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ABSTRACT

Although RNA polymerase II (Pol II) productively transcribes very long genes in vivo, transcription through extragenic sequences
often terminates in the promoter-proximal region and the nascent RNA is degraded. Mechanisms that induce early termination
and RNA degradation are not well understood in multicellular organisms. Here, we present evidence that the suppressor of
sable [su(s)] regulatory pathway of Drosophila melanogaster plays a role in this process. We previously showed that Su(s)
promotes exosome-mediated degradation of transcripts from endogenous repeated elements at an Hsp70 locus (Hsp70-αβ
elements). In this report, we identify Wdr82 as a component of this process and show that it works with Su(s) to inhibit Pol II
elongation through Hsp70-αβ elements. Furthermore, we show that the unstable transcripts produced during this process are
polyadenylated at heterogeneous sites that lack canonical polyadenylation signals. We define two distinct regions that mediate
this regulation. These results indicate that the Su(s) pathway promotes RNA degradation and transcription termination through
a novel mechanism.

Keywords: Su(s); Wdr82; Dis3; transcription termination; noncanonical polyadenylation; nuclear exosome

INTRODUCTION

The production of functional mRNA in the nucleus of a eu-
karyotic cell is a complex, intricately coordinated process. In
response to specific cues, Pol II, assisted by transcription fac-
tors and chromatin modification/remodeling components,
binds to the promoter regions of genes and initiates tran-
scription. During initiation and elongation, heptad repeats
in the carboxy-terminal domain (CTD) of the largest Pol II
subunit are dynamically phosphorylated, and this facilitates
the association of other regulatory components with the
elongation complex (Buratowski 2009; Egloff et al. 2012;
Hsin and Manley 2012). Some of these factors regulate the
movement of Pol II along the DNA template, whereas others
process (i.e., cap, splice and polyadenylate) the pre-mRNA
cotranscriptionally. Correctly processed mRNAs are assem-
bled into complexes with specific proteins to form export-
competent mRNPs (Mitchell and Parker 2014). However, if
any step in RNA processing or mRNP formation is disrupted
or occurs at a slower-than-normal rate, the resulting RNAs
are eliminated by RNA quality control systems (Houseley

and Tollervey 2009; Schmid and Jensen 2013; Eberle and
Visa 2014). During this process, unprotected RNA ends,
such as those generated by endonucleolytic cleavage, provide
entry points for the exonucleases Rat1/Xrn2 and the nuclear
exosome, which degrade aberrant RNAs in the 5′ → 3′ and
3′ → 5′ direction, respectively.
The termination of productive Pol II transcription is cou-

pled to 3′-end RNA processing (Richard and Manley 2009;
Millevoi and Vagner 2010), which involves cleavage and pol-
yadenylation (CPA) for almost all mRNAs. In metazoans,
CPA usually depends on the highly conserved consensus ele-
ment AAUAAA (pA signal), located ∼10–30 nt upstream of
the cleavage site (pA site). In addition, U/GU-rich elements,
located a short distance downstream from the pA site, and
other auxiliary regulatory elements modulate the efficiency
of polyadenylation (Millevoi and Vagner 2010; Tian and
Graber 2012). During 3′ end processing, the CPA machinery
cleaves the nascent RNA and adds a long poly(A) tail (∼200
nt in mammals) to the 3′ end of the upstream fragment,

Corresponding author: lsearles@email.unc.edu
Article published online ahead of print. Article and publication date are at

http://www.rnajournal.org/cgi/doi/10.1261/rna.048819.114.

© 2015 Brewer-Jensen et al. This article is distributed exclusively by the
RNA Society for the first 12 months after the full-issue publication date (see
http://rnajournal.cshlp.org/site/misc/terms.xhtml). After 12 months, it is
available under a Creative Commons License (Attribution-NonCommercial
4.0 International), as described at http://creativecommons.org/licenses/
by-nc/4.0/.

RNA 22:139–154; Published by Cold Spring Harbor Laboratory Press for the RNA Society 139

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Carolina Digital Repository

https://core.ac.uk/display/304666574?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:lsearles@email.unc.edu
mailto:lsearles@email.unc.edu
mailto:lsearles@email.unc.edu
http://www.rnajournal.org/cgi/doi/10.1261/rna.048819.114
http://www.rnajournal.org/cgi/doi/10.1261/rna.048819.114
http://www.rnajournal.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.rnajournal.org/site/misc/terms.xhtml


which becomes the mature mRNA. The downstream frag-
ment, still attached to the elongation complex, is degraded
by Rat1/Xrn2. Degradation of the 3′ cleavage product and
conformational changes that occur after the elongation com-
plex transcribes through the pA signal are thought to induce
termination at variable distances (as many as several hundred
nucleotides) downstream from the pA site (Kim et al. 2004;
West et al. 2004, 2008; Luo et al. 2006).

Recent studies indicate that Pol II transcription is not re-
stricted to genomic regions that encode genes (Jacquier
2009; Jensen et al. 2013). However, transcription through
extragenic regions is usually nonproductive, i.e., Pol II ter-
minates a short distance downstream from the initiation
site, and the nascent RNA is rapidly degraded by RNA qual-
ity control components. The best studied examples of this
are the cryptic unstable transcripts (CUTs) in yeast. CUTs
often arise from nucleosome-depleted regions near the
5′ ends of genes and are usually the result of divergent, an-
tisense transcription initiating from bidirectional promoters
(Jacquier 2009; Neil et al. 2009; Xu et al. 2009). CUTs are
terminated by a distinct, poly(A)-independent pathway
that depends on Nrd1 and Nab3, two RNA-binding pro-
teins that are not highly conserved in multicellular organ-
isms, and the RNA helicase Sen1 (Kim et al. 2006; Carroll
et al. 2007; Vasiljeva et al. 2008; Mischo and Proudfoot
2013). The Nrd1–Nab3–Sen1 complex associates with Pol
II during early elongation (Vasiljeva et al. 2008), binds to
short sequence motifs that are enriched in CUTs (Schulz
et al. 2013) and induces termination and degradation of
these RNAs by the nuclear exosome. The yeast Nrd1 pathway
is also used to terminate transcription of short, structured
RNAs, e.g., small nuclear RNAs (snRNAs) and small nucle-
olar RNAs (snoRNAs), whose 3′ ends are trimmed by the
nuclear exosome.

The mechanisms that suppress extragenic transcription of
metazoan genomes are not as well understood, but transcrip-
tion–termination-coupled RNA degradation is also part of
this process. For example, short, polyadenylated, and unsta-
ble RNAs known as PROMPTs (promoter upstream tran-
scripts) arise from divergent transcription at bidirectional
promoters (Preker et al. 2008, 2011; Jensen et al. 2013;
Ntini et al. 2013). Transcription in the upstream antisense
direction is thought to be nonproductive because cryptic
pA signals induce termination, and the resulting RNAs are
degraded by the nuclear exosome. These RNAs may be un-
stable because of suboptimal conditions for CPA at these
sites; i.e., the rate of 3′-end processing is unusually slow.
Whereas transcription through antisense or other sequences
with cryptic termination signals leads to early termination
and RNA degradation, elongation in the sense direction of
protein-coding genes is usually productive. Recent studies
indicate that U1snRNP binding to 5′ splice sites somehow
protects cryptic intronic pA signals from being recognized
and inducing termination (Kaida et al. 2010; Almada et al.
2013).

