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Transcription elongation factor DSIF/Spt4–Spt5 is capable of promoting and inhibiting RNA polymerase II
elongation and is involved in the expression of various genes. While it has been known for many years that DSIF
inhibits elongation in collaboration with the negative elongation factor NELF, how DSIF promotes elongation is
largely unknown. Here, an activity-based biochemical approach was taken to understand the mechanism of
elongation activation by DSIF. We show that the Paf1 complex (Paf1C) and Tat-SF1, two factors implicated
previously in elongation control, collaborate with DSIF to facilitate efficient elongation. In human cells, these
factors are recruited to the FOS gene in a temporally coordinated manner and contribute to its high-level
expression. We also show that elongation activation by these factors depends on P-TEFb-mediated
phosphorylation of the Spt5 C-terminal region. A clear conclusion emerging from this study is that a set of
elongation factors plays nonredundant, cooperative roles in elongation. This study also shows unambiguously that
Paf1C, which is generally thought to have chromatin-related functions, is involve directlyd in elongation control.
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Over the past 30 years, it has become clear that eukary-
otic mRNA synthesis is controlled at both the initiation
and elongation stages of transcription. Post-initiation
transcriptional control is involved in the expression
of a diverse array of genes, such as hsp70, MYC, and
FOS (Saunders et al. 2006 and references therein). On
the Drosophila hsp70 gene, for example, RNA polymer-
ase II (Pol II) pauses at the promoter-proximal region
and consequently synthesizes only very short transcripts
in an uninduced state, but after heat shock, pausing is
suppressed and the full-length mRNA is synthesized.
Similar regulation is found in the life cycle of cer-
tain viruses (Yamaguchi et al. 2002 and references
therein). For example, the switch from latent to pro-
ductive infection of human immunodeficiency virus
(HIV) occurs when the viral protein Tat facilitates tran-
scription from the HIV long terminal repeat by releasing
an elongation block. In addition, recent genome-wide
chromatin immunoprecipitation (ChIP) analyses have

suggested that, in Drosophila and human cells, signifi-
cant proportions of the genes, including many immedi-
ate–early genes and developmental genes, are controlled
at a post-initiation step (Price 2008 and references
therein). Thus, there is ample evidence that post-initia-
tion control plays an important role in physiological and
pathological processes.

More than a dozen transcription elongation factors
have been identified in humans. It is generally believed
that elongation factors affect Pol II’s choice between
continuing or stalling RNA synthesis, and thereby affect
the overall rate of elongation, by causing conformational
changes or chemical modifications to Pol II. For example,
TFIIS can reactivate Pol II stalled for a variety of reasons
(e.g., nucleotide misincorporation) by inducing cleavage
of the nascent transcript at the active site (Fish and
Kane 2002). Another factor, known as FACT (for facili-
tate chromatin transcription), facilitates Pol II passage
through nucleosome arrays that are inhibitory to both
transcription initiation and elongation by destabilizing
nucleosomal structure (Reinberg and Sims 2006). For
many of the elongation factors, however, not much is
known about their mechanisms of action, and it is also
unclear whether they have distinct or redundant func-
tions.
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DSIF/Spt4–Spt5 is a heterodimeric elongation factor
that is capable of both promoting and inhibiting Pol II
elongation (Wada et al. 1998; Yamada et al. 2006). Spt4
and Spt5 are conserved from yeast to humans, and part of
Spt5 also shares extensive sequence similarity with
NusG, a transcriptional terminator/anti-terminator in
bacteria and archaea (Hartzog et al. 1998; Andrulis et al.
2000; Ponting 2002). Although seemingly contradictory
to the statement above, DSIF has no discernible effect on
transcription in a highly purified in vitro transcription
system (Yamaguchi et al. 1999a). It has been known for
many years that DSIF inhibits Pol II elongation in col-
laboration with the negative elongation factor NELF; i.e.,
the Pol II elongation complex stalls or slows down when
bound by DSIF and NELF simultaneously (Yamaguchi
et al. 1999a; Cheng and Price 2007). To add complexity,
their inhibitory action is regulated by P-TEFb, the positive
elongation factor with protein kinase activity. P-TEFb
extensively phosphorylates the repetitive C-terminal
domain (CTD) of Pol II during elongation, and one of its
consequences is the reversal of the elongation block
(Yamaguchi et al. 1999a; Cheng and Price 2007). In vivo,
such a mechanism is responsible for promoter-proximal
pausing, a widespread checkpoint during the transcrip-
tion cycle (Lee et al. 2008; Price 2008), and plays an
important role in expression of Drosophila hsp70, pro-
liferation of HIV, and neuronal differentiation, just to
name a few (Andrulis et al. 2000; Guo et al. 2000; Wu
et al. 2003; Zhang et al. 2007).

On the other hand, how DSIF simulates elongation is
largely unknown. What is known is that Spt5 possesses
the C-terminal region (CTR), proline, serine, and threo-
nine-rich repetitive sequence similar to the Pol II CTD,
and that P-TEFb-mediated phosphorylation of the Spt5
CTR is required for elongation activation by DSIF (Ivanov
et al. 2000; Bourgeois et al. 2002; Yamada et al. 2006). In
a previous study, we proposed the ‘‘mini-CTD’’ hypoth-
esis, in which phosphorylated Spt5 CTR functions in
a manner analogous to phosphorylated Pol II CTD and
serves as an additional ‘‘code’’ for active elongation com-
plexes, possibly as a scaffold for other factors (Phatnani
and Greenleaf 2006; Yamada et al. 2006). In this study, we
took an activity-based biochemical approach to under-
stand the mechanism of elongation activation by DSIF,
leading to the identification of Paf1 complex (Paf1C) and
Tat-SF1 as factors that collaborate with DSIF to facilitate
productive elongation.

Results

Identification of DSIF coactivator (DC) activity

The template pSLG402 (Fig. 1A) contains two G-free
cassettes downstream from the adenovirus major late
promoter and, hence, short (promoter-proximal) and long
(promoter-distal) RNase T1-resistant products are gener-
ated. From the resulting data, one can determine the
success rate of Pol II elongation; i.e., what percentage of
Pol II molecules that have finished transcribing the first
G-less sequence (+40/+123) reach the 39 end of the second

G-less sequence (+1887). Thus, the focus of the assay is
the elongation block (pause, arrest, or termination) that
mature elongation complexes encounter during tran-
scription of the intervening sequence and its suppression
by protein factors. Elongation activation by DSIF can be
assayed with this template. As illustrated in Figure 1A,
transcription of the promoter-distal region is strongly
reduced by immunodepletion of DSIF from HeLa nuclear
extract (NE) and is restored by add-back of recombinant
DSIF (rDSIF), whereas transcription of the promoter-
proximal region is only weakly affected by depletion
and add-back of DSIF, suggesting that the promoter-
proximal product is an appropriate control for elongation
stimulation activity of DSIF. The efficiency and specific-
ity of DSIF immunodepletion are demonstrated in Sup-
plemental Figure 1.

