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Abstract
Polyadenylation of mRNA precursors is frequently coupled to transcription by RNA polymerase
II. Although this coupling is known to involve interactions with the C-terminal domain of the
RNA polymerase II largest subunit, the possible role of other factors is not known. Here we show
that a prototypical transcriptional activator, GAL4-VP16, stimulates transcription-coupled
polyadenylation in vitro. In the absence of GAL4-VP16, specifically initiated transcripts
accumulated but little polyadenylation was observed, while in its presence polyadenylation was
strongly enhanced. We further show that this stimulation requires the transcription elongation-
associated PAF complex (PAF1c), as PAF1c depletion blocked GAL4-VP16-stimulated
polyadenylation. Furthermore, knockdown of PAF subunits by siRNA resulted in decreased 3′
cleavage, and nuclear export, of mRNA in vivo. Finally, we show that GAL4-VP16 interacts
directly with PAF1c and recruits it to DNA templates. Our results indicate that a transcription
activator can stimulate transcription-coupled 3′ processing and does so via interaction with PAF1c.

INTRODUCTION
mRNA synthesis in eukaryotic cells is a highly complex process, involving transcription of
the mRNA precursor followed by its capping, splicing and polyadenylation. Considerable
evidence now indicates that transcription and the subsequent pre-mRNA processing
reactions occur cotranscriptionally (Hirose and Manley 2000; Bentley 2002; Maniatis and
Reed 2002; Proudfoot et al. 2002). An important factor in linking transcription to pre-
mRNA processing is the carboxy-terminal domain of the RNA polymerase II (RNAP II)
largest subunit (CTD), which has a significant role in enhancing the efficiency of all the
processing reaction (e.g., McCracken et al. 1997a, b; Hirose and Manley 1998; Hirose et al.
1999). How the CTD functions is not entirely understood, but a number of interactions with
specific processing factors have been reported (Phatnani and Greenleaf 2006), and these
likely serve to help recruit the processing machinery to the pre-mRNA and then to stabilize
or enhance the activity of these factors. The coupling of transcription to mRNA processing
is believed to ensure accurate, efficient, and rapid processing of nascent pre-mRNAs.
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In addition to the CTD, the general transcription factor (GTF) TFIID helps to couple
transcription and polyadenylation. Cleavage-polyadenylation specificity factor (CPSF), an
essential polyadenylation factor, associates with TFIID and, based on in vitro transcription
experiments, is recruited to the preinitiation complex by TFIID. After transcription initiates,
CPSF dissociates from TFIID and becomes associated with the elongating RNAP II, likely
via the CTD (Dantonel et al. 1997). Consistent with the idea that polyadenylation factors are
present at promoters, chromatin immunoprecipitation experiments have localized 3′
processing factors to promoter regions in yeast and mammals (e.g., Licatalosi et al. 2002;
Calvo and Manley 2005; Venkataraman et al. 2005; Rozenblatt-Rosen et al. 2009).

Sequence-specific transcription factors function to facilitate recruitment of GTFs, including
TFIID, to promoter regions. Evidence suggests that they may also play a role in recruiting
polyadenylation factors. For example, transient cotransfection assays have suggested that
such transcription factors can increase not only transcription but also splicing and 3′-end
processing (Rosonina et al. 2003). This activator-dependent pre-mRNA processing was
found to be independent of the overall levels of the transcript generated and to require the
CTD of RNAP II. The multifunctional protein PSF was found to facilitate activator-
dependent pre-mRNA processing (Rosonina et al. 2005). PSF is localized across the length
of transcribed genes, and is thought to function in essentially all steps of transcription and
processing (Kaneko et al. 2007 and references therein). Further evidence suggesting an
association between transcriptional activators and polyadenylation comes from the
observation that the strong viral activator VP16 recruits 3′ processing factors CPSF and CstF
to promoter regions in vivo (Uhlmann et al. 2007). But whether or not this involves direct
interactions and/or additional intermediary factors, or whether it affects the efficiency of 3′
processing, is not known.