Su(s) ofDrosophila melanogaster is a nuclear RNA-binding
protein (Voelker et al. 1991; Murray et al. 1997) that inhibits
the accumulation of certain aberrant mRNAs. The best char-
acterized targets of this regulation are mutant alleles of pro-
tein-coding genes that have transposable elements (TEs)
inserted a short distance downstream from the transcription
start site (Fridell et al. 1990; Geyer et al. 1991; Kim et al.
1996). In each instance, the TE is inserted in an antisense ori-
entation relative to the affected gene. Thus, when transcrip-
tion initiates at the promoter of the gene, early elongating
Pol II encounters sequences that may interfere with elonga-
tion, RNA processing or mRNP complex assembly, and
Su(s) down-regulates these RNAs. Su(s) also inhibits the ac-
cumulation of TE-containing RNAs that originate from the
Hsp70 locus at cytological region 87C (Kuan et al. 2009).
This region contains a large cluster of tandemly repeated se-
quences. Each repeat is a composite element, consisting of a
fragment of the retrotransposon Dm88, the long terminal re-
peat (LTR) of the retrotransposon invader1, and a fragment
of nod, a protein-coding gene (see Fig. 1A). Furthermore, du-
plicated Hsp70 promoter fragments are interspersed within
this region, and thus a subset of these repeats are transcribed
during heat shock. Transcripts initiating at this promoter in-
clude sense strand invader1 and Dm88 sequences and anti-
sense nod sequences. Lis et al. (1981) originally identified
these repeats and, without knowing their origins, referred
to the untranscribed and transcribed repeats as αβ and αγ
elements, respectively, and the transcripts produced as αβ
RNAs. We are using the transcribed repeats, which we refer
to as Hsp70-αβ elements, to investigate the mechanism of
Su(s) action.
We previously showed that, upon heat shock, Su(s) is

recruited to the 87C region and blocks αβ RNA accumula-
tion when the temperature is moderately elevated (Kuan
et al. 2009). Sequences in the promoter-proximal region me-
diate this effect, and the nuclear exosome is involved, but the
mechanism of this regulation has not been fully elucidated.
Here, we have further examined this regulatory process in
cultured cells and identified the highly conserved WD40
domain protein Wdr82 as a partner in this process. Wdr82
(known as Swd2/Cps35 in yeast) is a component of several
distinct complexes. As a regulatory subunit of the Set1 com-
plex in all eukaryotes, Wdr82 stimulates trimethylation of
histone H3 at lysine 4 (H3K4me3) in nucleosomes near
the 5′ end of active genes (Dichtl et al. 2004; Wu et al.
2008). The yeast Wdr82 homolog is also a component of
the transcription termination factor APT which functions
in snoRNA 3′ end processing (Nedea et al. 2003; Cheng
et al. 2004;Wu et al. 2008). A transcription termination func-
tion for Wdr82 has not been previously demonstrated in
multicellular organisms. The results presented here indicate
that Su(s)-Wdr82 induces transcription termination in the
promoter-proximal region of Hsp70-αβ through a novel
mechanism that is coupled to noncanonical polyadenylation
and RNA degradation.
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RESULTS

Defining the sequences that give rise to αβ RNAs
in cultured Drosophila S2 cells

In an earlier study (Kuan et al. 2009), we showed that Su(s)
inhibits the accumulation of RNAs produced from Hsp70-
αβ elements, which have TE sequences inserted downstream
from the transcription start site. When control (LacZ-KD)
cells with a normal level of Su(s) are heat-shocked at 32°C,
relatively short transcripts of variable lengths, i.e., ≤0.8 kb,
are barely detectable (Fig. 1B, lane 3). In contrast, several dis-
crete RNAs stably accumulate at this temperature in Su(s)-
depleted [Su(s)-KD] cells (Fig. 1B, lane 4). These stable
RNAs are observed in both LacZ-KD and Su(s)-KD cells at
37°C, and the longer transcripts are more abundant under

these conditions (Fig. 1B, lanes 5 and 6). Thus, this regulation
is inoperative at the higher temperature.
Here we use Hsp70-αβ elements in S2 cells to investigate

the mechanism of this regulation. Our previous map of
RNAs derived from the αβ region (Kuan et al. 2009) was
based on the analysis of partial cDNA clones and the annotat-
ed map of the Drosophila genome, which may not accurately
represent the organization of Hsp70-αβ elements in the S2
cell genome. Thus, we performed additional experiments to
define more precisely the sequences that give rise to the stable
αβ RNAs that are observed when the Su(s) pathway is non-
functional. Through sequence analysis of PCR-amplified ge-
nomic DNA, we determined that the S2 cell genome contains
two tandemly repeatedHsp70-αβ elements (Fig. 1A). The up-
stream element is a partial repeat, whereas the downstream
element is a full-length repeat. The first 700 bp immediately

FIGURE 1. Delineating the transcribed regions ofHsp70-αβ elements. (A) Schematic map of theHsp70-αβ genomic region in S2 cells. The transcrip-
tion start sites are indicated by bent arrows. Dm88 and invader1 LTR sequences are located between +72 and +694. The pA signals that are used when
the Su(s) pathway is nonfunctional are indicated above the map. The probes used in Northern blot analysis are indicated beneath the map. The hor-
izontal arrows indicate the RNAs that are produced when the Su(s) pathway is nonfunctional. (B) Northern blot of RNA isolated from LacZ-KD (L) or
Su(s)-KD (S) cells. The cells were incubated for 20 min at the indicated temperatures before RNA isolation. The blot was sequentially probed to detect
αβ (probe f),Hsp70, and rp49 RNAs. Because probe f contains invader1 LTR sequences, which are present both in the promoter-proximal region and
further downstream, it detects all of the αβ RNAs. (C) Primer extension analysis of the RNA samples in B. The primer numbers indicate nucleotide
positions relative to the transcription start site ofHsp70-αβ. Primer αβ 57–79 overlapsHsp70 andDm88 sequences, whereas αβ 95–124 anneals only to
invader1 sequences. (D) Northern blot analysis to define the regions included in the stable αβ RNAs. Su(s)-KD cells were heat-shocked at the indicated
temperatures. The probes were derived from the regions (a–f) indicated in A. The blots were prepared from two different gels. Probes a, c, and d were
hybridized to replicate blots from one gel and probes b, e, and f were hybridized to blots from the other gel. The dots on the left of each pair of lanes
indicate the expected positions of the four αβ RNAs.
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downstream from the transcription start site of each Hsp70-
αβ element mainly consists of the Dm88 and invader1 LTRs.
Because LTRs typically contain regulatory signals that can
promote transcription initiation and polyadenylation, we ex-
amined whether the LTRs play a role in directing αβ RNA
synthesis. By primer extension analysis, we confirmed that
the transcripts initiate at the Hsp70 promoter under all con-
ditions, i.e., in LacZ-KD cells and in Su(s)-KD cells, heat-
shocked at 32°C and 37°C (Fig. 1C). No other initiation sites
were detected with primers that anneal further downstream
(data not shown). Thus, initiation signals in the LTRs are
not used to synthesize these RNAs.

To define the sequences that comprise each stable αβ RNA,
we hybridized Northern blots of RNA isolated from Su(s)-
KD cells (Fig. 1D) with probes that span this region (see
Fig. 1A). Four RNAs, ranging in size from 0.8 to 2.4 kb,
were detected. Probes a and b, which contain the Dm88
and invader1 LTRs located immediately downstream from
Hsp70 5′ UTR sequences, detected all of the RNAs. Probes
c–e, which contain sequences further downstream, detected
subsets of the three longer RNAs. Probe f, which contains an-
other copy of the Dm88 and invader1 LTRs and a portion of
the Dm88 coding region, detected all four RNAs. Based on
the hybridization patterns, we concluded that the 0.8-, 1.6-,
and 2.4-kb RNAs originate from the full-length Hsp70-αβ
element whereas the shorter Hsp70-αβ element produces
0.8- and 1.1-kb RNAs (see Fig. 1A). The results of 3′ RACE
analysis of RNA from Su(s)-KD cells were consistent with
this interpretation in that we isolated cDNA clones that
were polyadenylated near each of the pA signals indicated in
Figure 1A. Thus, the shortest and longest stable αβ RNAs
(0.8 and 2.4 kb) are polyadenyated at a canonical pA signal
in theDm88 LTR, whereas the 1.1- and 1.6-kb RNAs are poly-
adenylated at cryptic pA signals in the Hsp70 upstream regu-
latory region and theDm88 coding region, respectively. None
of the stable RNAs generated in Su(s)-KD cells were polyade-
nylated in the invader1 LTR, which lacks a canonical pA sig-
nal. Thus, it appears that in Su(s)-depleted cells CPA and
termination sometimes occur after Pol II transcribes through
the promoter-proximal pA signal in the Dm88 LTR, thereby
generating a 0.8-kb RNA. When Pol II reads through this re-
gion without terminating, CPA and termination occur at pA
signals further downstream. In control cells that contain a
normal amount of Su(s), short (≤0.8 kb), heterogeneous αβ
RNAs accumulate at a very low level. The nature of these
RNAs will be addressed further in a subsequent section.

