3,4), or 5 μg of total RNA isolated from 293T cells pretreated with a nonspecific
siRNA (siCtrl) or siInt11 followed by transfection of pmiR-HSUR4. Protected fragments are identified at the right. The ratio of pri-miRNA
to the sum of pre-miR-HSUR4 and mature miR-HSUR4-3p is given for siCtrl and siInt11 reactions.
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in 3′ end processing rather than by elevating the transcrip-
tion level of pre-miR-HSUR4.

Integrator interacts with primary HVS miRNA
substrate in vivo

Although our results indicate that Integrator activity is
essential for HVS pre-miRNA 3′ end processing, the
effect may be indirect. To test whether the catalytic
subunit of Integrator complex associates with and
processes HVS pri-miRNAs, we first performed RNA im-

munoprecipitation experiments. We knocked down en-
dogenous Int11 by siRNA treatment of 293T cells and
then transiently expressed both a Flag-tagged Int11,which
carries an active site mutation (E203Q), and m7G-capped
pre-miR-HSUR4 followed by a wild-type or mut miR 3′

box (see Fig. 1B). The Int11 E203Q mutant assembles
into a complete Integrator complex that may be retained
longer on substrates (Baillat et al. 2005). After treating
the cells with formaldehyde, we immunoprecipitated
the Integrator complex from cell lysates using anti-Flag
antibodies, eluted the cross-linked protein complexes

Figure 4. Coimmunoprecipitation and
PLA evidence for association of the Integra-
tor complex with the HVS pri-miRNA sub-
strate. (A) 293T cells were treated with
siInt11 and sequentially transfected with
plasmids expressing siRNA-resistant Flag-
Int11-E203Q and pri-miR-HSUR4 contain-
ing a wild-type or mutant miR 3′ box. Cell
lysates were subjected to anti-Flag or con-
trol IgG selection. Precipitated proteins
and bound RNAs were eluted with 3xFlag
peptides. RT-qPCR quantified the relative
enrichment (anti-Flag/IgG) of cellular pre-
GAPDH, cellular pre-U1, and pri-miR-
HSUR4 from cells transfected with pmiR-
HSUR4 (shown in Fig. 3A) containing a
wild-type (black) or mutated (white) miR
3′ box. Fold enrichment relative to pre-
GAPDH enriched from wild-type pri-miR-
HSUR4-expressing cells was calculated.
Error bars represent SD from three experi-
ments. (B) Northern blot analysis of miR-
HSUR4-3p and endogenous U6 from 293T
cells transfected with pmiR-HSUR4 con-
taining a wild-type or mutated miR 3′ box.
(C ) Schematic of the in situ RNA–protein
PLA procedure (see the Results and theMa-
terials and Methods). (RCA) Rolling circle
amplification. (D) 293T cells were trans-
fected with empty vector or pmiR-HSUR4
for 48 h and assayed by PLA using DNA
probes that were sense or antisense to the
loop continuing into the 3p arm of the pre-
miR-HSUR4 hairpin and anti-Int9 or anti-
Drosha antibodies. Nuclei were stained
with DAPI. Bar, 20 µm.
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with 3xFlag peptides, reversed the cross-links, and per-
formed RT-qPCR to detect associated RNAs (Supplemen-
tal Fig. S4A). Both Integrator-cleaved pre-U1 snRNA
(endogenous) and pri-miR-HSUR4 were enriched in the
precipitate compared with CPSF-cleaved GAPDH pre-
mRNA (endogenous) (Fig. 4A). Furthermore, mutation of
the miR 3′ box decreased the coimmunoprecipitation of
Integrator and pri-miR-HSUR4 (Fig. 4A) as well as the
yield of pre-miR-HSUR4 and mature miR-HSUR4-3p
(Fig. 4B). These results argue that the miR 3′ box recruits
Integrator to enable HVS miRNA biogenesis.