Under different conditions, however, DSIF is unable to
stimulate transcription elongation. For example, when
P1.0, the 1.0 M KCl phosphocellulose fraction derived
from HeLa NE, is used instead of NE, rDSIF has little
effect on elongation efficiency (Fig. 1B, lane 2), indicating
the requirement for additional factors in DSIF-mediated
activation. Here, HeLa NE was fractionated on a phos-
phocellulose column with increasing concentrations (0.1,

Figure 1. Identification of DC activity. (A) rDSIF promotes
transcription elongation in HeLa NE. Transcription reactions
contained the template pSLG402 (shown schematically to the
right) and either NE or NE devoid of DSIF (NED). Transcription
was allowed to proceed for the indicated times. (MLP) Adeno-
virus major-late promoter. (B) rDSIF does not promote transcrip-
tion elongation in P1.0. Phosphocellulose fractions (see Fig. 2A)
were used instead of NE. ‘‘D’’ indicates the fractions that were
immunodepleted with anti-Spt5 antibody and were hence de-
void of DSIF. (C) Immunoblot analysis of the phosphocellulose
fractions. (D) P.3-derived DEAE Sepharose fractions (see Fig. 2A)
were assayed for DC activity. (E) Immunoblot analysis of the
DEAE Sepharose fractions.
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0.3, and 1.0 M) of KCl (Fig. 2A), and these fractions were
termed P.1, P.3, and P1.0, respectively. Fractionation of
NE is often carried out using 0.1, 0.3, 0.5, and 0.85 M KCl
buffer; our P1.0 fraction can be regarded as the combina-
tion of 0.5 M and 0.85 M fractions obtained by the
conventional method.

The aim of this study is to identify and characterize
such factors, tentatively called DCs. Consistent with the
observation that P1.0 supports efficient transcription
initiation but does not support efficient elongation (Fig.
1B, lane 1), P1.0 contains Pol II and general transcription
factors (GTFs) but is devoid of DSIF (Fig. 1C). We then
examined all the phosphocellulose fractions in order
to reconstitute the efficient elongation seen with HeLa
NE and found that P.3, but not P.1, strongly stimulates
elongation in conjunction with P1.0 (Fig. 1B, lanes 3,6).
As similar amounts of DSIF were found in P.1 and P.3
(Fig. 1C), something other than DSIF is likely responsible
for the differential effects. Moreover, since the stimula-
tory activity of P.3 was abrogated by depletion of DSIF
and was restored by add-back of rDSIF (Fig. 1B, lanes 7,8),
the stimulatory activity is DSIF-dependent. Collectively,
these results indicate that P.3 contains DCs, factors that
collaborate with DSIF to support efficient elongation.

Separation of DC activity into two components

Following concentration by ammonium sulfate precipi-
tation, P.3 was separated on a DEAE Sepharose column
(Fig. 2A). Consequently, both the DSIF protein and DC
activity were found in the 0.3 M KCl fraction D.3 (Fig.
1D,E). The observation that DC activity cochromato-
graphed with DSIF through these steps suggests that
physical interactions may occur between them.

The active fraction was then applied to a mono-Q
column. In this and subsequent steps, DC activity was
assayed by carrying out transcription in the presence of
a constant amount of rDSIF, without prior depletion of
endogenous DSIF from each fraction. DSIF was recovered
in mono-Q fraction #14, and DC activity also appeared to
peak at the same fraction (Fig. 2B). However, it was
noticeable that the recovery of DC activity was signifi-
cantly lower than expected. As a reason for the low yield,
we examined the possibility that DC activity was sepa-
rated into two components: one in fraction #14, and
another in other fractions. In search of such secondary
activity, all of the mono-Q fractions were assayed in the
presence of rDSIF and fraction #14 and, to our surprise,
fraction #12 was found to stimulate elongation further
(Fig. 2C). We then asked whether the two activities found
in fractions #12 and #14 are distinct, by assaying all of the
fractions in the presence of rDSIF and fraction #12. Under
these conditions, elongation was stimulated by fractions
#14 –#16 (Fig. 2D). It is therefore likely that mono-Q
fractions #12 and #14 contain distinct DC activities that
we hereafter call DC1 and DC2, respectively.

Final purification and identification of DCs

DC1 and DC2 were further purified from the respective
mono-Q fractions. Chromatography of the DC1-contain-
ing fraction on a mono-S column resulted in the recovery
of DC1 activity in fractions 6 and 7, and silver staining
revealed several candidate proteins associated with this
activity (Fig. 3A). Coomassie staining of the most active
fraction revealed the presence of five major polypeptides
and, by mass spectrometry, they were identified as Ctr9,
Leo1, Paf1, Cdc73, and Ski8, in order of decreasing
molecular weight. These proteins are the components
of human Paf1C, a conserved factor that was first de-
scribed in budding yeast as a Pol II-associated complex
(Shi et al. 1996). Antibodies were raised against some of
the Paf1C components and used to confirm their identi-
ties by immunoblotting (Supplemental Fig. 1). These
antibodies will be used for ChIP analyses in the sub-
sequent study. Consistent with recent reports that hu-
man Paf1C is devoid of Rtf1, an integral subunit of yeast
Paf1C (Rozenblatt-Rosen et al. 2005; Yart et al. 2005; Zhu
et al. 2005), Rtf1 was not detected in our purified Paf1C
fraction (Supplemental Fig. 1).

For DC2, mono-Q fraction #14 containing DSIF and
DC2 was applied to a mono-S column. At this step, we
were able to separate DC2 from DSIF. DC2 was recovered
in the flow-through fraction, whereas DSIF was found in
eluate fractions (Supplemental Fig. 2). Subsequent mono-Q
column chromatography resulted in the recovery of DC2
activity in fractions 17 and 18, and silver staining revealed
an ;120-kD protein associated with this activity (Fig. 3B).
This protein was identified as Tat-SF1 by mass spectrom-
etry and immunoblotting (Supplemental Fig. 1). Tat-SF1
was first described as a factor required for HIV Tat-
dependent transcriptional activation in vitro (Zhou and
Sharp 1996), and was later shown to play a more general
role in transcription elongation (Li and Green 1998).