Su(s) physically interacts with Wdr82

We hypothesized that other proteins participate in Su(s)-me-
diated regulation, and one approach to testing this involved
affinity purification of FLAG-tagged Su(s) complexes and
identification of the interacting proteins bymass spectroscopy
(MS) analysis. For this analysis, we generated a stable cell line
that expresses Su(s)-3XFLAG under the control of the induc-

ibleMtnpromoter.Cells containing and lacking this construct
were treated in parallel with copper sulfate to induce expres-
sion of Su(s)-3XFLAG. Subsequently, the experimental and
negative control samples were subjected to the procedure out-
lined in Figure 2A. The bands that were unique to the Su(s)-
3XFLAG sample were excised from the gel and analyzed by
MS. The 35-kDa protein that consistently copurified with
Su(s)-3XFLAG was identified as Wdr82 (Fig. 2B).
We subsequently performed coimmunoprecipitation

(co-IP)/affinity-purification (AP) experiments to examine
interactions between epitope-tagged derivatives of Su(s)
and Wdr82. First, we transiently transfected the stable
Su(s)-3XFLAG cell line and control S2 cells with a plasmid
that expresses Wdr82, tagged with V5 and 6XHis epitopes,
also under control of theMtn promoter. Then we affinity-pu-
rified each epitope-tagged protein and analyzed the purified
samples on Western blots. When anti-FLAG magnetic beads
were used to IP Su(s)-3XFLAG, Wdr82-V5-6XHis was pre-
sent in the bound fraction (Fig. 2C, lane 8). As expected,
epitope-tagged Wdr82, expressed in control cells lacking
epitope-tagged Su(s), did not bind to the anti-FLAG beads
(Fig. 2C, lane 6). In the reciprocal experiment, we used Ni-
NTA magnetic beads to affinity purify Wdr82-V5-6XHis
from these cells. Consistent with the previous experiment,
Su(s)-3XFLAG copurified with Wdr82-V5-6XHis (Fig. 2D,
lane 8). Although a low level of Su(s)-3XFLAG bound
to the Ni-NTA beads in the absence of Wdr82-V5-6XHis,
the level of nonspecific binding was significantly lower than
the binding observed in the presence of Wdr82-V5-6XHis
(Fig. 2D, compare lanes 7 and 8). These experiments confirm
that Su(s) and Wdr82 interact stably with each other. Inter-
estingly, a direct interaction between Su(s) and Wdr82
(CG17293) was previously detected in a genome-wide yeast
two-hybrid screen (Giot et al. 2003).
When two or more polypeptides reside in a multimeric

complex, subunits of the complex are often less stable when
one component is missing. Because mammalian Set1 protein
accumulates at a lower level inWdr82-depleted cells (Lee and
Skalnik 2008), we examined how depleting endogenous
Wdr82 affects the level of endogenous Su(s). This analysis
showed that the level of Su(s) protein is significantly reduced
in Wdr82-KD cells, although not to the same extent as in
Su(s)-KD cells (Fig. 2E,F). This is not due to an effect on
transcription or mRNA stability, because the su(s) mRNA
level is unaffected by Wdr82 depletion (Fig. 2G). These re-
sults provide additional support for an interaction between
Su(s) and Wdr82.

Su(s) and Wdr82 function as partners
in regulating αβ RNA accumulation

Another approach that we used to identify components in the
Su(s) pathway involved using RNAi to deplete selected pro-
teins from cultured cells and subsequently monitoring en-
dogenous αβ RNA in 32°C heat-shocked cells on Northern
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blots. We reasoned that depletion of Su(s) pathway com-
ponents would have the same effect as depleting Su(s), i.e.,
result in the accumulation of several stable αβ RNAs (see

Fig. 1). We evaluated ∼90 proteins (Supplemental Table
S1), most of which function in RNA metabolism, by this
approach.

FIGURE 2. Identification of Wdr82 as a Su(s)-interacting protein. (A) Strategy used to affinity purify Su(s)-3XFLAG for MS analysis. (B) A repre-
sentative SDS-PAGE gel of affinity-purified Su(s)-3XFLAG (lane 2) and the negative control sample (lane 1). The gel was stained with Colloidal
Coomassie Blue. The indicated bands from the Su(s)-3XFLAG sample were excised from the gel and identified as Su(s) and Wdr82 by MS analysis.
Su(s)∗ is a breakdown product of Su(s). (C,D). Interactions between Su(s)-3XFLAG and epitope-tagged Wdr82. AWdr82-V5-6XHis expression plas-
mid (even-numbered lanes) or the empty plasmid vector (odd-numbered lanes) was transiently transfected into control S2 cells (lanes 1,2,5,6) or the
stable Su(s)-3XFLAG cell line (lanes 3,4,7,8). Nuclear extracts prepared from these cells were incubated with anti-FLAG (C) or Ni-NTA (D) beads.
Twenty percent of the inputs and all of the purified samples were analyzed by Western blotting. The antibodies used for immunoprecipitation (IP) or
affinity-purification (AP) are indicated above the lanes. The antibodies used to probe the Western blots are indicated on the right. The anti-FLAG and
anti-V5 antibodies detected epitope-tagged Su(s) and Wrd82, respectively. Although a small amount of Su(s)-3XFLAG bound nonspecifically to the
Ni-NTA resin, a significantly higher amount of this protein bound in the presence ofWdr82-V5-6XHis (compare the anti-FLAG signals in lanes 7 and
8 of D). (E,F) Analysis of Su(s) protein levels in mock-KD (L), Su(s)-KD (S), andWdr82-KD (W) cells. (E) Representative Western blot, probed with
antibodies that detect Su(s) or α-Tubulin, the loading control. (F) Graphical representation of the data from four independent RNAi-depletion/
Western blot experiments like the one shown in part E. Error bars indicate standard deviations. (G) Northern blot illustrating su(s) and wdr82
mRNA levels in mock-KD, Su(s)-KD, and Wdr82-KD cells.
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We began by testing several proteins that were identified
as possible components of the miRNA and siRNA pathways
in a genome-wide RNAi screen (Zhou et al. 2008). Su(s) was
identified in this screen, and although the biological rele-
vance of this observation has not been established, it seemed
likely that other proteins in the Su(s) pathway might have
also been uncovered in this experiment. So we tested the
proteins that behaved like Su(s) in that screen. Wdr82 was
a member of this group, and it tested positive in our αβ
RNA regulation assay. The patterns of αβ RNA accumulation
in Su(s)-KD and Wdr82-KD cells were very similar, al-
though we consistently observed a subtle difference in the
relative levels of the 0.8 and 2.4-kb RNAs (Fig. 3A, cf. lanes
2 and 3). When both proteins were simultaneously depleted,
the pattern of αβ RNA was essentially the same as the
Wdr82-KD pattern (Fig. 3A, cf. lanes 3 and 4). Furthermore,
the overall levels of αβ RNA were not significantly different
in the single versus the double KD samples. These results in-
dicate that Su(s) and Wdr82 regulate αβ RNA through a
common pathway.