One potentially important factor in coupling transcription and polyadenylation is the PAF1
complex (PAF1c). PAF1c was first identified in yeast as an RNAP II-associated factor (Shi
et al. 1996). Genetic studies of PAF subunits revealed transcript elongation phenotypes
(Costa and Arndt 2000; Mueller and Jaehning 2002; Squazzo et al. 2002), and PAF1c has
also been demonstrated to cross-link along the entire length of several genes, consistent with
its functioning in some way as an elongation factor (Krogan et al. 2002; Pokholok et al.
2002). PAF1c is also known to facilitate certain histone modifications on active genes, such
as methylation of histone H3K4 and K36 (Krogan et al. 2003a, b), as well as CTD
phosphorylation at the Ser2 position (Mueller et al. 2004). Importantly, poly(A) tail length
(Mueller et al. 2004) and poly(A) site selection (Penheiter et al. 2005) were found to be
altered in PAF mutant cells, suggesting a role in formation of mRNA 3′ ends. PAF1c is
conserved in mammalian cells (Rozenblatt-Rosen et al. 2005; Yart et al. 2005; Zhu et al.
2005a), and also plays a role in transcription elongation (e.g., Kim et al. 2010). Additionally,
components of the polyadenylation machinery have recently been found to associate with
the yeast and human PAF complex (Nordick et al. 2008; Rozenblatt-Rosen et al. 2009).
Depletion of PAF1c from cell extracts in vitro inhibited polyadenylation but not
transcription or splicing, and from cells in vivo reduced expression and extended
transcription of a target gene (Rozenblatt-Rosen et al. 2009). These findings all support a
role for PAF1c in helping to couple transcription to 3′ processing.

In this study, we provide evidence that transcriptional activators can directly stimulate
mRNA 3′ processing, as long as it is coupled to transcription, and that this stimulation is
mediated by PAF1c. We first show that the model activators such as GAL4-VP16 strongly
induce transcription-coupled polyadenylation in HeLa nuclear extract (NE). In the absence
of GAL4-VP16, specifically initiated transcripts accumulate but little polyadenylation
occurs. We next show that depletion of PAF1c markedly reduces VP16-mediated
polyadenylation, but not transcription, in vitro. Furthermore, depletion of PAF subunits in
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vivo by siRNA results in decreased 3′-end cleavage, and nuclear export, of mRNA produced
from a GAL4-VP16 driven reporter plasmid. Finally, we found GAL4-VP16 interacts
directly with PAF1c and stimulates recruitment of PAF1c to DNA templates in NE. Thus,
our results suggest that a transcriptional activator can stimulate transcription-coupled
polyadenylation via recruitment of PAF1c to DNA.

RESULTS
Transcriptional activators stimulate transcription-coupled polyadenylation in vitro

Our previous studies utilized a coupled transcription-3′ processing system in HeLa NE to
provide evidence that PAF1c plays a role in 3′ processing (Rozenblatt-Rosen et al. 2009). To
extend these studies, and also to investigate the possible role of transcriptional activators in
transcription-coupled polyadenylation, we established an in vitro assay utilizing the chimeric
transcriptional activator GAL4-VP16 (Fig. 1A). The DNA template (pG5E4SVL) contained
five GAL4 binding sites upstream of a minimal adenovirus E4 core promoter and the SVL
poly(A) site downstream (Fig. 1B). Transcription reactions were performed in NE with or
without purified GAL4-VP16 and linearized pG5E4SVL. Following transcription, RNA was
separated into poly (A+) and poly (A−) fractions and analyzed by denaturing PAGE. As
shown in Figure 1C, run-off transcript accumulated in the absence of GAL4-VP16, but little
polyadenylation was observed (lanes 1 and 3). In the presence of GAL4-VP16, total
transcription was increased, although relatively modestly (compare lanes 1 and 2), consistent
with the use of a naked DNA template (e.g., Pazin et al. 1998). In contrast, polyadenylation
was strongly induced when transcription was activated by GAL4-VP16 (compare lanes 3
and 4). To examine 3′ cleavage, and also allow more precise quantitation of the stimulation,
we analyzed total synthesized RNA by RNase protection, using RNA synthesized in the
absence of labeled UTP and a 32P RNA probe spanning the poly(A) addition site, and
determined the ratio of cleaved to uncleaved (read-through) RNA. The results (Fig. 1D)
confirm that GAL4-VP16 enhances 3′ processing, increasing the cleaved to uncleaved ratio
more than five fold (lanes 1–3).

We next characterized several parameters of GAL4-VP16-mediated stimulation of 3′
processing. We first verified that the transcription observed was specific, and showed that a
DNA template containing a mutated TATA box did not produce run-off or polyadenylated
RNA (Fig. S1A; lanes 3, 4, 7, 8). To show that the effect was not specific to the SV40L
poly(A) site, we performed transcription-coupled polyadenylation with another DNA
template (pG3G5E4L3) containing the adenovirus L3 poly(A) site (Fig. S1B). A similar
stimulation of 3′ processing was observed with this DNA template: GAL4-VP16 activated
polyadenylation more strongly than transcription (Fig. S1C; lanes 3, 4, 11, 12). The
polyadenylated RNA detected was AAUAAA-dependent, as no polyadenylation was
detected with an L3 poly(A) site mutant (AAUAAA→AAAAAA, lanes 15 and 16).
Furthermore, polyadenylation was not induced using DNA templates lacking GAL4 binding
sites (lanes 9 and 10), indicating GAL4-VP16 needs to be recruited to the DNA template to
stimulate transcription-coupled polyadenylation. Likewise, when a presynthesized SVL
RNA was incubated in NE under conditions similar to those used in the coupled reaction,
GAL4-VP16 was without effect (Fig. S2). Finally, the ability to enhance transcription-
coupled polyadenylation was not unique to GAL4-VP16, as a GAL4 fusion protein
containing the p53 activation domain (Fig. 2A) also strongly activated polyadenylation in an
assay similar to that shown in Figure 1 (Fig. 2B).