Figure 2. Separation of DC activity into two components. (A)
Scheme for partial purification of DCs. (B–D) D.3-derived
mono-Q fractions were assayed for DC activity. In B, P1.0, rDSIF,
and one of the column fractions were used as protein source. An
anti-Spt5 immunoblot is shown below. In C and D, the same
mono-Q fractions were assayed in the presence of an additional
mono-Q fraction.
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If Paf1C and Tat-SF1 are responsible for DC activity,
these proteins should be present in the phosphocellulose
P.3 fraction and absent in the other phosphocellulose
fractions. As would be expected from their roles as DCs,
Paf1C and Tat-SF1 were found in P.3 almost exclusively
(Supplemental Fig. 1).

Cooperative action of DSIF, Paf1C, and Tat-SF1
on elongation

Next, we examined the effects of DSIF, DC1 (Paf1C), and
DC2 (Tat-SF1) either individually or in various combina-
tions using DC1 and DC2 each from the final purification
step. As we have already seen, elongation is strongly
stimulated by combination of the three factors (Fig. 4A).
In contrast, they had little effect when used individually
or in combinations of two factors (Fig. 4A). The only

exception was the combination of DSIF and DC2 (Tat-
SF1), in which case transcription elongation was mod-
estly enhanced in a dose-dependent manner.

To determine whether Paf1C and Tat-SF1 are respon-
sible for DC activity, we prepared these proteins as
follows. Epitope-tagged Paf1C (Flag-Paf1C) was purified
from the NE of HeLa cells stably expressing Flag-Leo1,
essentially as described (Zhu et al. 2005), and the integrity
of this complex was confirmed by Coomassie staining
and immunoblotting (Fig. 4B; Supplemental Fig. 1).
Recombinant Tat-SF1 was overexpressed in insect cells
and purified from the cell extract by nickel-affinity
chromatography (Fig. 4B).

Essentially identical results were obtained with these
proteins (Fig. 4C). Thus, the combination of rDSIF, Flag-
Paf1C, and rTat-SF1 strongly stimulated elongation, but
they had little effect when used individually or in
combinations of two factors, except when rDSIF and
rTat-SF1 were used together. Elongation efficiency can
be calculated from the relative intensity of the two RNA
products by taking into account the number of uridines
(labeled nucleotides) in each fragment. In our partially
reconstituted transcription system, elongation efficiency
is almost zero in the absence of DSIF, Paf1C, and Tat-SF1,
and is 31% in their presence. These results demonstrate
that Paf1C and Tat-SF1 are indeed responsible for DC
activity, and that DSIF, Paf1C, and Tat-SF1 stimulate
transcription elongation in an interdependent manner.

In a previous study (Yamada et al. 2006), we showed
that P-TEFb-mediated phosphorylation of the Spt5
C-terminal repetitive sequence (CTR) is required for
elongation activation by DSIF. We therefore examined
whether this holds true in our partially reconstituted
system by using P-TEFb inhibitors and Spt5 mutants.
Note that P-TEFb is supplied from the P1.0 fraction (Fig.
1C). Consequently, P-TEFb kinase inhibitors such as DRB
and Flavopiridol strongly inhibited transcription of the
promoter-distal region, whereas they had little effect on
transcription of the promoter-proximal region (Fig. 4D).
Then, rDSIF composed of Spt4 and one of the Spt5
mutants was used in combination with Flag-Paf1C and
rTat-SF1. We found that Spt5 TA in which several
P-TEFb-targeted threonine residues are replaced by ala-
nines is almost inactive, whereas Spt5 SA in which
irrelevant serine residues are replaced by alanines has
activity comparable with wild-type Spt5. An identical set
of transcription reactions was carried out in the presence
of [g-32P] ATP instead of [a-32P] UTP, and it was found
that the level of Spt5 phosphorylation correlates well
with the level of transcription (Fig. 4D). These results led
us to conclude that P-TEFb-mediated phosphorylation of
the Spt5 CTR is required for elongation activation by
DSIF, Paf1C, and Tat-SF1.

We also examined a possible role of NELF and TFIIF.
The P1.0 fraction is devoid of NELF and contains a limited
amount of TFIIF (Fig. 1C). We found that DSIF, Paf1C, and
Tat-SF1 facilitate efficient elongation regardless of the
presence of excessive NELF or TFIIF (Supplemental Fig. 3).

The above transcription assays have been carried out at
low nucleotide triphosphate (NTP) concentrations. This

Figure 3. Final purification and identification of DCs. (A) Final
purification of DC1 was performed according to the scheme
shown. Mono-S fractions were assayed for DC1 activity in the
presence of P1.0, rDSIF, and crude DC2 (mono-Q #14). The same
fractions were analyzed by SDS-PAGE and silver staining. Pro-
teins in an active fraction were also visualized by Coomassie
staining and were subjected to LC-MS/MS analysis. (B) Final
purification of DC2 was performed according to the scheme
shown. Fractions derived from the second mono-Q column were
assayed for DC2 activity in the presence of P1.0, rDSIF, and crude
DC1 (mono-Q #12). Proteins were analyzed as described in A.
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is because we employ a continuous labeling protocol in
which the concentration of the labeled nucleotide UTP
has to be low enough to allow sensitive detection of
products. In order to examine the role of DSIF, Paf1C, and
Tat-SF1 at high NTP concentrations, the template
pSLG402 was modified so that the first G-less cassette
was placed directly downstream from the major-late
promoter, and a pulse-chase protocol was employed.
Essentially, pulse labeling was performed in the absence
of GTP to allow the formation of +83 complexes, elonga-
tion factors were added, chase reactions were performed
in the presence of 500 mM (each) 4NTPs, and products
were analyzed without RNase T1 treatment. As shown in
Figure 4E, an approximately twofold increase in the
elongation rate is observed in the presence of DSIF, Paf1C,
and Tat-SF1, demonstrating that these factors can stim-
ulate elongation even at high NTP concentrations, al-
though to a lesser extent.

We consider the reason why these elongation factors are
less efficient in stimulating transcription at high NTP
concentrations as follows: Elongation factors are thought

to control the elongation process by various mechanisms,
some considered to facilitate efficient elongation by sup-
pressing pause and arrest. The observation that DSIF,
Paf1C, and Tat-SF1 work more efficiently at low NTP
concentrations, where incidence and severity of pause and
arrest are higher, indicates that these elongation factors
act by suppressing pause and arrest that could occur, for
example, when Pol II encounters a DNA sequence in-
trinsically unfavorable for elongation. We speculate that,
in vivo, there are numerous obstacles that necessitate
these elongation factors even at physiological NTP con-
centrations (;1 mM), because endogenous Pol II genes are
typically larger than the DNA template used in vitro.