In a follow-up experiment, we compared the heat-shock
induction profiles of Hsp70 and αβ RNA at various temper-
atures between 25°C and 36°C in LacZ-KD, Su(s)-KD, and
Wdr82-KD cells (Fig. 3B,C). The Hsp70 RNA induction pat-
tern was very similar in all three samples. In contrast, αβRNA
accumulation was inhibited at 34°C or lower in LacZ-KD
cells. However, the αβ RNA induction profiles in Su(s)-KD
and Wdr82-KD cells were very similar to Hsp70 RNA. This
observation also indicates that Wdr82 and Su(s) attenuate
αβ RNA accumulation through the same process.

Some of the other proteins that we tested in our RNAi
screen were selected because they have been shown to interact
with Wdr82 (Swd2/Cps35 in yeast) or to be required for
its previously known functions. Wdr82 has been identified
as a component of three distinct complexes. It is a regula-
tory subunit of a highly conserved complex containing the

histone methyl transferase Set1, which modifies nucleosomes
(H3K4me3) in the promoter regions of active genes (see
Mohan et al. 2011). Recruitment of mammalian Wdr82
to these sites depends on histone H2B ubiquitination (Wu
et al. 2008). Wdr82/Swd2 is also a component of the yeast
APT complex, which is required for 3′ end processing and
transcription termination at snoRNA genes (Nedea et al.
2003). Some APT components are orthologous to pre-
mRNA 3′ processing and termination factors in multicellular
organisms. The thirdWdr82-containing complex is a protein
phosphatase Pp1 complex (Lee et al. 2010). Thus, we tested
proteins that are expected to be associated with each of these
processes. The other proteins were selected for a variety of
different reasons. For example, we tested nuclear and cyto-
plasmic RNAdegradation components, which could conceiv-
ably down-regulate αβ RNA through the same or parallel
pathways.
Out of the 90 proteins that we tested, only Wdr82-KD pro-

duced the same effect as Su(s)-KD, i.e., resulted in higher lev-
els of several longer αβ RNA, although depletion of some
nuclear exosome components increases the accumulation of
the short, heterogeneous αβ RNAs (see Fig. 5A). However, a
negative result in this assay is not necessarily conclusive.
For example, some of the proteins that we evaluated, e.g.,
pre-mRNA 3′ processing factors, could be involved in
down-regulating the short unstable RNAs and also be re-
quired for synthesis of the stable αβ RNAs. It is unlikely
that this was a factor in the analysis of Set1 components.
Although the H3K4me3 chromatin mark is required for op-
timal transcription, depletion of Set1 has only a subtle, nega-
tive effect on transcription of Drosophila Hsp genes (Ardehali
et al. 2011). Thus, since depletion of Set1 complex compo-
nents did not affect αβ RNA levels, the role that Wdr82 plays
in this process is probably unrelated to its Set1-associated
function. Taken together, these results suggest that Su(s)-
Wdr82 down-regulates αβ RNA through a novel mechanism.

FIGURE 3. Regulation of αβ RNAs by Su(s) and Wdr82. (A) Northern blot comparing αβ RNA levels in mock-KD cells (L) versus single and double
KDs of Su(s) (S) and Wdr82 (W). The dsRNA-treated cells were heat-shocked at 32°C for 20 min prior to the RNA isolation. (B,C) Representative
experiments comparing the heat-shock induction profiles of Hsp70 and αβ RNAs in LacZ-KD, Su(s)-KD, and Wdr82-KD cells. Hsp70 and αβ RNAs
were detected on Northern blots, and RNA levels were subsequently quantified and normalized with rp49.
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Su(s) and Wdr82 inhibit transcription elongation
through Hsp70-αβ elements

When the Su(s)-Wdr82 pathway is functional, relatively
short, unstable RNAs are produced from Hsp70-αβ during
a mild heat shock. Thus, we hypothesized that this regulatory
system promotes transcription termination in the 5′ tran-
scribed region of Hsp70-αβ. To test this, we used chromatin
immunoprecipitation (ChIP) analysis to examine Pol II oc-
cupancy at two regions of Hsp70-αβ (+72 and +1029, Fig.
4A). As a control we also examined two regions of Hsp70
(+275 and +1094). This analysis was performed with chro-
matin from LacZ-KD, Su(s)-KD, and Wdr82-KD cells that
were either heat-shocked at 34°C or maintained at room
temperature (RT). Two different antibodies were used in
these experiments. CTD4H8 (Fig. 4B) recognizes the Pol II
CTD regardless of its phosphorylation state, and anti-Rpb3

(Fig. 4C) recognizes the third largest Pol II subunit. Similar re-
sults were obtained with both antibodies. A low level of Pol II
was present at +72 of Hsp70-αβ in the absence of heat shock
with all three samples. This is expectedbecause Pol II is paused
in theHsp705′ transcribed regionprior toheat shock (Rougvie
and Lis 1988). Furthermore, in the heat-shocked samples, Pol
II occupancy at +72 increased similarly in the control and ex-
perimental samples. These observations indicate that deple-
tion of Su(s) or Wdr82 does not significantly affect Pol II
pausing or recruitment to Hsp70-αβ during heat shock. In
contrast, Pol II was not detected above the background in
the downstream region of Hsp70-αβ (+1029) in the heat-
shocked LacZ-KD samples which contain normal levels of
Su(s) and Wdr82. However, Pol II occupancy in the down-
stream region was significantly higher in heat-shocked
Su(s)-KDandWdr82-KDsamples.Thiseffectwasnotobserved
in a comparable region ofHsp70 (+1094), where Pol II occu-
pancy was not significantly different between the control and
experimental samples. These results demonstrate that Su(s)
and Wdr82 block elongation into the downstream region of
Hsp70-αβ. This finding is consistent with the observation
that the longer αβ RNAs produced in Su(s)-KD or Wdr82-
KD cells contain sequences from this region (see Fig. 1).

The Su(s) pathway induces polyadenylation at
heterogeneous sites in the promoter-proximal
region of Hsp70-αβ

We hypothesized that transcription termination in the up-
stream region of Hsp70-αβ involves the generation of polya-
denylated RNAs that are rapidly degraded. In previous
3′ RACE analysis of RNA isolated from wild-type flies after
a 32°C heat shock, we isolated a few αβ cDNAs that were pol-
yadenylated in promoter-proximal invader1 LTR sequences
at sites that lacked a canonical pA signal (Kuan et al. 2009).
However, the low abundance of αβ RNAs in su(s)+ flies ham-
pered a more thorough analysis of this phenomenon. The
level of short, heterogeneous αβ RNAs produced in cells
with functional Su(s) can be increased by depletion of the nu-
clear exosome components Dis3 or Rrp6 (Fig. 5A; see also
Kuan et al. 2009). So we performed 3′ RACE analysis on
RNA isolated from LacZ-KD, Dis3-KD, and Su(s)-KD
cells after a 32°C heat shock. To ensure that the cDNA clones
were derived from the promoter-proximal region of
Hsp70-αβ, the upstream primer used in the PCR-amplifica-
tion step spanned Hsp70 5′UTR and Dm88 sequences (see
Fig. 5B,C). The efficiency of recovering αβ cDNA clones
from control and experimental samples varied, reflecting
the differences in steady-state levels of αβ RNA observed un-
der various KD conditions. For example, although we isolat-
ed and sequenced about 50 cDNA clones from control LacZ-
KD cells, which have the lowest level of αβ RNA, a relatively
small proportion of these (<20%) were derived from Hsp70-
αβ elements. Significantly higher proportions of the cDNAs

FIGURE 4. Pol II ChIP analysis of Hsp70-αβ. (A) Schematic map indi-
cating the Hsp70-αβ regions that were amplified by qPCR. The down-
stream amplicon (+1029) is present in both transcribed and
untranscribed repeats. Thus, only a subset of these sequences, i.e., a low-
er percentage of the input, is expected to be bound by Pol II. (B,C)
Representative Pol II ChIP experiments with the antibodies CTD4H8
or anti-Rpb3. The ChIP experiments in B and C were performed with
different batches of chromatin. Cross-linked chromatin was prepared
from RT and heat-shocked LacZ-KD, Su(s)-KD, and Wdr82-KD cells.
Hsp70 and intergenic sequences were used as positive and negative con-
trols, respectively. The entire Hsp70 transcribed region is ∼2.4 kb in
length. The qPCR reactions for each set of ChIP samples were repeated
twice in triplicate. The percent input values obtained for theHsp70 +275
amplicon were used to normalize each set of RT or 34°C samples. The
error bars indicate standard deviations. The asterisks indicate that differ-
ences between the 34°C LacZ-KD and Su(s)-KD or Wdr82-KD ChIP
signals are significant (P≤ 0.01).
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isolated from Dis3-KD and Su(s)-KD cells were copies of αβ
RNA (40% and 70%, respectively).