Depletion of PAF complex blocks VP16-induced polyadenylation in vitro and vivo
We showed previously that the multisubunit PAF complex (PAF1c) associates with 3′
processing factors and functions in transcription-coupled polyadenylation (Rozenblatt-Rosen
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et al. 2009). To investigate the possible role of PAF1c in GAL4-VP16-mediated
enhancement of transcription-coupled 3′ processing, PAF1c was immunodepleted from NE
using anti-Cdc73 antibody as described previously (Rozenblatt-Rosen et al. 2009), and PAF
depletion was confirmed by western blot. PAF1c was specifically depleted while levels of
other proteins tested (e.g., CstF64 and actin) were unaffected (Fig. 3A; although PAF1c
associates with CstF, it was not codepleted under the conditions used). The PAF1c-depleted
NE and a mock-depleted control were used in coupled transcription-polyadenylation
reactions with GAL4-VP16 and transcripts were analyzed by RNase protection as above.
Significantly, 3′ processing was reduced in the PAF1c-depleted NE relative to the control,
whereas accumulation of run-off, unprocessed transcript was not affected (Fig. 3B).

To extend these results, we also performed siRNA-mediated knockdown of PAF subunits in
293T cells and prepared NEs from cells treated with Cdc73-siRNA and Ctr9-siRNA or from
control cells treated with GFP-siRNA. Knockdown efficiency was confirmed by Western
(Fig. 3C). When these NEs were tested in transcription-coupled polyadenylation reactions
with GAL4-VP16, polyadenylation was decreased in PAF-depleted NE, while pre-mRNA
accumulation was increased (Fig. 3D). RNase protection assays confirmed that cleavage
efficiency was reduced (by ~50%) in the PAF-depleted NE (Fig. 3E). RNAi-mediated
depletion of PAF1c gave a modest effect on 3′ processing compared to immunodepletion,
perhaps because only two subunits (Cdc73 and Ctr9) of the complex were depleted by
siRNA knockdown and the knockdown was partial, while the entire PAF1c was effectively
removed by immunodepletion (Fig. 3A). Since it was possible that PAF1c functions in
cleavage-polyadenylation in a transcription-independent manner, we performed an
uncoupled reaction using SVL pre-mRNA as a substrate. Importantly, no significant effect
on cleavage or polyadenylation was observed (Fig. S3A and B), suggesting that PAF1c acts
in transcription-polyadenylation coupling but not in uncoupled 3′ end processing.

We next asked whether PAF1c functions in VP16-dependent transcription-3′ processing in
vivo. To this end, transfection assays were carried out with a GAL4-VP16 expression
plasmid and the reporter plasmid pGL3G5E4 containing GAL4 binding sites upstream of the
E4 core promoter and the SVL poly(A) site downstream (Fig. 4A). The plasmids were
transfected into 293T cells treated with siRNA targeting GFP or PAF1c subunits (Cdc73
and/or Ctr9). Cells were harvested, separated into cytoplasmic and nuclear fractions (Wang
et al. 2006) and RNA isolated and analyzed by RNase protection to analyze 3′ end cleavage
levels. As shown in Fig. 4B, cleavage was decreased upon siRNA knockdown of the PAF
subunits (see lanes 3–8) whereas pre-mRNA levels were increased. Notably, the amount of
the mRNA in the cytoplasm was decreased significantly when PAF1c was depleted
(compare lanes 6–8 and lanes 3–5). This finding suggests PAF1c functions in mRNA
nuclear export (see Discussion). The decrease in 3′-end cleavage and accumulation of
cytoplasmic mRNA was also obsesrved when Paf1 or Ctr9 was depleted with siRNAs (Fig.
S4). Taken together, these results indicate that PAF1c functions in VP16-induced
polyadenylation both in vitro and vivo.