An in situ PLA visualizes the Integrator–HVS
pri-miRNA interaction in vivo

To visualize the interaction between the Integrator com-
plex and HVS pri-miRNA in cells, we developed an in
situ PLA as a highly sensitive method to detect specific
RNA–protein interactions in vivo. We adapted the clas-
sical PLA procedure, which is widely used to detect
protein–protein interactions (Supplemental Fig. S4B;
Soderberg et al. 2006). There, if two proteins are in close
proximity (<40 nm), two primary antibodies and cor-
responding secondary antibodies conjugated to DNA
oligonucleotides can bring together another pair of oligo-
nucleotides that are circularized byDNA ligase. The ligat-
ed circle then serves as a template for rolling circle

amplification (RCA) using one of the antibody-conjugated
oligonucleotides as primer. This amplified DNA is subse-
quently readily detected by fluorescently labeled comple-
mentary oligonucleotides, indicating a protein–protein
interaction.

For RNA–protein PLA, we replaced one pair of pri-
mary and secondary antibodies by a DNA oligonucleo-
tide that both anneals to the RNA of interest and
serves as the primer for RCA (Fig. 4C). Specifically,
we transfected 293T cells with a plasmid expressing
m7G-capped pre-miR-HSUR4 and performed PLA using
a primary antibody against Int9, which heterodimerizes
with Int11, and an oligonucleotide that anneals to
the pre-miR-HSUR4 loop region and the 3p arm. Green
fluorescent signals were detected as dots in the cell nu-
clei only when pri-miR-HSUR4 was present and when
the detection oligonucleotide was antisense to pri-miR-
HSUR4 (Fig. 4D). Moreover, even though an anti-Drosha
antibody detected abundant Drosha in the cell nuclei
(Supplemental Fig. S4C), no strong positive RNA–protein
PLA signals were observed, since miR-HSUR4 biogenesis
is Drosha-independent (Fig. 4D; Cazalla et al. 2011).
These data suggest that in situ PLA successfully cap-
tures the Integrator–pri-miR-HSUR4 interaction in cells.
This new method could potentially be used to detect and
localize other in vivo RNA–protein interactions with
high sensitivity.

Figure 5. The miR 3′ box functions in proximity to a
pre-miRNA stem–loop. Northern blots probed for
miR-HSUR4-5p and HSUR4 analyzed total RNAs ex-
tracted from 293T cells transfected with an empty
vector, pHSUR4 (wild type), pHSUR4 (3′ box→miR
3′ box) (A), or pHSUR4 carrying one of the linker dele-
tion/insertionmutants depicted below (B). In pHSUR4
(3′ box→miR 3′ box), the HSUR4 3′ box (underlined)
and its flanking sequences (5′-CTTAGTAAGTT-
TAAAAACAGAAAAAA-3′) were substituted by the
miR 3′ box (underlined) and its flanking sequences
(5′-TCATCTCTCAAAAATTCA-3′). In vitro tran-
scribed markers are a 192-nt HSUR4 + pre-miR-
HSUR4 chimeric transcript and a 59-nt pre-miR-
HSUR4. Relative miR-HSUR4 expression levels
(mean ± SD) were derived from two experiments.
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Integrator-dependent HVS pre-miRNA 3′ end processing
is distinct from snRNA 3′ end processing

Because both the snRNA 3′ box and the miR 3′ box direct
Integrator to sites of 3′ end processing, we asked whether
these signals are interchangeable.When the snRNA3′ box
is substituted by the miR 3′ box in pHSUR4, HSUR4
snRNA 3′ end processing is reduced, as levels of both
HSUR4 and miR-HSUR4-5p decrease (Fig. 5A, cf. lanes 2
and 3). In contrast, 3′ end processing of pre-miR-HSUR4
is not affected, since a species the same size as themarker,
which contains both HSUR4 and pre-miR-HSUR4, accu-
mulates (Fig. 5A, cf. lanes 1 and 3). We reasoned that per-
haps the miR 3′ box cannot replace the snRNA 3′ box
because the miR 3′ box needs to be precisely positioned
downstream from a pre-miRNA hairpin in order to be
functional. Indeed, insertion of 6 or 12 nt between the
miR 3′ box and pre-miR-HSUR4 severely reduces miR-
HSUR4-5p production (Fig. 5B). These data suggest that
although both 3′ end processing events that generate
HSUR4 and pre-miR-HSUR4 are Integrator-dependent,
they are distinct and functionally separable.