All of the αβ 3′ RACE cDNAs isolated from LacZ-KD cells
were polyadenylated downstream from canonical pA signals,
either in theHsp70 5′ UTRor in theDm88 LTR further down-
stream (Fig. 5B, top line). In contrast,αβ cDNAs isolated from
Dis3-KD cells were polyadenylated at many different sites,
most of which lacked canonical pA signals (Fig. 5B, middle
line; Fig. 5C). Most of these cDNAs ended in the invader1
LTR, with a cluster of sites located between +256 and +285.
The poly(A) tails on some of these cDNAs were relatively
long(up to57A’s).Thus, it isunlikely that these endsweregen-
erated by internal priming at A-rich sequences. Furthermore,

a subset of the cDNAs isolated from
Dis3-KDcells, specifically, those that end-
ed at +259, +328, +417, and +656, were
polyadenylated at ornear sites thatwepre-
viously identified in 3′ RACE analysis of
RNA from wild-type flies (Kuan et al.
2009). In the earlier experiment, we iden-
tified four noncanonical polyadenylation
events in which poly(A) tails were added
at +259, +328, +416, and +665 (see
Fig. 5C), and the cDNA that ended at
+259 had a long tail consisting of 107 A’s
(P Brewer-Jensen, unpubl.). Thus, it ap-
pears that these RNAs are not being poly-
adenylated at random sites. Perhaps other
sequences that are capable of mediating
polyadenylation arepresent in this region.
In contrast, we did not detect pA-sig-

nal-independent polyadenylation events
in the cDNA clones that were isolated
from Su(s)-KD cells. All of these αβ
cDNAs ended downstream from canoni-
cal pA signals in the Dm88 LTR, and in
most cases, the pA site was at +710
(Fig. 5B, bottom graph). Short, heteroge-
neous RNAs were not detected when
both Su(s) and Dis3 were depleted simul-
taneously (Kuan et al. 2009). Thus, we
conclude that these atypical polyadenyla-
tion events are Su(s)-pathway dependent.

Distinct LTR sequences mediate
regulation by the Su(s) pathway

To delineate the sequences that mediate
Su(s)-dependent regulation, we created
Hsp70-αβ-LacZ reporter constructs con-
taining various αβ segments and exam-
ined the extent to which they are
regulated by Su(s). We previously ana-
lyzed four transgenes that consisted of
the Hsp70 promoter and progressively

shorter segments of the αβ region ligated upstream of LacZ
coding sequences (Kuan et al. 2009). In that study we found
that a reporter gene construct that included sequences ex-
tending from +1 to +69 of the αβ transcribed region (mainly
Hsp70 5′ UTR sequences) was not significantly down-regu-
lated by Su(s), whereas a construct that included a longer
stretch of αβ (+1 to +336) was strongly regulated. In light
of the results described above, we hypothesized that sequenc-
es in the +70 to +336 region are responsible for this effect.
Presumably, these sequences induce Pol II termination and
RNA degradation upstream of LacZ sequences.
To further define the relevant sequences, we generated ad-

ditional reporter constructs containing various portions of

FIGURE 5. Mapping the 3′ ends of polyadenylated αβ RNAs generated at 32°C in LacZ-KD,
Dis3-KD, and Su(s)-KD cells. (A) Northern blot illustrating the effect of depleting the nuclear
exosome components Dis3 and Rrp6 on αβ RNA levels. (B) Sites of poly(A) addition, as deter-
mined by 3′ RACE analysis. The upstream primer used for 3′ RACE is indicated by the arrow be-
neath the schematic map. The 3′ ends of αβ cDNAs isolated under different KD conditions are
indicated by the short vertical lines beneath the schematic map of the first 800 nt of Hsp70-αβ.
The majority of cDNAs isolated from LacZ-KD and Su(s)-KD cells were polyadenylated at
+710 (indicated by the asterisks), downstream from a canonical pA signal. In contrast, many dif-
ferent pA sites were detected in cDNAs isolated from Dis3-KD cells, and no site appeared to be
preferentially used. (C) DNA sequence (RNA-like strand) of the region extending from +1 to
+840 of Hsp70-αβ. The 3′ RACE upstream primer sequences are indicated in italics. Canonical
pA signals are italicized and double underlined. Noncanonical pA sites identified in RNA from
Dis3-KD cells are underlined in bold and noncanonical pA sites previously observed in wild-
type flies (Kuan et al. 2009) are indicated by dots above the sequence. The strong pA site at po-
sition +710 is shown in bold type.
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the sequences between +70 and +336 and analyzed their ex-
pression after transfection into cells. For each construct, we
measured the relative LacZ RNA levels in mock-KD and
Su(s)-KD cells (Fig. 6). These experiments revealed that the
αβ fragment extending from +70 to +278 is sufficient to
down-regulate LacZ RNA about ninefold (compare HDIL-1
and HDIL-7), and sequences downstream from +278 had lit-
tle or no additional effect. Two distinct regions of this frag-
ment contribute significantly to this regulation. The first
region, which lies between +70 and +112 and is mainly de-
rived from the 5′ end of the Dm88 LTR, decreased LacZ
RNA threefold in the absence of any downstream αβ se-
quences (compare HDIL-1 and HDIL-3, P = 0.001). LacZ
RNA further decreased when invader1 LTR sequences be-
tween +155 and +278 were included (compare HDIL-5
and HDIL-7, P = 0.02). The existence of the second region
was confirmed by the analysis of internal deletion constructs,
which showed that two invader1 LTR segments that include
the second region are sufficient to down-regulate LacZ RNA
about three- to fourfold in the absence of upstream Dm88
sequences (compare HDIL-1 to HDIL-11 and HDIL-13,
P = 0.001). Furthermore, the sequences upstream and down-
stream from +205 contribute to this effect (compare HDIL-
10, HDIL-12, and HDIL-14 to HDIL-11 and HDIL-13).
Thus, Su(s)-dependent regulation depends on a 42-nt seg-
ment of the Dm88 LTR (+70 to +112 or Region 1) and a
123-nt segment of the invader1 LTR (+155 to +278 or

Region II). Most of the noncanonical pA sites detected by
3′ RACE of endogenous αβ RNA are located near the
3′ end, or downstream, of Region II (see Fig. 5).
Because the invader1 LTR lacks a canonical pA signal but

can mediate regulation by the Su(s) pathway, it is apparent
that this highly conserved element is not required for this
process. However, it was possible that both canonical and
noncanonical pA signals are subject to this regulation. If so,
then Region I might function as a downstream element in
conjunction with the +51 pA signal, and regulation by the
Su(s) pathway could depend on both of these elements.
However, mutation of this pA signal did not significantly af-
fect the LacZ RNA level (compare HDIL-3 and HDIL-4, P =
0.84). Thus, the +51 pA signal does not contribute to this reg-
ulation. Furthermore, the pA signal may be too close to the
initiation site to be recognized efficiently (see Guo et al.
2011).
We also investigated whether the canonical pA signals in

the Dm88 LTR are subject to regulation by the Su(s) pathway
when positioned closer to theHsp70 promoter. To do this, we
reconstructed an intact Dm88 LTR downstream from Hsp70
5′UTR sequences. In this reporter construct, the frequently
used canonical pA signal was repositioned from +674 to
+250, and two weaker pA signals were moved from +532
and +542 to +107 and +117, respectively (Fig. 7A, HDL-1).
HDL-1 produced a very low amount of LacZ mRNA
in mock-KD cells and only a slightly higher amount in