The VP16 activation domain directly interacts with the PAF1c subunit Paf1
We next asked whether the GAL4-VP16 functions in enhancing transcription-coupled
3′processing might involve an interaction with PAF1c. First, we carried out GST-pulldown
assays to determine whether the VP16 activation domain can associate with PAF1c in NE. A
GST-VP16 fusion protein indeed interacted with PAF1c, as measured by Western blot with
anti-Cdc73 and -Paf1 antibodies (Fig. 5A). Next, to elucidate which PAF subunit(s) is (are)
involved in the interaction, PAF1c was purified from 293T cells stably expressing Flag-
tagged Paf1. The purified PAF1c was then used in Far-western analysis using GST-VP16 as
probe. As shown in Figure 5B, VP16 appeared to interact strongly and directly with the Paf1
subunit, although weak association was also detected with Ctr9 and Leo1. To confirm the
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Paf1 interaction, a GST-pull down assay was carried out with purified proteins, His-tagged
Paf1 and GST-VP16. As shown in Figure 5C, GST-VP16 specifically associated with His-
Paf1. Together, these results indicate that the VP16 activation domain interacts with the
PAF1c, and does so via a direct interaction with the Paf1 subunit.

GAL4-VP16 enhances binding of PAF1c to DNA templates
The above results suggest that GAL4-VP16 interacts with the PAF1 complex, perhaps to
recruit it to promoter regions and facilitate transcription-coupled polyadenylation. To
examine this possibility, recruitment assays using immobilized DNA templates were
performed (Johnson et al. 2004). Conditions were the same as for transcription-coupled
polyadenylation, except that PEG was omitted to reduce nonspecific protein binding (results
not shown). As shown in Figure 6A, in the presence of GAL4-VP16, but not nucleotide
triphosphates (NTPs), PAF1c association with the DNA template was significantly
stimulated (Fig. 6A, compare lane 1 and 2, upper panels indicated by PAF). Template
association of all PAF subunits tested (Cdc73, Paf1, Leo1 and Ctr9) was enhanced by
GAL4-VP16 (Fig. 6A; quantitation of multiple experiments shown in right upper panel). In
the presence of NTPs, RNAPII was detected in reduced amounts, reflecting its elongation on
the template, while GAL4-VP16 remained associated to the DNA (Fig. 6A), consistent with
previous results (Yudkovsky et al. 2000; Uhlmann et al. 2007; Ahn et al. 2009). PAF1c
subunits were also detected in reduced amounts in the presence of NTPs (Fig. 6A).
Considering that PAF1c is a RNAPII associated complex, this suggests that PAF1c
dissociates from preinitiaton complex, is integrated into the elongation complex and travels
along the DNA template with RNAPII. The enhancement of PAF1c recruitment by GAL4-
VP16 depends on the presence of GAL4 binding sites (Fig. 6B; lanes 1, 2, 5, 6),
demonstrating that GAL4-VP16 interacts with and recruits PAF1c to the promoter region of
the DNA template. Significantly, an intact TATA box was not required for GAL4-VP16 to
stimulate binding of PAF1c to the template (Figure S5). This is consistent with the direct
interaction between the VP16 activation domain and PAF1c (Fig. 5), and provides evidence
that this interaction is sufficient for PAF1c promoter recruitment, and that interactions with
the general transcription machinery are not required.

We also examined association of several polyadenylation factors with the template. Perhaps
unexpectedly, GAL4-VP16 did not enhance binding of the polyadenylation factors tested
(Fig. 6A). However, one of the factors tested, symplekin, which functions as a scaffolding
protein for 3′ processing (Takagaki and Manley, 2000), was consistently detected in reduced
amounts in the presence of GAL4-VP16 and NTPs (Fig. 6A; quantitation in right bottom
panel), analogous to the behavior of RNAP II and the PAF1c. Together, these results suggest
a possible mechanism by which GAL4-VP16, together with PAF1c, functions to facilitate
transcription-coupled 3′ processing (see Discussion).