Physical interactions of DSIF, Paf1C, Tat-SF1,
and Pol II

It has been shown that Pol II interacts with DSIF,
Paf1C, and Tat-SF1, respectively (Wada et al. 1998; Kim
et al. 1999; Zhu et al. 2005), and that DSIF inter-
acts with Tat-SF1 (Kim et al. 1999). In addition, similar

Figure 4. Cooperative action of DSIF,
Paf1C, and Tat-SF1 on elongation. (A) Tran-
scription assays were carried out in the
presence of various combinations of rDSIF
and DCs, each from the final purification
step. (B) Purified proteins used for in vitro
transcription. (C) Transcription assays were
carried out in the presence of various com-
binations of rDSIF, Flag-Paf1C, and rTat-SF1.
Below, percent read-through was calculated
from relative intensity of the two products
by taking into account the number of uri-
dines (labeled nucleotides) in each fragment.
(D) Requirement for P-TEFb-mediated phos-
phorylation of the Spt5 CTR in productive
elongation. rDSIF composed of rSpt4 and
wild-type rSpt5 or one of its mutants was
used in combination with Flag-Paf1C and
rTat-SF1. Where indicated, P-TEFb inhibitors
such as DRB and Flavopiridol were included.
In the top panel, transcription reactions were
performed in the presence of [a-32P] UTP,
whereas in the bottom panel, an identical set
of reactions were performed in the presence
of [g-32P] ATP, followed by immunoprecipi-
tation of Spt5. (E) Pulse-chase transcription
assays were carried out as described in the
Materials and Methods. The indicated com-
binations of elongation factors (ECs) were
added to reactions 10 min prior to chase.
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chromatographic behavior suggests that DSIF, Paf1C, and
Tat-SF1 interact directly with each other. Furthermore,
genetic and physical interactions between yeast counter-
parts of DSIF and Paf1C have been described (Squazzo
et al. 2002; Qiu et al. 2006). We investigated their in-
teractions by transient transfection of two constructs and
subsequent immunoprecipitation with anti-Flag anti-
body. Consequently, HA-Spt5 coprecipitated Flag-Paf1,
Flag-Leo1, and Flag-Tat-SF1, respectively (Fig. 5A). We
then considered the possibility that Spt5 phosphorylation
mediates these interactions, as Spt5 phosphorylation is
required for Paf1C- and Tat-SF1-dependent productive
elongation (Fig. 4D). This possibility was examined by
using two phosphorylation-defective Spt5 mutants, TA
and DCTR. Unexpectedly, these Spt5 mutants also copre-
cipitated with Flag-Paf1, Flag-Leo1, and Flag-Tat-SF1 at
a similar level to wild-type Spt5 (Fig. 5A), suggesting that
Spt5 phosphorylation is not required for its interactions
with Paf1C and Tat-SF1.

In the above experiments, it cannot be ruled out that the
interactions are mediated by an abundant endogenous pro-
tein. Hence, we wished tocarry outcoimmunoprecipitation
using purified factors. In order to obtain Paf1C in sufficient
quantity, Ctr9, Leo1, V5-Paf1, Cdc73, and Ski8 were coex-
pressed in insect cells using the baculoviral expression
system and were affinity-purified. Purity of rPaf1C and its
transcriptional activity are demonstrated in Supplemental
Figure 4. Figure 5B unambiguously shows the presence of
direct binary interactions among DSIF, Paf1C, and Tat-SF1.

Next, we asked whether these factors interact with
Pol II independently, cooperatively, or competitively. Flag-
tagged Pol II was immobilized to agarose beads, and
purified factors were added in various combinations. DSIF,
Paf1C, and Tat-SF1 bound to Pol II when added individ-
ually (Fig. 5C, lanes 14–16), but when added together, they
bound to Pol II at significantly higher levels (Fig. 5C, lanes
10–13). These results suggest that DSIF, Paf1C, and Tat-
SF1 bind to Pol II in a cooperative manner through
multiple protein–protein interactions, which could partly
explain the mechanism for their cooperative action.

Nonredundant roles of DSIF, Paf1C, and Tat-SF1
in EGF-induced transcription

To understand the functional significance of DSIF, Paf1C,
and Tat-SF1 in EGF-induced transcription, we knocked
down these factors using lentiviral vectors expressing
shRNAs. Considering potential off-target effects, two
different shRNAs were designed each for Leo1, Cdc73,
and Tat-SF1. For Spt5, a well-validated shRNA was used
(Yamada et al. 2006). These shRNAs resulted in a signif-
icant reduction of each target protein (Fig. 6A). In addi-
tion, the Paf1 protein level was partially reduced by Leo1
and Cdc73 shRNAs, suggesting that they contribute to
the stability of Paf1C.

It has been shown that Paf1C plays a critical role in
generating transcription-associated histone modifica-
tions such as H2B monoubiquitination and H3 methyla-
tion at K4, K36, and K79 in yeast, Drosophila, and
humans (Krogan et al. 2003; Ng et al. 2003; Zhu et al.
2005; Adelman et al. 2006). In addition, recent studies
have shown that the yeast counterpart of DSIF is involved
in the recruitment of Paf1C and corresponding histone
modifications (Qiu et al. 2006; Zhou et al. 2009; Liu et al.
2009). Under our conditions, knockdown of Leo1 or
Cdc73 resulted in a significant reduction in the level of
monoubiquitinated H2B (H2Bub) but caused little change
in the H3K4me3 (H3K4 trimethylation), H3K36me3, and
H3K79me2 (H3K79 dimethylation) levels. Knockdown of
Spt5 also selectively eliminated the monoubiquitin mark
in HeLa cells. We discuss the seemingly contradictory
results in the Discussion section.

We examined functional consequences of the knock-
down by real-time RT–PCR analysis. As reported pre-
viously (Yamada et al. 2006), knockdown of Spt5 strongly
attenuated EGF-induced FOS expression (Fig. 6B). The
FOS mRNA level was also reduced by knockdown of
Leo1, Cdc73, or Tat-SF1 to varying degrees. EGR1,
another EGF-induced gene, was also examined, as this