FIGURE 6. Hsp70-αβ-LacZ reporter gene analysis. Schematic map of Hsp70-αβ-LacZ (HDIL) reporter constructs that were examined after transient
transfection into S2 cells. The map at the top illustrates the first 336 nt of the Hsp70-αβ transcribed region. The expression of each plasmid was eval-
uated in mock-KD and Su(s)-KD cells that were heat-shocked for 20 min at 32°. Total RNA was analyzed on Northern blots, and normalized LacZ
RNA levels were determined. Because LacZ was used as the reporter gene in these experiments, a different control dsRNA was used as mock-KD in
these experiments (seeMaterials andMethods). The relative LacZRNA level = (LacZ RNA level inmock-KD cells/LacZ RNA level in Su(s)-KD cells) ×
100. The expression of each construct was examined in a minimum of three independent experiments. The standard error of the mean (SEM) values
are indicated in parentheses. Two regulatory regions (I and II) were defined by this analysis.
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Su(s)-KD cells (Fig. 7B). This observation suggested that
the strong pA signal at +250 induces CPA and termination
by the canonical pathway and that this process is indepen-
dent of Su(s). Consistent with this interpretation, when the
region that includes this pA signal was deleted, the expres-
sion pattern was similar to other Su(s)-regulated constructs,
and the LacZ RNA level was sixfold lower in mock-KD cells
than in Su(s)-KD cells (HDL-2, Fig. 7A,B). Su(s)-dependent
down-regulation also occurred when the upstream pA sig-
nals were deleted (HDL-3, Fig. 7A,B). Thus, canonical pA
signals do not mediate this regulation. Most of Region I is
included in this Su(s)-responsive segment of Dm88, and it
probably makes a significant contribution to this regulatory
effect.

To determine whether noncanonical polyadenylation
events occurred in the promoter-proximal region during ex-
pression of the transiently transfected reporter genes, we per-
formed 3′ RACE analysis on RNA isolated from Dis3-KD
cells that had been transiently transfected with the reporter
plasmid HDL-3. The other reporter constructs were unsuit-
able for this purpose because the short RNAs originating

from those reporter genes cannot be distinguished from
endogenous αβ RNAs. However, HDL3 contains a unique
internal deletion in the Dm88 LTR that is not present in
endogenous Hsp70-αβ or Dm88 elements. Thus, for the
3′ RACE analysis of HDL-3 RNA (Fig. 7C,D), we performed
two rounds of PCR. In the first round, we used the upstream
primer that spans Hsp70 and Dm88 sequences, thereby am-
plifying heat-shock-induced HDL-3 cDNAs and endogenous
αβ cDNAs. In the second PCR reaction, we used a nested up-
stream primer that spans the deletion, and thereby specifi-
cally amplified cDNAs derived from the reporter plasmid.
The HDL-3 cDNAs were polyadenylated a short distance
downstream from the primer-annealing site at nine different
positions between +119 and +183 (Fig. 7C,D). These sites are
also downstream from Region 1. Polyadenylation at these
Dm88 sites was not observed in cDNAs derived from endog-
enous Hsp70-αβ elements, where these sequences are located
further downstream (+564 to +628, see Fig. 5C). These re-
sults indicate that the transiently transfected reporter genes
are subject to the same promoter-proximal regulatory pro-
cesses as endogenous Hsp70-αβ.

FIGURE 7. Analysis ofHsp70-Dm88LTR reporter genes. (A) Schematic map of the 5′ transcribed region ofHsp70-Dm88-LacZ (HDL) reporter genes,
fromwhich invader1 LTR sequences were deleted. Three HDL constructs were analyzed in reporter gene assays as described for Figure 6. (B) Graphical
comparison of LacZRNA levels produced by the HDL constructs inmock-KD and Su(s)-KD cells. The longest construct is down-regulated by amech-
anism that is largely Su(s)-independent, and thus there was not a significant increase in HDL-1 RNA accumulation in Su(s)-KD cells. (C) 3′ RACE
analysis of HDL-3 RNA. The triangle above the HDL-3 map indicates the position of the deletion that removes the weak pA signals, and the arrows
beneath the schematic map indicate the positions of the PCR primers used in this experiment. The pA sites observed in cDNAs isolated fromDis3-KD
cells that had been transiently transfected with HDL-3 are indicated by the short vertical lines between +119 and +183. (D) DNA sequence of the
promoter-proximal region (+1 to +204) of HDL-3. The upstream primers used for 3′ RACE (+52 to +73, +88 to +109) are indicated in italics.
The canonical pA signal is italicized and double underlined. The noncanonical pA sites identified in 3′ RACE analysis are underlined in bold.
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DISCUSSION

The nuclear regulatory processes that inhibit the synthesis
and accumulation of aberrant RNAs are incompletely under-
stood, especially in multicellular organisms. The experiments
reported here have identified a novel regulatory complex,
Su(s)-Wdr82, that appears to function in this process. We
have shown that Su(s)-Wdr82 inhibits mRNA synthesis
from Hsp70-αβ elements, which have retrotransposon LTR
sequences positioned a short distance downstream from the
transcription start site. The LTR sequences apparently induce
Pol II termination and exosome-mediated degradation of the
nascent RNAs. When Su(s)-Wdr82 is inactive, Pol II produc-
tively elongates through this region, and stable polyade-
nylated RNAs are produced.
Twoobservations support the hypothesis that this regulation

occurs cotranscriptionally.Wepreviously showed that Su(s) lo-
calizes to theHsp70-αβ chromosomal region duringheat shock
(Kuanetal. 2009), and theChIPanalysis reportedhere indicates
that Pol II occupancy in the downstream regionofHsp70-αβ el-
ements increases inSu(s)-KDandWdr82-KDcells.However, it
is unclear whether Su(s)-Wdr82 directly influences transcrip-
tion termination, RNAdegradation, or both of these processes.
For example, perhaps Su(s)-Wdr82 stimulates nascent RNA
degradation, and this, in turn, induces termination. Alterna-
tively, Su(s)-Wdr82 might negatively regulate Pol II processiv-
ity, i.e., increase the frequency of termination at particular
sequences in the promoter-proximal region. In this case, poly-
adenylation and degradation might occur in conjunction with
release of the nascent RNA from the elongation complex.
This regulatory process is reminiscent of the mechanisms

that inhibit the accumulation of CUTs in yeast and
PROMPTs in mammals in that transcription termination
and exosome-mediated RNA degradation are coupled. How-
ever, some aspects of Su(s)-Wdr82-dependent regulation dif-
fer from these other processes. For example, it appears that
cryptic, canonical pA signals canmediate promoter-proximal
termination and degradation of PROMPTs (Ntini et al. 2013).
However, the unstable αβ RNAs acquire poly(A) tails by a
mechanism that is independent of the canonical pA signal.
Although oligo(A) tails are added to the 3′ ends of CUTs by
a noncanonical polyadenylation process (Wyers et al. 2005;
Jia et al. 2011), the poly(A) tails on αβ RNAs are too long to
have been generated by this type of mechanism.
We delineated two promoter-proximal regions of Hsp70-

αβ that mediate regulation by the Su(s) pathway. Based on ex-
amination of the sequences in these regions, it seems unlikely
that this process depends onmultiple copies of a cis regulatory
element that is present in both regions. For example, a 26-nt
segment of Region I (+80 to +106, see Fig. 5C) contains sev-
eral short tetranucleotide repeats (TATG, ATGT, or TGTA),
but none of these repeats are enriched in Region II (+155 to
+278). Furthermore, although sequences in the upstream
and downstream portions of Region II contribute to the reg-
ulation, there do not appear to be common sequence elements

in these two subregions. These observations suggest thatmul-
tiple, distinct regulatory elements contribute to this process.
Prior studies have shown that auxiliary pA elements