DISCUSSION
VP16, due to its strong activation domain, has long been used as a model transcription factor
(often as a GAL4 fusion protein) to analyze mechanisms of transcription activation in vitro
and in vivo (e.g., Sadowski et al. 1988; Triezenberg et al. 1988; Cousens et al. 1989). In this
paper, we showed that addition of GAL4-VP16 to nuclear extract stimulates pre-mRNA
polyadenylation, but only when the processing reaction is coupled to transcription.
Furthermore, immunodepletion and siRNA knockdown experiments revealed that PAF1c is
required for GAL4-VP16-induced polyadenylation in vitro and in vivo. The VP16 activation
domain interacts directly with a PAF1c subunit and stimulates association of PAF1c with
DNA templates, suggesting that GAL4-VP16 enhances polyadenylation by recruiting
PAF1c.
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How do GAL4-VP16 and PAF1c function in transcription-coupled polyadenylation? We
initially postulated that GAL4-VP16 recruits polyadenylation factors directly to the
promoter region, but we were unable to obtain any evidence for this. We therefore
considered instead the possibility that recruitment might be via PAF1c, based on our earlier
findings that PAF1c associates with CPSF, CstF and symplekin (Rozenblatt-Rosen et al.
2009). However, as judged by our immobilized template experiments, recruitment of these
factors was not stimulated by GAL4-VP16. These findings were somewhat unexpected, both
because this would seem the most straightforward way that GAL4-VP16 could function to
influence 3′ processing, and also because previous in vivo experiments had suggested that
GAL4-VP16 can recruit CPSF/CstF to promoter regions (Uhlmann et al. 2007). It is possible
that this difference reflects differences between in vitro and in vivo conditions, and/or the
assay methods employed (immobilized template vs. ChIP, respectively). For example, we
showed previously that CPSF can be recruited to promoters in vitro by association with
TFIID (Dantonel et al. 1997), and it may be that this interaction predominates in vitro. It is
also possible that the association of the polyadenylation factors at the promoter is relatively
unstable, and any increase brought about by GAL4-VP16 might be difficult to detect with
the immobilized template assay.

The immobilized template assay did however provide insight into how GAL4-VP16 might
function to enhance transcription-coupled polyadenylation. In addition to providing direct
evidence that GAL4-VP16 recruits PAF1c to the template, the assay revealed lower levels of
template-associated symplekin, like RNAP II, after initiation of GAL4-VP16-activated
transcription. As illustrated in the model shown in Figure 7, we suggest that this reflects a
change in symplekin such that it travels with RNAP II to facilitate 3′ end formation.
Although further work will be required to confirm this, it is consistent with the behavior of
RNAP II on immobilized templates when transcription is initiated (Yudkovsky et al.
2000;Uhlmann et al. 2007;Ahn et al. 2009) and with the ability of symplekin to associate
with RNAP II (Xiang et al. 2010). Furthermore, we suggest that this involves PAF1c, which
is recruited to the promoter, likely by the direct interaction between its Paf1 subunit and
GAL4-VP16, and also associates with symplekin. Interestingly, recent studies have
established an important role for symplekin specifically in transcription-coupled
polyadenylation (Xiang et al. 2010). Symplekin was shown to bind to and stimulate the
RNAP II CTD phosphatase Ssu72, and this interaction, and Ssu72 catalytic activity, was
found to be necessary for transcription-coupled (but not uncoupled) polyadenylation in vitro.
Significantly, these studies also analyzed GAL4-VP16 activated transcription-processing,
and it will be interesting to determine whether PAF1c might also function in these
interactions.

PAF1c is known to play a number of roles in the transcription process. Initial studies in
yeast provided evidence that the complex could function as an elongation factor (Shi et al.
1996; Costa and Arndt 2000; Krogan et al. 2002; Mueller and Jaehning 2002; Pokholok et
al. 2002; Squazzo et al. 2002), and more recent reports have provided evidence that
mammalian PAF1c is in fact an elongation factor (Chen et al. 2009; Kim et al. 2010).
However, recruitment to the promoter seems to be required for PAF1c to function in
elongation, as Chen et al. (2009) observed PAF1c-mediated stimulation of elongation with
DNA templates containing the adenovirus MLP promoter, but not with oligo(dC) tailed
templates. PAF1c can also likely function in ways that do not involve elongation. For
example, PAF1c (Cdc73) has been shown to associate with the promoter region of the
CCND1 gene and inhibit its expression by recruiting the histone methylase SUV39H1 to
induce repressive H3K9 methylation (Woodard et al. 2005; Yang et al. 2010). Recruitment
of PAF1c to the c-Myc gene promoter was also shown to lead to repression of its expression
(Lin et al. 2008). Additionally, microarray analysis of Cdc73-depleted HeLa cells identified
several hundred genes that were either positively or negatively affected (Rozenblatt-Rosen
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et al. 2009). The roles of PAF1c in gene expression are thus complex, and presumably
determined at least in part by how and if PAF1c is recruited to specific promoters. This
suggests that gene-specific transcription factors (TFs) may be important for establishing
PAF1c target genes, and our demonstration of a direct interaction between the PAF1c
subunit Paf1 and the VP16 activation domain, and that GAL4-VP16 can recruit PAF1c to a
DNA template, indicates that this may involve direct interactions between certain TFs and
PAF1c.