HVS pre-miRNA 3′ end processing is uncoupled
from transcription

snRNA 3′ end processing requires a snRNA-type promot-
er and is believed to be coupled to transcription (Hernan-

dez and Weiner 1986; Hernandez and Lucito 1988). We
askedwhether the requirement for a snRNA-type promot-
er likewise applies to pre-miR-HSUR4 3′ end processing.
We compared pre-miR-HSUR4 generated froma construct
containing its native HSUR4 (snRNA-type) promoter
with a cytomegalovirus (CMV) immediate–early gene
(mRNA-type) promoter in 293T cells (constructs c and
d in Fig. 6A). Surprisingly, similar amounts of miR-
HSUR4-3pwere produced (Fig. 6B, lanes 3,4). Importantly,
CMV promoter-driven pre-miR-HSUR4 3′ end processing
was nonetheless Integrator-dependent (Supplemental Fig.
S5A). In contrast, in cells transfected with constructs a
and b (Fig. 6A), CMV promoter-driven HSUR4 snRNA
and its downstream miR-HSUR4-3p were produced at
much lower levels than from the nativeHSUR4 promoter,
as observed previously (Fig. 6B, lanes 1,2; Cazalla et al.
2011).
These results suggest that pre-miR-HSUR4 3′ end pro-

cessing by Integrator is uncoupled from transcription.
To confirm this conclusion, we in vitro synthesized pri-
miR-HSUR4 RNA substrates that contain a 5′ m7G-cap
and a 33-nt tail with a phosphorothioate backbone and
2′-O-methyl modifications near the 3′ end to counteract
potential nonspecific exonuclease trimming (Supple-
mental Fig. S5B). After gel purification and transfection
into 293T cells, the pri-miR-HSUR4 RNA with the wild-
type miR 3′ box was successfully processed into mature
miR-HSUR4-3p (Fig. 6C), demonstrating that processing

Figure 6. HVS pre-miRNA 3′ end processing is un-
coupled from transcription. (A) Schematic of four dif-
ferent constructs that encode the HSUR4–pre-miR-
HSUR4 chimeric transcript (constructs a and b) or
pre-miR-HSUR4 alone (constructs c and d) driven by
the native HSUR4 or CMV immediate–early gene
promoter. Gray bars represent mature miR-HSUR4-
5p and miR-HSUR4-3p. (B) 293T cells were cotrans-
fected with one of the four different constructs de-
picted in A together with a plasmid expressing
EBER1. Total RNAs were extracted and analyzed by
Northern blot, probing for HSUR4, miR-HSUR4-3p,
and EBER1. Relative levels of miR-HSUR4-3p are
given. (C ) Northern blot analyzing levels of miR-
HSUR4-3p in total RNA extracted from 293T cells
transfected with pHSUR4 or in vitro synthesized
pri-miR-HSUR4 RNA with either a wild-type or mu-
tated miR 3′ box. The arrowhead points to a degrada-
tion intermediate comigrating with pre-miR-HSUR4
(see Supplemental Fig. S5C). Relative levels of miR-
HSUR4-3p are quantitated. The sequences of the in
vitro synthesized pri-miR-HSUR4 RNAs are given
in Supplemental Figure S5B. (D) Northern blot probed
for miR-HSUR4-3p, HSUR4, and EBER1 to analyze
total RNAs extracted from 293T cells or 293T cells
stably expressing siRNA-resistant (∗) Int11 (wild
type or E203Q). The arrowhead points to a degra-
dation intermediate comigrating with pre-miR-
HSUR4, as in C. Relative levels of miR-HSUR4-3p
are quantitated. Cells were sequentially transfected

with siInt11 and in vitro synthesized pri-miR-HSUR4 RNA together with a HSUR4-expressing plasmid that does not generate down-
stream miR-HSUR4 and an EBER1-expressing plasmid.
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can occur uncoupled from transcription. Similar to pri-
miR-HSUR4 transcribed from plasmids (Figs. 1B, 3A),
efficient processing of the transfected pri-miR-HSUR4
RNA depended on the presence of an intact miR 3′ box
(Fig. 6C) and an active Integrator complex (Fig. 6D). There-
fore, in contrast to snRNA 3′ end processing, HVS pre-
miRNA 3′ end processing does not strictly require a
snRNA-type promoter and can occur independently of
transcription.