Figure 5. Physical interactions of DSIF, Paf1C, Tat-SF1, and Pol
II. (A) Coimmunoprecipitation of transiently expressed proteins.
Following transfection of the indicated constructs into HeLa
cells, Flag-tagged proteins were immunopurified from cell
extracts using anti-Flag M2 agarose and then immunoblotted
with the indicated antibodies. Asterisks denote nonspecific
signal. (B) Coimmunoprecipitation was carried out using 100 ng
each of rDSIF containing HA-Spt5, rTat-SF1, and rPaf1C con-
taining V5-Paf1 that were individually expressed and purified
from Sf-9 cells. (C) NE prepared from HeLa/FH3 cells (Hasegawa
et al. 2003) stably expressing the Flag- and His-tagged Rpb3
subunit of Pol II was incubated with anti-Flag M2 agarose to
immobilize 1 mg of FH-Pol II to the beads. The Pol II beads were
then incubated with rPaf1C (2 mg), rTat-SF1 (2 mg), and rDSIF
(2 mg) in various combinations for 2 h at 4°C and washed several
times with NP-40 buffer (50 mM Tris at pH 7.9, 150 mM NaCl,
1% NP-40). Bound materials were eluted with Flag peptide and
subjected to immunoblotting.
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gene is also regulated at a post-initiation step (Wang et al.
2005). Consequently, EGF-induced EGR1 expression was
significantly attenuated by the knockdown of Spt5, Tat-
SF1, Leo1, or Cdc73 (Fig. 6B). On the other hand, the level
of the control GAPDH mRNA was essentially unaffected
by the knockdown over the period examined (data not
shown). It is noteworthy that the degree of Paf1C knock-
down correlates well with the severity of the phenotype.
For example, Leo1 shRNA #1 is more potent than shRNA
#2 in silencing Leo1 expression and in suppressing EGF
induction. Moreover, Leo1 shRNAs are generally more
potent than Cdc73 shRNAs in reducing the stability of
Paf1C and in suppressing EGF induction. Consistent with
these factors being important to the expression of growth-
related genes, prolonged culture of Spt5, Leo1, Cdc73,
or Tat-SF1 knockdown cells leads to growth arrest (Y
Tsugeno and T Yamada, unpubl.). These findings demon-
strate that DSIF, Paf1C, and Tat-SF1 play important,
nonredundant roles in EGF-induced transcription in
living cells.

Concomitant association of DSIF, Paf1C, Tat-SF1,
and Pol II with the FOS gene

To understand the interplay of DSIF, Paf1C, and Tat-SF1
in living cells, we examined their distribution across

a gene by ChIP analysis. It has been shown that DSIF
and Paf1C are associated with transcriptionally active
loci (Andrulis et al. 2000; Zhu et al. 2005); however, direct
comparison of their distribution has not been made. On
the other hand, Tat-SF1 binding to the genome has not
been explored. Here, the FOS gene was analyzed, as
expression of this gene is known to be regulated at the
elongation step (Saunders et al. 2006). As reported pre-
viously (Yamada et al. 2006), significant amounts of Pol II
and DSIF were associated with the promoter-proximal
region of FOS prior to induction, and their association
was extended to the coding and 39 regions in EGF-
stimulated cells (Fig. 7). These results are consistent with
the general idea that FOS expression is regulated by
promoter-proximal pausing. Then, Tat-SF1 was examined
using anti-Flag antibody and HeLa cells stably expressing
Flag-Tat-SF1 because anti-Tat-SF1 antibody suitable for
ChIP analysis was not available. Tat-SF1 was found
associated at least with the promoter-proximal region
upon EGF stimulation. Leo1 and Cdc73 were associated
with the entire gene in an EGF-dependent manner, but,
unlike Pol II, their association appeared to peak in the
coding region. Nonetheless, these results confirm that
DSIF, Paf1C, and Tat-SF1 are all recruited, along with Pol
II, to the FOS gene following EGF treatment.

Temporal patterns of their association were also exam-
ined. Association of Pol II, DSIF, Paf1C, and Tat-SF1 with
the promoter-proximal region of FOS started to increase
within a few minutes after EGF administration and
peaked around 10 min (Supplemental Fig. 5). Taking this
and earlier biochemical studies together, these ChIP data
suggest that DSIF, Paf1C, and Tat-SF1 are assembled onto
the Pol II elongation complex in a temporally coordinated
manner, and that this large protein complex is responsi-
ble for active transcription.

We then asked whether any histone modifications
occur in association with FOS gene induction. Occupancy
of histone H3 at the FOS promoter region was signifi-
cantly reduced after EGF administration, probably due to
transcription-coupled histone eviction (Fig. 7; Supplemen-
tal Figs. 5, 6). On the other hand, the H3K4me3 level at the
FOS promoter region was already high prior to induction,
and its relative level was essentially unaffected by EGF
treatment. These results suggest that H3K4me3 is not
involved in EGF-induced transcriptional change per se.

Finally, knockdown ChIP analyses were carried out to
examine the role of each elongation factor in greater
detail. From the data shown in Figure 8, the following
conclusions can be drawn: (1) DSIF, Paf1C, and Tat-SF1
are all important to Pol II elongation on the FOS gene. (2)
Leo1 knockdown has no appreciable effect on the
H3K4me3 level at the FOS promoter region. (3) DSIF
and Tat-SF1 stimulate Paf1C recruitment to the FOS gene
following induction. (4) DSIF and Paf1C also contribute to
Tat-SF1 recruitment to the FOS gene following induction.
(5) DSIF recruitment is relatively unaffected by the
knockdown of Paf1C and Tat-SF1. Thus, although for
some reason that we do not understand there is a dis-
agreement as to the role of Paf1C and Tat-SF1 in DSIF
recruitment to Pol II, these in vitro and in vivo data are

Figure 6. Nonredundant roles of DSIF, Paf1C, and Tat-SF1 in
EGF-induced transcription. (A) HeLa cells were transduced with
recombinant lentivirus expressing no shRNA (Control) or
expressing one of the shRNAs. Four days post-infection, immu-
noblotting was performed. (B) Four days to 6 d post-infection,
the cells were treated with EGF for the indicated times and then
harvested for RNA analysis. The expression levels of the FOS

and EGR1 mRNAs were quantified by real-time RT–PCR, and
the values are expressed as fold changes from the mRNA levels
in control virus-transduced, unstimulated cells.
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largely concordant and together suggest that DSIF, Paf1C,
and Tat-SF1 are assembled into the Pol II elongation
complex in a cooperative manner. This could partly
explain the mechanism of their cooperative action.

Discussion

In this study, we took an activity-based biochemical
approach to understand the mechanism of elongation
activation by DSIF and found that Paf1C and Tat-SF1,
factors implicated previously in elongation control, are
required for DSIF-mediated, P-TEFb-dependent elonga-
tion activation. Interestingly, DSIF, Paf1C, and Tat-SF1
have no discernible effect on transcription individually
but, in combination, strongly enhance Pol II elongation in
our partially reconstituted transcription system in vitro.
Our data also show that these factors are recruited to the
FOS gene in a temporally coordinated manner and
contribute to its high-level expression, suggesting that
the mechanism found in vitro also occurs in vivo.