Our experiments showed that when PAF1c subunits were depleted from 293T cells by
siRNA knockdown, not only was 3′ end processing of a reporter transcript affected, but the
ratio of mature mRNA in the cytoplasm versus the nucleus was also significantly reduced.
This suggests that PAF1c plays a role in mRNA nuclear export in addition to its role in 3′
end processing. In this regard, immunopurified PAF1c associates with the cytoplasmic
poly(A) binding protein PABPC1 (our unpublished data), which is thought to function in
mRNA nuclear export in yeast and mammals (Brune et al. 2005; Hosoda et al. 2006). PAF1c
depletion might cause inefficient PABPC1 recruitment to poly(A) tails and defective nuclear
export (Fig. 7). Moreover, in humans the PAF1c subunit Leo1 interacts with Ranbp2, a
nuclear pore complex protein (Forler et al. 2004; Rozenblatt-Rosen et al. 2005). Recently,
Farber et al. (2010) reported that Cdc73 is required for proper histone mRNA 3′ processing
and export to the cytoplasm. Together, these results support the view that PAF1c may have
yet an additional function, to facilitate nuclear export of the mRNAs of target genes.

Utilization of alternative polyadenylation (AP) sites is emerging as a widespread mechanism
for control of gene expression during differentiation and disease. Several recent studies have
provided evidence that rapidly proliferating cells tend to use proximal poly(A) sites, while
non-proliferating or slowly growing cells favor distal sites (Sandberg et al. 2008; Ji et al.
2009; Mayr et al. 2009). Little is known about the molecular mechanisms responsible for
these changes in poly(A) site choice. We showed previously that changes in the levels of
CstF-64 influence AP in the IgM heavy chain pre-mRNA (Takagaki et al. 1996; Takagaki
and Manley 1998), and it may be that changes in the levels or activity of polyadenylation
factors provides one mechanism for regulating AP. We suggest that the increased
polyadenylation efficiency brought about by transcriptional activators as described here may
provide another, such that the increased efficiency would favor proximal poly(A) sites.
Indeed, a recent bioinformatics study provides support for this idea: Up-regulated genes tend
to use promoter-proximal poly(A) sites, while down-regulated ones prefer distal poly(A)
sites (B. Tian, personal communication). Additionally, PAF complex mutants in yeast are
known to alter poly(A) site utilization for certain genes (Penheiter et al. 2005), while in
humans siRNA-mediated depletion of Cdc73 was found to reduce expression and extend
transcription of a target gene, Ints6, potentially favoring utilization of downstream poly(A)
sites (Rozenblatt-Rosen et al. 2009). Therefore, it will be of considerable interest to
determine if the increase in 3′ processing efficiency brought about by GAL4-VP16,
mediated by PAF1c, that we described here has the potential to influence utilization of
alternative polyadenylation sites.

EXPERIMENTAL PROCEDURES
DNA templates

The DNA template used for transcription-coupled polyadenylation assays contains GAL4
binding sites upstream of E4 core promoter and SVL or L3 poly(A) site downstream. The
DNA template for reporter assay (pGL3G5E4) was constructed by inserting the region
containing five tandem GAL4 binding sites and the E4 core promoter (G5E4) into the pGL3
plasmid (Promega). pG5E4SVL was made by deleting the luciferase gene from pGL3G5E4.
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pG3G5E4L3 was constructed by inserting the G5E4 region into pG3L3 (Takagaki et al.
1988). Mutant templates were made by PCR-based mutagenesis.

In vitro transcription-coupled polyadenylation assay
Transcription-coupled polyadenylation was carried out at 30°C for 1h in reaction mixtures
(20μl) containing 10μl nuclear extract (Dignam et al. 1983), 100ng of Gal4-VP16, 12mM
HEPES (pH 7.9), 500ng of the DNA templates (pG5E4SVL or pG3G5E4L3), 0.5mM each
of ATP, GTP and CTP, 15μM cold UTP, 10μCi of [α-32P]UTP, 4mM MgCl2, 20mM
creatine phosphate (di-tris), 2.4% PEG8000, 12% glycerol, 60mM KCl, 0.12mM EDTA,
0.12mM DTT and 0.3mM PMSF. The reaction was stopped by adding proteinase K. RNA
products were separated into nonpolyadenylated and polyadenylated fractions by oligo(dT)
selection, thereafter nonpolyadenylated and polyadenylated fractions were analyzed on 5%
denaturing gel. Radioactivity was detected using a phosphorimager and quantified by NIH
ImageJ (http://rsb.info.nih.gov/ij/index.html).

RNase protection assays
RNA probes were prepared by T7 transcription with pG3SVL (Takagaki et al. 1988)
linearized with SalI. RNase protection was carried out according to methods described
previously (Gilman 2001).