(Millevoi and Vagner 2010; Tian and Graber 2012) can direct
efficient CPA in the absence of the AAUAAA motif (Venka-
taraman et al. 2005; Nunes et al. 2010). Thus, it is conceivable
that several different auxiliary pA elements are responsible
for polyadenylation/termination of the unstable αβ RNAs.
For example, Region I contains several copies of the consen-
sus sequence for the upstream pA element UGUAN (+82 to
+102), which has been shown to mediate noncanonical poly-
adenylation (Venkataraman et al. 2005). Other potential aux-
iliary pA elements, e.g., U-rich and G-rich sequences, are
present in Region II (+170 to +181 and +234 to +249, respec-
tively). However, our RNAi screen (Supplemental Table S1)
did not provide evidence that supports this hypothesis, i.e.,
depletion of canonical cleavage factors that bind to these sites
did not result in higher accumulation of the stable αβ RNAs.
As mentioned earlier, these results are not definitive because
depletion of these factors is expected to inhibit the synthesis
of the stable αβRNAs. Thus, other approaches, besides RNAi,
must be used to determine whether auxiliary pA elements
and a subset of CPA factors are involved in Su(s)-Wdr82-
dependent polyadenylation/termination of the unstable
αβ RNAs. We observed that some of the unstable RNAs
were polyadenylated downstream from a G-rich region
(+234 to +249, Fig. 5C), and others ended within, or down-
stream from, three or more consecutive T’s (e.g., see Fig. 7D).
Thus, an alternative possibility is that Su(s)-Wdr82 increases
the frequency of termination when the elongation complex
transcribes through low sequence complexity sites in the pro-
moter-proximal region. In the future, it will be important to
define the relevant sequences more precisely to distinguish
between these and other possibilities.
We previously showed that the placement of a consensus 5′

splice site upstream of an antisense TE insertion at vermilion
(v) protected the mutant v RNAs from being targeted by the
Su(s) pathway (Fridell and Searles 1994). Thus, it would be
interesting to determine how an upstream 5′ splice site affects
the ability of Su(s)-Wdr82 to down-regulate RNAs contain-
ing invader1 and Dm88 LTR sequences. This phenomenon
might be mechanistically similar to the role of U1 snRNP/
5′ splice site interactions in suppressing premature termina-
tion in introns (Kaida et al. 2010; Almada et al. 2013).
The specific roles that Su(s) and Wdr82 perform in this

regulation have not been sorted out, but it seems likely that
both proteins act upstream of the nuclear exosome and func-
tion, directly or indirectly, in the process that generates the
free 3′ ends that are substrates for the nuclear exosome. In
multicellular organisms, termination at the 3′ end of Pol II-
transcribed genes, including those that do not produce poly-
adenylated RNAs, involves endonucleolytic cleavage of the
nascent RNA (e.g., see Baillat et al. 2005; Dominski et al.
2005; Wagschal et al. 2012). Thus, endonucleolytic cleavage
could be part of the mechanism by which Su(s)-Wdr82
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induces termination as well. As an RNA-binding protein
(Murray et al. 1997; Turnage et al. 2000), Su(s) might recog-
nize specific RNA sequences within the regulatory regions
that we have delineated and promote termination and RNA
degradation by cleaving the RNA or interacting transiently
with another protein that performs this function.

Wdr82, a WD40 domain protein (Stirnimann et al. 2010),
probably mediates key protein–protein interactions. The ob-
servation that Su(s) is less stable in the absence of Wdr82 is
consistent with this idea. The yeast Wdr82 homolog, Sdw2,
is required for recruitment of termination factors in the APT
complex to snoRNA genes (Nedea et al. 2003; Soares and
Buratowski 2012). Furthermore,mammalianWdr82 interacts
directlywith Pol II that is phosphorylated at Ser5 (Ser5P)CTD
repeats (Lee and Skalnik 2008). This Pol II phosphoryla-
tion state usually exists during the early phase of elongation or
whenPol II is paused in the5′ transcribed region. Interestingly,
a high level of Su(s) is present at polytene chromosomes sites
that are enriched for hypophosphorylated and Ser5P Pol II
(Kuan et al. 2009). Thus, perhaps DrosophilaWdr82 recruits
Su(s) and other proteins that function in this regulatory pro-
cess to hypophosphorylated Pol II complexes.

The amino acid sequence of Su(s) is not highly conserved
beyond insects, and, thus, it is unclear if a similar regulatory
pathway exists in mammals. The uncharacterized human
protein ZC3H4 (also known as C19orf7 and KIAA1064)
has several structural features in commonwith Su(s), and, in-
terestingly, this protein has also been identified as a Wdr82
interactor (Lee et al. 2010). Su(s) and ZC3H4 are roughly
equal in size (1325 and 1305 amino acids, respectively) and
are predicted to be intrinsically disordered proteins (IDPs,
Fig. 8D). They also contain closely related CCCH zinc finger
(ZF) motifs (Fig. 8A). These ZFs are similar to one of the ZF
motifs (ZF2) of the polyadenylation factor subunit CPSF30
(Yth1 in yeast; Fig. 8B,C). Because of this similarity, Su(s)
and ZC3H4 have been assigned to the Yth1 orthologous
group in the NCBI database (http://www.ncbi.nlm.nih.gov/
Structure/cdd/cddsrv.cgi?uid=KOG1040). ZF2 of Yth1 binds
weakly to RNA and mediates the association of CPSF30 with
other CPA components (Barabino et al. 2000). Although the
functional relevance of this similarity is currently unknown,
it is intriguing in light of the apparent involvement of Su(s) in
atypical polyadenylation events. Taken together, these obser-
vations suggest that ZC3H4 might be the mammalian ortho-
log of Su(s). The lack of overall sequence similarity between
these two proteins could reflect a tendency for IDPs to evolve
more rapidly than highly ordered proteins (Brown et al.
2002).

MATERIALS AND METHODS

RNAi-mediated protein depletion in cultured cells

Drosophila S2 cells (Dmel2, Life Technologies), adapted to serum-
free medium were maintained in Sf-900 II SFM. The conditions

used for RNAi-mediated depletion have been previously described
(Kuan et al. 2009). In the double-KD experiment, cells were seeded
in 12-well plates (1 × 106 cells per well) and treated with 10 µg of
dsRNA. The double-KD cells were treated with 5 µg of both su(s)
and Wdr82 dsRNA, whereas the single-KD cells were treated 5 µg
of one of these dsRNAs and 5 µg of the LacZ control RNA. A seg-
ment of pBlueScript II SK (−) was used as the mock-KD control
for the reporter gene analysis. LacZ dsRNA was synthesized from
the template provided with the Ambion Megascript RNAi kit. The
primers that were used to generate the other dsRNAs are listed in
Supplemental Table S2.

The RNAi screen was performed with cells grown in 12-well
plates, seeded with 4 × 105 cells per well. Positive and negative con-
trols [Su(s)-KD and LacZ-KD, respectively] were included on each
plate. Some of the dsRNAs were prepared using a library (Foley and
O’Farrell 2004) that was kindly provided by Steve Rogers. Other
dsRNAs were synthesized from PCR-generated templates, which
were prepared by using genomic DNA and gene-specific primers de-
scribed in the GenomeRNAi database (Schmidt et al. 2013). The
dsRNA-treated cells were harvested and heat-shocked at 32°C prior
to RNA extraction and Northern blot analysis.