Discussion

An unusual Integrator cleavage in HVS miRNA
biogenesis

Weuncovered a novel mode of Integrator cleavage that oc-
curs at the 3′ ends of HVS pre-miRNAs. The three HVS
pre-miRNAs were previously discovered to be cotran-
scribed downstream from HSUR2, HSUR4, and HSUR5
and released from their upstream snRNAs by 5′ end cleav-
age requiring the Integrator complex (Cazalla et al. 2011);
the resulting mature HVS miRNAs are involved in regu-
lating cell cycle progression in HVS-infected cells (YE
Guo, TOei, and JA Steitz, in prep.). Fusing two noncoding
RNAs into a chimeric primary transcript may be a strat-
egy used by the virus because of its limited genome size.
It also seems reasonable for the virus to hijack the host
Integrator complex, which is recruited to all snRNA
gene promoters (Egloff et al. 2007), to execute a second
cleavage of the same substrate, thereby producing both
the 5′ and 3′ ends of the HVS pre-miRNAs. Notably, Inte-
grator-generated pre-miR-HUSR4 has noncanonical 5′

and 3′ overhangs compared with Microprocessor-generat-
ed pre-miRNAs, which contain 2-nt 3′ overhangs (Fig. 1B;
Cazalla et al. 2011). Nonetheless, in vitro synthesized pre-
miR-HSUR4 is efficiently cleaved by recombinant human
Dicer (Cazalla et al. 2011), consistent with Dicer’s versa-
tile “counting rules” involving recognition of the 5′ end,
the 3′ end, or the loop of the pre-miRNA (Park et al.
2011; Gu et al. 2012).

Similar to the 3′ box-directed processing of the HSUR
snRNAs, pre-miRNA 3′ end processing is also directed
by a conserved sequence element, the miR 3′ box (Figs.
1, 2). Whereas 5′ end formation of HVS pre-miRNAs was
previously shown to be Integrator-dependent (Cazalla
et al. 2011), use of a m7G-capped pre-miRNA expression
construct allowed us to unequivocally assign HVS pre-
miRNA 3′ end processing to the catalytic activity of the
Integrator complex as well (Fig. 3). Furthermore, we pro-
vide evidence that Integrator directly cleaves HVS pri-
miRNA substrates, since in vivo interactions are detected
by both coimmunoprecipitation and a novel RNA–protein
PLAmethodology (Fig. 4). Although both HSUR and HVS
pre-miRNA 3′ end processing are Integrator-dependent,
we were surprised to find that the latter is independent
of snRNA-type promoter-directed transcription and can
occur completely uncoupled from transcription (Fig. 6).

One difference between snRNA and HVS pre-miRNA
3′ end processing is apparent from comparing the snRNA

3′ box andmiR 3′ box sequences. Although both are rich in
adenosine, the miR 3′ box is shorter, missing the consen-
sus GT and AGR signatures located at the 5′ and 3′ ends of
the snRNA 3′ box, respectively (Fig. 1A). Perhaps the lon-
ger 3′ box evolved for snRNA processing because it is the
only RNA sequence element required for Integrator cleav-
age. Although the 3′-terminal stem–loop of the Droso-
phila U7 snRNA is important for 3′ end processing with
a GFP reporter attached (Ezzeddine et al. 2011), others re-
ported that such a stem–loop is not always essential for In-
tegrator-dependent cleavage of snRNAs (Hernandez 1985;
Yuo et al. 1985). We likewise conclude that the HSUR4
terminal stem–loop is not essential for snRNA 3′ end pro-
cessing, since removing the entire HSUR4 sequence does
not affect miR-HSUR4 production, which requires 5′

cleavage by Integrator (Cazalla et al. 2011). On the other
hand, the miR 3′ box functions in proximity to a pre-
miRNA stem–loop. Positioning the miR 3′ box either
downstream from the shorter HSUR4 terminal stem–

loop (Fig. 5A) or >18 nt downstream from the pre-miRNA
hairpin eliminated its ability to direct efficient Integrator
cleavage (Fig. 5B). Probably there is not a defined pre-
miRNA sequence required for the 3′ end processing, as
the three HVS pre-miRNAs have diverse sequences (Sup-
plemental Fig. S1A).We also swapped the 5p and 3p of pre-
miR-HSUR4 and observed efficient production of miR-
NAs from that construct (Cazalla et al. 2011). Because
our in vivo system uses the pre-miRNA and mature
miRNA as indirect readouts of processing efficiency, we
were unable to definitively measure the impact of the
length of the stem–loop on 3′ end cleavage efficiency
(data not shown). Likewise, althoughwe propose that Inte-
grator cleavage directly generates the HVS pre-miRNA 3′

ends, our in vivo processing system is inadequate to ad-
dress the exact sites of cleavage. Future work will focus
on devising an in vitro system to answer such questions.