Rediscovery of Paf1C as a DC

Paf1C was originally identified in yeast as a Pol II-
associated complex by Jaehning and colleagues (Shi
et al. 1996), and was subsequently shown to play a critical
role in generating transcription-associated histone mod-
ifications during elongation (Krogan et al. 2003; Ng et al.
2003). Such chromatin-related functions of Paf1C are
conserved in Drosophila and humans (Zhu et al. 2005;

Adelman et al. 2006). Our findings are generally consis-
tent with previous studies in yeast showing that Paf1C
genetically and physically interacts with the yeast coun-
terpart of DSIF, Spt4–Spt5 (Squazzo et al. 2002; Qiu et al.
2006). More recently, Zhou et al. (2009) and Liu et al.
(2009) independently reported that the CTR region of
yeast Spt5 is phosphorylated by Bur1/2, one of the yeast
counterparts of mammalian P-TEFb, and that the Spt5
CTR is important to Paf1C recruitment and correspond-
ing histone modifications. Their findings are largely
consistent with the present study, but are different in
that the interaction between human DSIF and Paf1C is
not dependent on the presence of the Spt5 CTR.

Yeast Paf1C also appears to play roles other than
histone modification, such as 39-end processing of
mRNAs and small nucleolar RNAs (snoRNAs) (Penheiter
et al. 2005; Sheldon et al. 2005). A chromatin-independent
role of yeast Paf1C in transcription elongation was also
described by Rondón et al. (2004). In this pioneering work,
Rondón et al. (2004) carried out in vitro transcription
assays using a naked DNA template and whole-cell ex-
tracts prepared from yeast strains lacking individual
components of Paf1C. Consequently, cell extracts from
Dpaf1 and Dcdc73 showed reduced elongation efficiency,
whereas those from Dleo1 and Drtf1 showed a wild-type
level of efficiency (Rondón et al. 2004). Thus, these results
generally support the idea that Paf1C stimulates tran-
scription elongation on a naked DNA template, but the
underlying cause of the observed transcriptional defect

Figure 7. Concomitant association of DSIF, Paf1C, Tat-
SF1, and Pol II with the FOS gene. ChIP assays were
carried out as described in the Materials and Methods.
Prior to harvest, HeLa cells were cultured for 18 h in
the presence of 0.2% serum and then stimulated for
7.5 min with 0.1 mg/mL EGF or were left untreated. The
amplicons used are presented as bars below the diagram
of the FOS gene. All of the data are means 6 SEM from
three independent experiments and are expressed as
percent input. Enrichment ratios of histone H3K4me3
to total histone H3 were calculated from respective
ChIP data and are expressed in arbitrary units.
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remains uncertain. Here, we provided compelling bio-
chemical evidence that human Paf1C has bona fide
elongation stimulation activity on a naked DNA tem-
plate and, surprisingly, that this activity is dependent on
other elongation factors; i.e., DSIF and Tat-SF1. This
Paf1C activity can be distinguished from its chromatin-
dependent elongation stimulation activity described by
Pavri et al. (2006), as their reconstituted transcription
system is devoid of DSIF and Tat-SF1, whereas ours is
devoid of chromatin structure.

While DSIF, Paf1C, and Tat-SF1 are clearly capable of
stimulating Pol II elongation independently of chromatin
in vitro, some of the knockdown effect on gene expres-
sion that we observed in HeLa cells may be caused by the
removal of the monoubiquitin mark. Particularly inter-
esting in this regard is the finding by Pavri et al. (2006)
that H2Bub functions cooperatively with FACT to facil-
itate chromatin transcription independently of H3K4
methylation. We envisage that DSIF, Paf1C, and Tat-SF1
on the one hand directly regulate Pol II elongation and, on

the other hand, act through H2B monoubiquitination,
and thereby activate transcription of target genes in vivo.

Why did knockdown of Leo1 and Cdc73 not lead to the
reduction of the H3K4me3 level? In fact, to our knowl-
edge, there are no inconsistencies between our data and
published data in a strict sense. In yeast, whereas paf1 or
rtf1 deletion causes a significant reduction of H3K4 and
H3K79 methylation, leo1 deletion does not affect these
histone modifications significantly (Tenney et al. 2006),
and there has been no report on the role of Ctr9p and
Cdc73p in histone modifications. In Drosophila and
human cells, knockdown of Rtf1, Ctr9, and Ski8 affects
the H3K4me3 level (Zhu et al. 2005; Adelman et al. 2006),
but the role of the other Paf1C components in histone
modifications has been unclear. The apparently variable
results may be because different Paf1C components have
different levels of importance to its function as a complex.
Another related question is why knockdown of Leo1,
Cdc73, and Spt5 did not affect the H3K4me3 level despite
the strong reduction in the H2Bub level. Possibly, after
knockdown of Leo1 or Cdc73, residual Paf1C activity
(and hence residual H2Bub) may be sufficient for main-
taining the H3K4me3 level. Alternatively, while in yeast
H2B monoubiquitination is a critical determinant for
H3K4me3 (Nakanishi et al. 2009), this may not be true
in humans. Whereas Set1 is the sole enzyme responsible
for H3K4 methylation in yeast, at least 10 known or
predicted H3K4 methyltransferases exist in humans
(Ruthenburg et al. 2007). Enzymes that act independently
of Paf1C and H2B monoubiquitination may be partly
responsible for H3K4me3 in humans.

Rediscovery of Tat-SF1 as a DC

Tat-SF1 was described originally as a coactivator of HIV
Tat by Sharp and colleagues (Zhou and Sharp 1996), and
was later shown to have general elongation stimulation
activity (Li and Green 1998). However, its precise mech-
anisms of action have not been elucidated. Here, we
established that Tat-SF1 function is dependent on DSIF
and Paf1C. This is, to our knowledge, the first demon-
stration that Tat-SF1 and Paf1C interact physically and
functionally with each other. On the other hand, the
connection between Tat-SF1 and DSIF is not unprece-
dented. Parada and Roeder (1999) described Tat-SF—a
large multiprotein complex that is not fully defined
but is thought to contain Tat-SF1, DSIF, Nucleolin, and
P-TEFb—as a factor responsible for Tat-dependent tran-
scriptional activation. Kim et al. (1999) independently
reported copurification of Tat-SF1 with DSIF and RAP30,
the small subunit of TFIIF. The relevance of these find-
ings to our study is unclear, because other components of
the previously described complexes, such as Nucleolin,
RAP30, and Pol II, are absent in our purified coactivator
fractions. However, it is quite possible that DSIF, Paf1C,
and Tat-SF1 are responsible for the stimulatory activity
detected and sought after in the previous studies.