RNA analysis

The procedures used for RNA isolation, Northern blot analysis, and
3′ RACE analysis have been described previously (Kuan et al. 2009).
RNAs were detected by autoradiography, and RNA levels were de-
termined using a Typhoon Trio imager. Primer extension analy-
sis was performed using Primer Extension System-AMV Reverse
Transcriptase (Promega) and the primers αβ 57–79 (5′-TTTT
AACACTCCTTCTGCGCTTG-3′) and αβ 95–124 (5′-TCATTT
AAATGATCTGCGACATATACATAC-3′). The promoter-proximal
αβ primer used in the 3′ RACE analysis was 5′-ATAAACAA
GCGCAGAAGGAGTG-3′ (see Fig. 5). In the 3′ RACE of RNA pro-
duced by the reporter construct HDL-3, the promoter-proximal
αβ primer was used for the first round of PCR, and the
Dm88-specific primer, 5′-GTAATATGTATGTATGTCCAATGCA
CTGTGT-3′ (see Fig. 7) was used in the second round of PCR.

Proteomic analysis

The construct that was created to express Su(s) in S2 cells consisted
of a full-length su(s) cDNA clone with an Mtn promoter fragment
(−375 to +46) ligated to su(s) 5′ UTR sequences at +126. In addi-
tion, the coding sequences for the 3X FLAG epitope were inserted
immediately upstream of the su(s) stop codon. The 3′ UTR region
of su(s) and genomic sequences extending to 94 bp beyond the pA
site were also included. The resulting 5.4 kb fragment was subcloned
into the pIZ/V5-His vector, which contains a Zeocin-resistance
marker. The recombinant plasmid was transfected into S2 cells by
electroporation, and stable transformants were selected using 300
µg/mL of Zeocin essentially as previously described (Pfeifer et al.
1997). After a stable line was established, Western blot analysis
was used to confirm that Su(s)-3XFLAG was induced with copper
sulfate as expected and could be affinity purified with magnetic
anti-FLAG M2 beads (Sigma-Aldrich).

To affinity-purify Su(s)-3XFLAG for MS analysis, 30 mL of log
phase Su(s)-3XFLAG and control S2 cells were treated with
70 µM copper sulfate and grown for 24 h. The cells were harvested
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at a density of 1 × 107 cells/mL, and nuclear extracts were prepared
as previously described by Bonaldi et al. (2008), except that SDS and
deoxycholate were omitted from the buffer that was used to lyse the
nuclei. The nuclear fraction was incubated with 75 µL bed volume of
anti-FLAG magnetic beads (Sigma-Aldrich) for 2 h at 4°C and
washed, pre-eluted with HA peptide, and eluted with the 3X-
FLAG peptide as described in the Sigma-Aldrich protocol. The sam-
ple was applied to a Millipore Microcon YM100 centrifugal concen-
trator, and then subjected to electrophoresis on a 10% SDS-PAGE
gel, which was stained with Colloidal Coomassie Blue (Candiano
et al. 2004). The gel bands were excised and analyzed by mass spec-
trometry at the UNC-CH Michael Hooker Proteomics Center.

Coexpression and coaffinity purification analysis

The Wdr82 expression plasmid was created using the Gateway
Cloning System. During this process Wdr82 coding sequences, de-
rived from the full-length cDNA clone GH09638, were recombined

into the pMT-DEST48 vector. The resulting recombinant plasmid
expresses Wdr82 with carboxy-terminal V5-6XHis epitope tags, un-
der control of the Mtn promoter. The recombinant plasmid or the
empty vector (0.4 µg/well) was transfected into either S2 cells or the
stable Su(s)-3XFLAG cell line according to the Effectene (QIAGEN)
protocol in 6-well plates, seeded with 2 × 106 cells per well. After 3 d,
expression of epitope-tagged Wdr82 and Su(s) was induced by the
addition of copper sulfate to a final concentration of 100 µM.
Approximately 24 h later, the cells were harvested, combined (3 wells
per sample), and used to prepare protein extracts. Protease inhibitor
and phosphatase inhibitor cocktails (Roche) were included in all of
the buffers. The nuclear extracts used for FLAG-IP were prepared
as described above, whereas the nuclear extracts used for Ni-NTA
purification were prepared according to the QIAGEN protocol.
Each samplewas incubatedwith 20 µL of anti-FLAG or anti-V5mag-
netic beads. The washes were performed as described in the prot-
ocols, except that the wash buffer for the Ni-NTA purification
contained 150 mM NaCl. Bound proteins were eluted by boiling
the beads in SDS-sample buffer and loaded onto SDS-PAGE gels.

FIGURE 8. Similarities between Su(s) and human ZC3H4. (A–C) Clustal O alignments (Sievers et al. 2011) of amino acid residues (aa) in the ZF
regions of Su(s), ZC3H4, and CPSF30. The conserved cysteine (C) and histidine (H) residues are indicated in bold font. The pairwise alignment in A
includes ZF1 and ZF2 of Su(s) and ZF2 and ZF3 of ZC3H4. Su(s) and ZC3H4 are 49% identical and 69% similar over this 65-aa region. The alignment
in B shows that CPSF-ZF2 and Su(s)-ZF1 are 40% identical and 75% similar. (D) IUPred analysis (Dosztányi et al. 2005) of the predicted intrinsic
disorder of Su(s) and ZC3H4.
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The proteins in the gel were transferred to Hybond-P membrane,
and the membranes were probed with mouse anti-FLAG (1:1000)
or mouse anti-V5 (1:1000, Invitrogen) primary antibodies, and sub-
sequently with HRP-linked secondary antibodies (1:10,000). The
bound antibodies were detected using ECL-Prime.

Tandem RNAi-ChIP experiments

Cross-linked chromatin was prepared from RNAi-treated cells es-
sentially as described by Gilchrist et al. (2008). Briefly, 15 mL of cells
were seeded at a density of 2 × 106 cells/mL in 10 cm dishes and
treated with 150 µg of dsRNA. After 4 d, the cells were harvested
and split into two equal portions. One set of samples was incubated
at 34°C for 15 min, and the other set was kept at room temperature.
Formaldehyde was added to both sets to a final concentration of 1%,
and the samples were incubated for 10 min at room temp on a ro-
tating platform. The remaining steps in the procedure were per-
formed with the Millipore Magna ChIP A/G kit, according to the
protocol provided with the kit. The antibodies used for IP were
the Pol II antibodies CTD4H8 (1 µL per IP, Millipore) and Rpb3
(3 µL per IP, a gift from K. Adelman). Normal mouse IgG (1 µL
per IP, Millipore) was used as the negative control. The sequences
of the primer/TaqMan probe sets used in qPCR are listed in
Supplemental Table S3. The regions amplified were Hsp70-αβ +25
to +111 (center at +72) and +986 to +1072 (center at +1029),
Hsp70 +237 to +313 (center at +275) and +1052 to +1136 (center
at +1094). The intergenic primer/probe set annealed to a region lo-
cated on chromosome 3R (8375844 to 8375926) ∼38-kb down-
stream from the Hsp70 gene cluster. The qPCR reactions on each
sample were performed twice in triplicate. The percent input values
for the different RNAi depletion conditions were normalized based
on the percent input values obtained with theHsp70+275 amplicon.

LacZ reporter gene construct analysis

The reporter gene constructs were generated and cloned into the
pPelican-LacZ vector as described previously (Kuan et al. 2009).
These constructs consisted of an Hsp70 promoter and 5′ UTR frag-
ment (−361 to +69) and various sections of the αβ region between
+70 and +336, followed by LacZ 5′ UTR and coding sequences. The
reporter plasmids (0.2 µg/mL) and dsRNA (0.12 µg/mL) were
cotransfected into S2 cells according to the Effectene (QIAGEN)
protocol in 12-well plates seeded with 1 × 106 cells/mL of growth
medium. After incubating the plates at room temperature for 3 d,
the cells were harvested and heat-shocked at 32°C for 20 min. The
cells were quickly chilled and pelleted by centrifugation before iso-
lating RNA with the TRIzol reagent. Total RNA was used for
Northern blot analysis. Normalized LacZ RNA levels were deter-
mined and used to calculate the relative RNA level in mock-KD ver-
sus Su(s)-KD conditions.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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