Antibodies
Antibodies for PAF1c subunits (Cdc73, Paf1, Leo1 and Ctr9) and anti-Symplekin were from
Bethyl Laboratories. Anti-CPSF100 and anti-CstF64 antibodies were generated in our lab
(Takagaki et al. 1990). Anti-His and anti-Pol II (N20) were purchased from Santa Cruz.
Anti-actin and anti-GST were obtained from Sigma and GenScript, respectively.

Recombinant proteins
Recombinant His-tagged GAL4-VP16, GAL4-p53 and Paf1 were prepared by bacterial
overexpression and purified with Talon resin (Clontech). Purification of PAF1c from 293T
cells was carried out as follows. pIRES-puro vector containing Flag-tagged Paf1 sequence
was transfected into 293T cells. Two weeks after selection with puromycin, positive clones
were screened and expanded to larger cell culture. NE was prepared, incubated overnight
with 200μl of M2 agarose beads (Sigma) equilibrated with buffer C (Dignam et al. 1983),
and PAF1c was eluted with 400 μg/ml Flag peptide (Sigma) as described (Zhu et al. 2005a).

siRNA experiments
293T cells were transfected with siRNA targeting GFP (5′-gcgugaucuucaccgacaa-3′) or
PAF1c subunits Cdc73 (5′-cagcgaucuacucaagucaaa-3′), Paf1 (5′-aagcagcagtttaccgaggaa-3′)
and Ctr9 (5′-gcacguauagauggcaauu-3′) by using Lipofectamine 2000 (Invitrogen). 48h after
transfection, cells were splitted to a new plate and second transfection was done with the
same siRNA. NE was prepared from each transfectant 96h after the first transfection (Lee
and Green 1990). For reporter assays, reporter plasmid pGL3G5E4 and GAL4-VP16
expression plasmid were transfected 48h after siRNA transfection. Total RNAs were
harvested 24h after transfection of the reporter plasmid and cells fractionated into
cytoplasmic and nuclear fractions (Wang et al. 2006). 3′ end cleavage was analyzed by
RNase protection assays.

GST-pulldown assays
NE (100 μl) was diluted with buffer D (400 μl) and NP-40 was added to 0.1%. Then, 5 μg of
purified GST or GST-VP16 was incubated overnight with the diluted NE and Glutathione
agarose beads (20 μl) which is equilibrated with buffer D (Dignam et al. 1983). After
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extensive washing with buffer D without NP-40, bound proteins were eluted by boiling and
subjected to western analysis.

Far-western analysis
Purified PAF1c was resolved on 8% SDS-PAGE and transferred to a nitrocellulose
membrane. After denaturating-renaturation using guanidine hydrochloride, the membrane
was rinsed with PBST buffer containing 0.05% Tween and blocked overnight with the same
buffer with 5% nonfat milk. The membrane was then probed with 2 μg of GST or GST-
VP16 in binding buffer (20mM Tris (pH 7.9), 100mM NaCl, 0.1% Tween, 10% glycerol,
1mM MgCl2, 0.1mM ZnSO4, 1mM PMSF), and then subjected to western analysis using
anti-GST antibodies.