An in vitro Integrator cleavage system for snRNA sub-
strates has been difficult to develop, since the processing
appears to be coupled to transcription (Uguen andMurphy
2003). By using a HVS pri-miRNA substrate whose
cleavage is uncoupled from transcription, a direct in vitro
assay for Integrator may be achievable. Such a system
will undoubtedly provide new opportunities to dissect
the roles of the various Integrator subunits. The composi-
tion of the Integrator complexes that process the 3′ ends of
the HSUR snRNAs and the 3′ ends of HVS pre-miRNAs is
likely to be the same. Indeed, we show that Int9 and Int11,
believed to comprise the catalytic core of the snRNA-
processing Integrator, both associate with the pri-miR-
HSUR4 substrate (Fig. 4). It remains to be determined
whether the RNA-binding subunit within the Integrator
complex is the same for both snRNA and pre-miRNA pro-
cessing and how two differentmodes of substrate specific-
ity are conferred.

Noncanonical Integrator substrates on cellular RNAs?

Because viruses commonly acquire mechanisms from
their hosts, it is possible that unusual HVS pri-miRNA-
like substrates exist in uninfected cells (Tycowski et al.

Xie et al.

1560 GENES & DEVELOPMENT



2015). Moreover, because miR 3′ box processing occurs
independently of snRNA promoter-driven transcription,
such substrates would not be limited to snRNA precur-
sors. Since the discovery of Integrator as the long-sought
factor in snRNA processing (Baillat et al. 2005), new roles
have been assigned to the Integrator complex: regulating
RNA Pol II transcription promoter-proximal pausing as
well as termination (Baillat andWagner 2015). Chromatin
association analyses have shown that Integrator subunits
bind to not only snRNA genes but also numerous pro-
tein-coding genes (Gardini et al. 2014; Stadelmayer et al.
2014; Skaar et al. 2015). Intriguingly, when Stadelmayer
et al. (2014) analyzed Integrator-responsive mRNA genes,
40% were found to contain 3′ box-like sequences close
to the transcription termination site (<1.5 kb). Moreover,
the presence of a 3′ box was linked to a Pol II processivity
defect over termination sites in Int11-depleted cells
(Stadelmayer et al. 2014). It would be interesting to ex-
amine whether there are stem–loop structures upstream
of these 3′ box sequences. In the same study, Integrator
was found to regulate transcription elongation at the
HIV TAR element (Stadelmayer et al. 2014), which forms
a pre-miRNA-like stem–loop structure (Ouellet et al.
2008). Integrator activity has also been implicated in the
pausing of Pol II at the TAR element (Stadelmayer et al.
2014). Perhaps structure and sequence motifs like HVS
pri-miRNAs exist in these cellular and viral RNAs and
direct Integrator cleavage, which in turn regulates RNA
Pol II pausing and termination.

The PLA for detecting transient RNA–protein
interactions

PLA was initially designed to reveal in situ protein–pro-
tein interactions at single-molecule resolution and has
been widely used on fixed cells and intact tissues (Fre-
driksson et al. 2002; Soderberg et al. 2006; Bellucci et al.
2014; Lipovsky et al. 2015). Recent studies have described
PLA-based methods to examine specific RNA–protein in-
teractions (Jung et al. 2013; Weibrecht et al. 2013); howev-
er, the procedure either requires converting RNA to
cDNA or uses complicated peptide-modified multiplex
RNA-imaging probes.
Here, we successfully developed a simpler and powerful