Tat-SF1 is highly conserved from yeast to humans.
Although Tat-SF1 function in species other than humans
is largely unknown, its yeast counterpart, Cus2p, was

Figure 8. Cooperative assembly of DSIF, Paf1, and Tat-SF1 into
the Pol II elongation complex. HeLa cells were transduced with
recombinant lentivirus expressing no shRNA (Control), Leo1
shRNA #1, Tat-SF1 shRNA #1, or Spt5 shRNA. Five days to
6 d post-infection, the cells were treated with EGF for 7.5 min or
were left untreated and subjected to ChIP. Data are means 6

SEM from three independent experiments. Anti-H3K4me3 from
Upstate Biotechnologies (07-473) was used where indicated.
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shown to interact genetically and physically with the
splicing machinery (Yan et al. 1998). Strong sequence
conservation of DSIF, Paf1C, and Tat-SF1 supports the
idea that the mechanism found in this study is conserved
throughout evolution. Moreover, considering the accu-
mulating evidence that DSIF, Paf1C, and Tat-SF1 are
involved in mRNA processing (Yan et al. 1998; Wen and
Shatkin 1999; Penheiter et al. 2005; Sheldon et al. 2005),
it is tempting to speculate that their interplay occurs not
only during elongation control but also during control of
mRNA processing.

Nonredundant roles of transcription elongation factors

We found that P-TEFb-mediated phosphorylation of the
Spt5 CTR is required for elongation stimulation by DSIF,
Paf1C, and Tat-SF1, but is not required for their interac-
tions (Figs. 4, 5). What, then, is the actual function of Spt5
phosphorylation in productive elongation? Our data do
not exclude the possibility that Spt5 phosphorylation is
not essential but enhances the stability of the DSIF–
Paf1C–Tat-SF1 interactions. Another interesting possibil-
ity is that phosphorylation of the Spt5 CTR contributes to
productive elongation by triggering recruitment of other
unidentified factors. Since our partially reconstituted
transcription system contains the crude P1.0 fraction,
such factors may have been supplied from this fraction.

Although this study identified Paf1C, Tat-SF1, and
P-TEFb as necessary for DSIF-mediated elongation activa-
tion, it remains to be determined whether these factors are
sufficient for the activation. Transcription assays using an
oligo(dC)-tailed template are useful for studying elongation
mechanisms, as this template circumvents the require-
ment for numerous factors involved in promoter-specific
transcription initiation. Despite many attempts, we were
unable to reproduce elongation activation by DSIF, Paf1C,
Tat-SF1, and P-TEFb using this template and purified Pol II
(Y Chen, Y Yamaguchi, and H Handa, unpubl.). Although
still inconclusive, these preliminary data suggest that
other factors, possibly factors interacting with the Spt5
CTR in a phosphorylation-dependent manner, may also be
required for DSIF-dependent elongation activation. This
role might be played instead by TFIIF, because TFIIF has
been strongly implicated in DSIF-, NELF-, and P-TEFb-
dependent elongation control (Cheng and Price 2007).

Of a dozen elongation factors identified so far, many
have been thought to possess similar biochemical activity
to enhance Pol II elongation. In fact, however, only a few,
such as Elongin and ELL, have been shown to stimulate
elongation in a highly purified transcription system (Aso
et al. 1995; Shilatifard et al. 1996), and the others either
have little effect in a highly purified system (e.g., DSIF) or
remain to be examined in this respect (e.g., Tat-SF1). In
addition, there have been many unanswered questions
regarding possible interplay among different elongation
factors, such as whether elongation factors with appar-
ently similar activities have distinct or redundant func-
tions. This study revealed a surprising interplay of three
(or four, if P-TEFb is taken into account) elongation
factors, and established that these factors play nonredun-

dant, cooperative roles in productive elongation. The
requirement for a set of elongation factors in transcription
elongation is reminiscent of the requirement for a set of
GTFs in transcription initiation, although it should be
noted that Pol II elongation generally occurs without any
additional factors, whereas GTFs are absolutely required
for correct initiation of transcription. Future experiments
will focus on establishment of a minimal set of factors
required for productive elongation and elucidation of the
molecular mechanism involved.

Materials and methods

Purification and identification of DCs

HeLa NE and its phosphocellulose column fractions (P.1, P.3, and
P1.0) were prepared as described (Wada et al. 1998). The P.3
fraction (;100 mg) from 100 mL of HeLa NE was concentrated
10-fold by precipitation with saturated ammonium sulfate. After
centrifugation, the precipitates were resuspended and dialyzed
against HGE.1 (20 mM HEPES [at H 7.9, 20% glycerol, 0.2 mM
EDTA, 0.5 mM dithiothreitol, 0.1 M KCl). The number following
HGE denotes the molar concentration of KCl. Concentrated P.3
was applied to a 20-mL DEAE Sepharose column equilibrated
with HGE.1, and bound proteins were step-eluted with HGE.225,
HGE.3, and HGE1.0. DC activity was found in the 0.3 M KCl
fraction (D.3). Then, D.3 was applied directly (in 1-mg aliquots)
to a mono-Q PC 1.6/5 column equilibrated with HGE.3, and
bound proteins were eluted with a 1.5-mL linear gradient from
0.3 to 1.0 M KCl. DC activity was separated at this step, and the
activities peaking at fractions #12 and #14 were termed DC1 and
DC2, respectively. For purification of DC1, the mono-Q fraction
#12 was dialyzed against HGE.05 and subjected to a mono-S PC
1.6/5 column. Bound proteins were eluted with a 1.5-mL linear
gradient from 0.05 to 0.6 M KCl. At this step, five polypeptides
were found associated with DC1 activity and, therefore, these
polypeptides were excised from an SDS gel and subjected to LC-
MS/MS analysis. For purification of DC2, the mono-Q fraction
#14 was dialyzed against HGE.05 and subjected to a mono-S PC
1.6/5 column. Since DC2 activity was found in the flow-through
fraction, this fraction was applied directly to the second mono-Q
column, and bound proteins were eluted with a 1.5-mL linear
gradient from 0.05 to 1.0 M KCl. At this step, a single poly-
peptide was found associated with DC2 activity and, therefore,
this polypeptide was excised from an SDS gel and subjected to
LC-MS/MS analysis.

Continuous-labeling transcription assays were performed us-
ing pSLG402 (Lee and Greenleaf 1997) essentially as described
(Guo et al. 2000), except that 6 mL of P1.0 were used instead of
NE to support transcription initiation. Where indicated by ‘‘+’’ or
‘‘13,’’ the following proteins were also included: rDSIF, 0.6 pmol
each of rSpt5 and rSpt4; native Paf1C, 0.4 pmol; native Tat-SF1,
0.5 pmol; Flag-Paf1C, 0.4 pmol; rTat-SF1, 2.5 pmol. Following
preincubation of 20-mL reactions for 45 min, 5 mL of 4NTPs (final
concentrations of 30 mM ATP, 300 mM CTP, 30 mM GTP, 2.5 mM
[a-32P] UTP) were added, and initiation/elongation was allowed
to proceed for 20 min unless stated otherwise.