Immobilized template assay
Immobilized template assays were performed according to a procedure described previously
(Johnson et al. 2004). NE was incubated with the immobilized template under the same
conditions as for transcription-coupled polyadenylation assays, except that PEG was omitted
from reaction mixtures. After extensive washing with the same buffer, proteins bound to the
templates were analyzed by western blotting. Protein bands were detected and quantitated
using LI-COR Odyssey.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GAL4-VP16 activates transcription-coupled polyadenylation
(A) Purification of bacterially expressed GAL4-VP16. His-tagged GAL4-VP16 was purified
by using talon resin (clontech), and 5 μg resolved by SDS-PAGE.
(B) Schematic of the DNA template used for transcription-coupled polyadenylation assays.
The template contained tandem repeats of GAL4 binding sites upstream of the adenovirus
E4 core promoter region and SVL poly(A) site downstream. The position of the RNA probe
used to analyze cleavage levels is also indicated.
(C) Transcription-polyadenylation assay with or without GAL4-VP16. After reactions in
HeLa NE, RNAs were purified, separated by oligo(dT) selection into poly(A)- and poly(A)+
fraction, and analyzed on 5% denaturing gel. Run-off and polyadenylated products were
quantitated with ImageJ and results are shown at the bottom of each lane.
(D) RNase protection assay to examine cleavage level. After transcription-polyadenylation
was carried out as in (C) without radioactive α-32P UTP, RNAs were isolated, treated with
turbo-DNase (ambion) and subject to RNase protection analysis. Quantitation of cleaved and
uncleaved products were done with ImageJ and the results are shown at the bottom of each
lane.
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Figure 2. GAL4-p53 stimulates transcription-coupled polyadenylation
(A) Purification of bacterially expressed GAL4-p53. His-tagged GAL4-p53 was purified by
using talon resin and 5 μg resolved by SDS-PAGE.
(B) Transcription-polyadenylation assay with or without GAL4-p53. Transcripts produced
in NE were analyzed on 5% denaturing gel and quantitated as in Fig. 1C.
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Figure 3. PAF1c depletion diminished VP16-dependent polyadenylation but not transcription
(A) Immunodepletion of PAF complex from NE. Depletion was performed with anti-Cdc73
antibody and was confirmed by Western blot.
(B) Transcription-polyadenylation assay with PAF depleted NE in the presence of GAL4-
VP16. RNAs were analyzed by RNase protection assays and quantitated with ImageJ as in
Fig. 1D.
(C) PAF depletion by siRNA knockdown. NE was prepared from 293T cells treated with
siRNA targeting Cdc73 and Ctr9. Depletion was confirmed by Western blot. siRNA
targeting GFP served as a control.
(D) Transcription-polyadenylation assay with PAF depleted NE prepared in (C), and RNAs
were analyzed and quantitated as in Fig. 1C.
(E) Transcription-polyadenylation was done as in (D) except that α-32P UTP was omitted
from reaction mixtures. RNAs were analyzed by RNase protection assays as in (B).
Quantitation was done with ImageJ.
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Figure 4. siRNA knockdown of PAF1c inhibits 3′end processing of reporter mRNA
(A) Schematic of reporter plasmid pGL3G5E4 containing GAL4 binding sites upstream of
E4 core promoter, Luciferase coding sequences and SVL poly(A) site downstream.
(B) RNase protection assay of transcripts isolated from 293T cells treated with siRNA
targeting PAF1c subunits. The reporter plasmid was transfected into 293T cells pre-treated
with siRNAs targeting PAF1c subunit(s) as indicated. The next day, cells were harvested
and total RNAs were obtained using Trizol (Invitrogen), fractionated into nuclear and
cytoplasmic fractions and 3′ cleavage efficiency was examined by RNase protection assays.
Quantitation was performed with ImageJ. Ethidium bromide staining of 5S rRNA (lower
panel) indicates uniform recovery between samples.
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Figure 5. VP16 interacts with PAF1c
(A) GST-pulldown assay of PAF1c subunits (Cdc73 and Paf1) from NE. The assay was
performed using 5 μg immobilized GST-VP16 together with NE. After extensive washing,
bound proteins were eluted by boiling and analyzed by western blotting. For comparison,
2% of input NE is shown in lane 1.
(B) Far-western analysis of purified PAF1c. PAF1c purified from 293T cells stably
expressing Flag-tagged paf1 was resolved on SDS-PAGE and transferred to a nitrocellulose
membrane. After denaturating-renaturation using guanidine hydrochloride, the membrane
was probed with either GST or GST-VP16 and subject to western blotting with anti-GST
antibodies.
(C) GST-pulldown of bacterially expressed His-Paf1. The assay was carried out using GST-
VP16 and purified His-tagged Paf1. After extensive washing, bound His-Paf1 were eluted
and analyzed by western blotting. 10% of input His-Paf1 is also shown in lane 1.
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Figure 6. GAL4-VP16 recruits PAF1c to DNA templates
(A) Immobilized template assay to analyze protein recruitment. Biotinylated DNA templates
were immobilized using streptoavidin magnetic beads (Invitrogen) and incubated with NE
alone or supplemented with GAL4-VP16 in the presence or absence of NTPs as indicated
under transcription-coupled polyadenylation conditions. After extensive washing, proteins
bound to the templates were eluted and analyzed by western blotting with the indicated
antibodies. Protein bands were detected and quantitated with LI-COR Odyssey. Error bars
represent standard deviations from three independent experiments.
(B) Immobilized template assay with mutant templates lacking GAL4 binding sites. Assay
were done and analyzed as in (A).
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Figure 7. Model for GAL4-VP16 induced activation of transcription-coupled polyadenylation
In the absence of GAL4-VP16 (top), certain polyadenylation factors are recruited to the
template, such as CPSF by interaction with TFIID. However, under these conditions the
factors are not properly integrated into elongation complexes, and subsequent
polyadenylation is inefficient. In the presence of GAL4-VP-16 (bottom), PAF1c is recruited
to the promoter region, by direct interaction with GAL4-VP16. PAF1c then facilitates
proper coordination of poly(A) factors with elongation complexes, which enhances the
efficiency of 3′ end formation. Symplekin may play an especially important role in this
process (see text). After poly(A) tail formation, PABPC1 is recruited to the poly(A) tail by
PAF1c to facilitate mRNA export to the cytoplasm.
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