PLA assay to detect RNA–protein interactions in situ.
Even if contact is transient, robust signals are generated
when the RNA and protein are within close proximity
(30–40 nm); here, the RNA targeting probe contains an
∼40-nt linker that is estimated to span ∼13 nm, while
each antibody is∼10 nm across. Comparedwith tradition-
al methods for detecting RNA–protein association by
combining fluorescence in situ hybridization and immu-
nofluorescence, this new PLA protocol requires much
closer proximity to capture an interaction, eliminates
nonspecific colocalization, and provides data for statisti-
cal analyses.
Using this new PLAmethod, we captured specific inter-

actions between Integrator and HVS pri-miRNA. The spe-
cificity is highlighted by the expected absence of PLA
signals for Drosha and pri-miR-HSUR4 even though

both are present in the nucleus (Fig. 4D; Supplemental
Fig. S4C). Interestingly, although Int9 staining is distribu-
ted throughout the nucleus (Supplemental Fig. S4C), the
PLA signals for Int9 and pri-miR-HSUR4 appeared as
punctate dots (Fig. 4D), perhaps indicating the location
of the RNA–protein complex at discrete nuclear sites. Al-
ternatively, the punctate pattern may reflect abundantly
amplified fluorescent oligonucleotide detection sites on
successfully ligated probes or could be an artifact of over-
expression of pri-miR-HSUR4 at specific intranuclear lo-
cations. Our success with PLA to confirm the transient
interaction between Integrator and one of its substrates
in cells adds to its record as a useful tool to study viral en-
try mechanisms of human papillomavirus (Lipovsky et al.
2015). It is likely that this method can be adapted to a
broad range of applications to investigate the spatial and
temporal RNA–protein interactions that occur not only
between cellular molecules but also during host–patho-
gen interactions.

Materials and methods

Plasmids

For expression of HSUR4 together with downstreammiR-HSUR4
from the U1 promoter in 293T cells, pU1-HSUR4 was used
(Cazalla et al. 2011). To express pre-miR-HSUR4 as am7G-capped
pre-miRNA, pU1-miR-HSUR4was used (Xie et al. 2013). For sim-
plicity, these two plasmids are referred to here as pHSUR4 and
pmiR-HSUR4. Various mutations of the miR 3′ box, as indicated
in the figures, were introduced into pHSUR4 and pmiR-HSUR4
by site-directed quick-change mutagenesis. p7.4-miR-HSUR4-
3pmt was used to express HSUR4 without generating the down-
stream miRNA (Cazalla et al. 2011). To generate pCMV-miR-
HSUR4 for the synthesis of m7G-capped pre-miR-HSUR4 from
a CMV promoter, the 3′ box and flanking sequences were re-
moved from pCMV-HSUR4ΔsnRNA (Cazalla et al. 2011). For
transient expression of siInt11-resistant Flag-Int11 (wild type or
E203Q mutant), a Flag tag and the Int11-coding sequence were
first cloned into pcDNA3 vector via the NotI and EcoRI sites.
The siInt11 targeted sequence in Int11 cDNA was mutated
from 5′-AGCACATCAAGGCCTTCG-3′ to 5′-AACATATT
AAAGCTTTTG-3′, and the E203 codon was mutated from
GAG to CAG to generate the pNFlag-Int11 siRNA-resistant and
pNFlag-Int11 E203Q siRNA-resistant constructs, respectively.
To generate 293T cells stably expressing siRNA-resistant
Flag-Int11 or Flag-Int11 E203Q, the EF-1α (human elongation
factor-1α) short promoter (EFS), 2xFlag tag, siRNA-resistant
Int11-coding sequences, and BGH polyA site were cloned into
the pTYF lentiviral vector between SalI and MluI sites. The plas-
mid pEBV RIJ expressed EBER1 (Rosa et al. 1981).

Multiple sequence alignment

One-hundred-eighty nucleotides downstream from HSUR2,
HSUR4, and HSUR5 from the reported genomic sequences of
HVS strains A11, B SHMI, and C139 were aligned with the BioE-
dit program using the ClustalW algorithm (Albrecht et al. 1992;
Fickenscher et al. 1997; Hor et al. 2001).