Pulse-chase transcription assays were performed using pML-
DGL1, a pSLG402 derivative in which the first G-less cassette
of 83 base pairs (bp) in length was placed directly downstream
from the major-late promoter. Following 45 min of preincuba-
tion, 3NTPs (final concentrations of 500 mM ATP, 500 mM CTP,
0.5 mM [a-32P] UTP) were added and incubated for 20 min to
allow the formation of +83 complexes. Then, chase reactions were
carried out in the presence of 500 mM (each) 4NTPs for 30–60 sec.
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Recombinant plasmids, recombinant proteins, and cell lines

pFlag-Leo1 and pFlag-Paf1 were gifts from D. Reinberg. pFastBac-
HT-myc-Tat-SF1 was a gift from K. Nagata. For mammalian
expression of Tat-SF1, sequence encoding Tat-SF1 and the
C-terminal Flag tag (a gift from Q. Zhou) was subcloned into
pcDNA3. For mammalian expression of Spt5, sequence encoding
the N-terminal HA tag and Spt5 was subcloned into pcDNA3.
Spt5 TA and SA were described previously (Yamada et al. 2006).
Spt5DCTR lacks amino acids 758–936 and is identical to Spt5D

repeat described previously (Yamaguchi et al. 1999b).
To establish a HeLa cell line stably expressing Flag-Leo1, HeLa

cells were transfected with pFlag-Leo1 and selected for 2 wk
in the presence of 500 mg/mL G418. A number of clonal
cell populations were isolated, and a cell line expressing Flag-
Leo1 at a moderate level was selected. A HeLa cell line
stably expressing Flag-Tat-SF1 was similarly established using
pcDNA3-Flag-Tat-SF1.

Preparation of rSpt5 and rSpt4 was detailed in Yamaguchi et al.
(1999b). Flag-tagged Paf1C was prepared essentially as described
(Zhu et al. 2005) with minor modifications. Briefly, NE was
prepared from HeLa/Flag-Leo1 cells and was loaded onto an anti-
Flag affinity column. After stringent wash with HGE.5, bound
proteins were eluted with Flag peptide and further subjected to
mono-Q column chromatography. For preparation of rTat-SF1,
recombinant baculovirus was produced with pFastBac-myc-Tat-
SF1 and Bac-to-Bac Baculovirus Expression System (Invitrogen).
His- and myc-tagged Tat-SF1 was overexpressed in baculovirus-
infected Sf9 cells and purified by nickel-affinity chromatography.

For baculoviral expression of Paf1C, Cdc73/HRPT2 cDNA
was obtained from Addgene (Rozenblatt-Rosen et al. 2005); Paf1
and Leo1 cDNAs were provided by D. Reinberg (Zhu et al. 2005);
Ctr9/p150TSP cDNA was provided by S. Desiderio (Malek et al.
1996); and Ski8 cDNA was cloned by RT–PCR from HeLa total
RNA. These cDNAs, except Paf1, were subcloned into pFastBac
1. Paf1 cDNA was subcloned into a pFastBac HT-B derivative
that was engineered to produce an N-terminal His- and V5-
tagged protein. Five recombinant baculoviruses generated from
these constructs were coinfected into Sf9 cells and, 48 h post
infection, cell lysates were prepared and subjected to anti-V5-
affinity chromatography.

shRNA-mediated knockdown and RNA analysis

Double-stranded oligonucleotides encoding shRNAs were
cloned into pBS-U6 as described (Yamada et al. 2006). The follow-
ing 21-nucleotide (nt) sequences were used as shRNA targets:
Spt5 shRNA, 59-AAGAACUGGGCGAGUAUUACA-39; Tat-SF1
shRNA #1, 59-AAGAAUUGUACGGAGACGGCA-39; Tat-SF1
shRNA #2, 59-AAGAUGAAAUUAGAGGCUACA-39; Leo1 shRNA
#1, 59-AAGUUUUACGAAUGAAACGCA-39; Leo1 shRNA #2,
59-AAGAUAAUAGUGGAACCAUGG-39; Cdc73 shRNA #1, 59-AA
GUAUAGACAGAAGCGCUCC-39; Cdc73 shRNA #2, 59-AAGAA
ACCACGAAUUGAGGAU-39. After functional validation, cas-
settes including a mouse U6 promoter were excised and subcl-
oned into pLenti6 (Invitrogen). Recombinant lentiviruses were
produced and concentrated prior to use according to standard
procedures. In knockdown experiments, HeLa cells were in-
fected with recombinant lentivirus expressing no shRNA or
expressing one of the shRNAs and were selected in the presence
of 4 mg/mL Blasticidin. Four days to 6 d post-infection, the cells
were either lysed with high-salt buffer (50 mM Tris-HCl at pH
7.9, 500 mM NaCl, 1% NP-40) for immunoblotting or harvested
for RNA analysis. Spliced mRNAs for FOS, EGR1, and GAPDH

were quantified by one-step RT–PCR using QuantiTect SYBR
Green RT–PCR kit (Qiagen) and an ABI 7300 real-time PCR
system (Applied Biosystems).

Immunological analyses

Anti-Rpb4, anti-Spt5, anti-Leo1, and anti-Cdc73 antibodies were
produced in-house in rabbits. Anti-Rpb4 was raised against
histidine-tagged full-length Rpb4. Anti-Spt5 was raised against
the C-terminal fragment (amino acids 937–1087) of Spt5 fused to
glutathione-S-transferase. Anti-Leo1 was raised against the
N-terminal fragment (amino acids 90–320) of Leo1 fused to gluta-
thione-S-transferase. Anti-Cdc73 was raised against histidine-
tagged full-length Cdc73. Anti-Paf1 was a gift from D. Reinberg.
The following commercial antibodies were also used: anti-
H3 (Abcam, ab1791), anti-H3K4me3 (Abcam, ab8580), anti-
H3K4me3 (Upstate Biotechnologies, 07-473), anti-H3K36me3
(Abcam, ab9050), anti-H3K79me2 (Abcam, ab3594), anti-H2B
(Abcam, ab1790), anti-H2Bub (Upstate Biotechnologies, 05-1312).

ChIP assays were performed according to standard procedures
(Aida et al. 2006). Of the five primer sets used, c, d, and e were
described previously (Yamada et al. 2006). The remaining primer
sets are as follows: a, 59-TGCAGTCACCTCCTCTGGGA-39 and
59-GGCTGGTGCTCACTGTAATG-39; f, 59-ACTACTCAGGAG
GCTGAGGC-39 and 59-TGATTGAGGTCCCCAGGAGC-39. Ab-
solute quantification of target sequences was performed by real-
time PCR.

Immunoprecipitations and immunodepletions were carried
out essentially as described (Yamaguchi et al. 1999a; Narita et al.
2007).
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