Cell culture, plasmid, and RNA transfection

HEK293T and HeLa cells were maintained in DMEM containing
heat-inactivated FBS, penicillin/streptomycin, and L-glutamine.
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For 293T cells stably expressing Flag-Int11, themedium also con-
tained 2 µg/mL puromycin. Plasmid transfections were carried
out in six-well plates using Lipofectamine 2000 (Invitrogen) or
TransIT-293 (Mirus Bio) according to the manufacturers’ instruc-
tions. After 48 h, total RNA was harvested using Trizol reagent
(Invitrogen) and analyzed by Northern blot of RNAs, as indi-
cated in the figures. Relative miR-HSUR4 expression levels
were quantitated using the average of pre-miR-HSUR4 and
mature miR-HSUR4 signals normalized to transfection and load-
ing control (HSUR4 or EBER1). For Int11 knockdown and
rescue experiments, 30 nM nonspecific control siRNA (siCtrl,
5′-AAGCGAUACCUCGUGUGUGA-3′) or siRNA against
Int11 (siInt11, 5′-UCGAAGGCCUUGAUGUGCU-3′) was trans-
fected into 5 × 105 293T cells in six-well plates using Lipofect-
amine RNAiMAX according to the manufacturer’s instructions.
Twenty-four hours later, 2 µg of pNFlag-Int11 siRNA-resistant
wild-type or E203Q was transfected using TransIT-293. After an-
other 24 h, cells were transfected with siRNAs for the second
time. Finally, 24 h after the second siRNA transfection, plasmids
expressing miR-HSUR4 (1.5 μg), HSUR4 (0.4 μg), and EBER1
(0.1 μg) were cotransfected usingTransIT293. Total RNAwas har-
vested and analyzed48h later. For pri-miR-HSUR4RNAtransfec-
tion, 50 ng of in vitro synthesized RNA was transfected into 2 ×
105 cells in 12-well plates using Lipofectamine RNAiMAX. Total
RNAwas harvested and analyzed after 24 h. For Int11 rescue ex-
periments, 293T cells stably expressing siRNA-resistant Flag-
Int11 wild type or E203Q were first transfected by siInt11 for
48 h followed by transfection of pri-miR-HSUR4 RNA for
24 h. Relative expression levels of miR-HSUR4-3p were normal-
ized to transfected pri-miR-HSUR4 RNA (Fig. 6C) or EBER1 (Fig.
6D).Dis3knockdownwas performed as described (Xie et al. 2013).

RPA

RPAs were performed as described (Cazalla et al. 2011). Specifi-
cally, total RNA was extracted from 293T cells transfected with
siCtrl or siInt11 followed by transfection of pmiR-HSUR4 and
treated with DNase RQ1 (Promega) following the manufacturer’s
instructions. The in vitro T7 synthesized 32P-body-labeled RPA
probe annealed to nucleotides 135–236 of the HSUR4-miRNA
chimeric transcript.

RNA immunoprecipitation and qRT–PCR

Total RNA was extracted from 293T cells prepared as described
for the Int11 knockdown and rescue experiment, except that
only Int11 E203Q was transfected. Cross-linking was performed
in PBS with 1% formaldehyde for 10 min at room temperature;
the reaction was quenched by addition of 250 µM glycine. After
two washes with PBS, the cell pellet was resuspended in 1.2 mL
of RIPA buffer (10 mM Tris-HCl at pH 7.5, 150 mM NaCl, 2.5
mM MgCl2, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxy-
cholate, 1 mM DTT, 1× protease inhibitor [Calbiochem]), and
cell extract was prepared by sonication. Five-hundred microliters
of each lysate was loaded onto 20 μL of either anti-Flag or IgG
antibody-coated beads and incubated for 2 h at 4°Cwith gentle ag-
itation. The beads were then washed 12 times with high-salt
wash buffer (50 mM Tris-HCl at pH 7.5, 500 mM NaCl, 1%
NP40, 0.1% SDS, 1 mM EDTA, 0.5% sodium deoxycholate).
Bound Integrator was eluted into 100 μL of PBS with 100 μg/mL
3xFlag peptides. The eluted material was then digested with
2 mg/mL proteinase K in a 300-µL reaction containing 50 mM
Tris-HCl (pH 7.4), 5 mM EDTA, 300 mM NaCl, and 1.5% SDS
for 1 h at 50°C. Cross-links were reversed by incubation for
45 min at 70°C.

For RT-qPCR, the RNA sample was first treated with RQ1
DNase (Promega), and cDNA was synthesized with SSIII RT
and random primers (Invitrogen). Next, using a StepOnePlus in-
strument (Applied Biosystems), the cDNA was analyzed by RT-
qPCR in technical triplicates using FastStart Universal SYBR
Green Master (Rox) master mix (Roche) and primers for
pre-GAPDH and pre-U1 (McCloskey et al. 2012) and for pri-
miR-HSUR4 (forward, 5′-CCGTGTTGCTACAGCTATAAACT
TC-3′; reverse, 5′-ATTACATCCTCTTCCTGTGTAATGTTTG
AG-3′). The enrichment value for the RNA selected by anti-
Flag antibodies was normalized to the control selection by IgG.
Final enrichment values were normalized to the pre-GAPDH en-
richment from the pmiR-HSUR4 transfected cell lysate. The ex-
periment was performed three times.

PLA, immunofluorescence analysis, and antibodies

293T cells (5 × 105) were first transfected in a six-well plate with
2 µg of pmiR-HSUR4 for 24 h; 1 × 105 transfected cells were
then seeded on poly-L-lysine-coated 12-mm coverslips in a 24-
well plate for another 24 h. The cells were washed once with
cold PBS and fixed in 4% formaldehyde in PBS for 30 min
on ice. Permeabilization was performed with 1% saponin in
PBS for 1 h at room temperature and washed three times with
PBS. For PLA analyses, cells were blocked with 250 µL of 10
mMTris-acetate (pH 7.5), 10mMmagnesium acetate, 50mMpo-
tassium acetate, 250 mM NaCl, 0.25 µg/µL BSA, 0.05% Tween
20, and 20 µg/mL sheared salmon sperm DNA (sssDNA) for
1 h at 4°C. Next, 100 nM DNA oligonucleotide (sense, 5′-AC
TTCAAACATGCAGTTTATAGCAGTGGGCAACACGTCTC
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAT
ATGACAGAACTAGACACTCTT-3′; or antisense, 5′-GAGACG
TGTTGCCCACTGCTATAAACTGCATGTTTGAAGTAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATATGAC
AGAACTAGACACTCTT-3′) was added in fresh blocking buffer,
heated for 3 min at 70°C, applied to the cells, and incubated for
another hour at 37°C. Subsequently, the cells were washed
once with 2× SSC and 0.1% Tween-20 and three times with
PBS and blocked in PBST containing 1% BSA and 20 µg/mL
sssDNA for 1 h at room temperature. The buffer was replaced
by 1:1000 diluted primary antibody against Int9 (Abcam,
ab70586) or Drosha (Cell Signaling, D28B1) in PBST blocking
buffer. Subsequently, PLAwas performed according to the manu-
facturer’s instructions (Olink Bioscience), except that only an
anti-rabbit minus probe was used. Quantification of the PLA sig-
nal was performed as previously described (Popa et al. 2015). For
immunofluorescence, HeLa cells were preparedwithout transfec-
tion, and the secondary antibody used was 1:1000 diluted Alexa
fluor 594 goat anti-rabbit (Invitrogen). Antibodies against Int11
(Abcam, ab75276), GAPDH (Cell Signaling, 14C10), and tubulin
(Sigma) were used in Western blots.

In vitro synthesis of RNAs

RNA substrates and probes were transcribed in vitro by T7 RNA
polymerase. Briefly, 100∼200 ng of PCR-generated DNA tem-
plate containing a T7 promoter sequence were incubated in a
10-μL reaction containing 40 mM Tris-HCl (pH 8.0); 25 mM
NaCl; 8 mM MgCl2; 2 mM Spermidine-(HCl)3; 10 mM DTT;
1 mM ATP, CTP, GTP, and UTP; 20 U of RNase inhibitor
(Roche); and 5 U of T7 RNA polymerase. To synthesize 32P-la-
beled RNAs, 1 mM UTP was substituted with 100 μm UTP and
50 µM α-32P UTP (800 Ci/mmol; Perkin-Elmer). Reactions were
incubated overnight (or 1 h for 32P-labeling) at 37°C. The reaction
products were separated by polyacrylamide gel electrophoresis,
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excised from the gel, eluted, ethanol-precipitated, and resuspend-
ed in double-distilled H2O before use.
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