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Characterization of the Human Transcription Elongation Factor Rtfl:
Evidence for Nonoverlapping Functions of Rtfl and the Pafl Complex
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Restores TBP function 1 (Rtf1) is generally considered to be a subunit of the Pafl complex (PAF1C), a multifunctional protein
complex involved in histone modification and transcriptional or posttranscriptional regulation. Rtfl, however, is not stably as-
sociated with the PAF1C in most species except Saccharomyces cerevisiae, and its biochemical functions are not well understood.
Here, we show that human Rtf1 is a transcription elongation factor that may function independently of the PAF1C. Rtfl requires
“Rtfl coactivator” activity, which is most likely unrelated to the PAF1C or DSIF, for transcriptional activation in vitro. A muta-
tional study revealed that the Plus3 domain of human Rtfl is critical for its coactivator-dependent function. Transcriptome se-

quencing (RNA-seq) and chromatin immunoprecipitation studies in HeLa cells showed that Rtf1 and the PAF1C play distinct
roles in regulating the expression of a subset of genes. Moreover, contrary to the finding in S. cerevisiae, the PAF1C was appar-
ently recruited to the genes examined in an Rtfl-independent manner. The present study establishes a role for human Rtfl asa
transcription elongation factor and highlights the similarities and differences between the S. cerevisiae and human Rtf1

proteins.

Restores TBP (TATA box-binding protein) function 1 (Rtfl)
was identified as a suppressor of a TBP mutant in Saccharo-
myces cerevisiae (1). Subsequent genetic and biochemical studies
in yeast have shown that Rtfl functions as a component of the
polymerase-associated factor 1 (Pafl) complex (PAF1C) contain-
ing Pafl, Ctr9, Leol, and Cdc73 (2-5). The PAF1C is a multifunc-
tional protein complex whose primary role is to facilitate histone
modifications, such as H2B monoubiquitination at K123 and H3
methylation at K4 and K79 (6-12). The PAF1C also plays impor-
tant roles in transcription elongation through chromatin, as well
as on naked DNA (13-16). Furthermore, the PAF1C is involved in
transcription termination and 3’ processing of polyadenylated
and nonpolyadenylated Pol II transcripts (17-25).

Pafl, Ctr9, Leol, Cdc73, and Rtfl are highly conserved in eu-
karyotes; however, the subunit compositions of the PAF1C vary
among species. Purification of the PAF1C from human HeLa cells
yielded a five-subunit complex lacking Rtf1 but containing Ski8 as
an additional subunit (22, 26, 27). Similarly, coimmunoprecipi-
tation studies in zebrafish, Drosophila, and Schizosaccharomyces
pombe showed that PAF1C homologs in these species lack a stably
associated Rtf1 subunit (28—30). At the functional level, however,
Rtfl and other PAF1C subunits have a number of similarities. For
example, knockout or knockdown of Rtf1 and other PAF1C sub-
units results in similar defects in histone modifications in all the
species examined (27, 28, 31). At the organismal level, inhibition
of Rtfl and other PAF1C subunits causes similar defects in epider-
mal morphogenesis in Caenorhabditis elegans and in somitogen-
esis and cardiomyocyte development in zebrafish (29, 32, 33). Rtf1
and Pafl colocalize with each other and with RNA polymerase I
(RNAPII) in Drosophila polytene chromosomes (28). Thus, in
most species except S. cerevisiae, Rtfl is not stably associated with
the PAFIC, although it is functionally similar to the PAFIC in
many respects. To indicate the species-specific differences, only
Rtfl from S. cerevisiae is referred to as a PAF1C subunit in this
paper.

Little is known about the role of Rtf1 in transcription in higher
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eukaryotes. In in vitro transcription assays using S. cerevisiae cell
extracts and a naked DNA template, Rondon et al. (16) showed
that pafiA and cdc73A cell extracts were defective in elongation,
whereas rtfIA and leolA cell extracts were not; however, recent
papers have shown that S. cerevisiae Rtf1 is critical for the recruit-
ment of the PAF1C (20, 34, 35). The conserved Plus3 domain of
Rtfl interacts with the phosphorylated form of Spt5, the large
subunit of DSIF, and thereby recruits the other PAF1C subunits to
actively transcribed genes (5, 35-39). In higher eukaryotes, we
used a human in vitro transcription system to show that the
PAF1C cooperates with DSIF and Tat-SF1 to promote transcrip-
tion elongation on a naked DNA template (13). The PAF1C lack-
ing Rtf1 was fully active in our transcription assays, and the inclu-
sion of Rtfl had no discernible effect on the synergistic action of
the PAF1C, DSIF, and Tat-SF1 (our unpublished data). In a sub-
sequent study, Kim et al. (14) reconstituted the human PAF1C
using recombinant subunits to demonstrate that the PAF1C acti-
vates the transcription of a chromatin template in cooperation
with TFIIS in vitro. Consistent with our findings, no difference was
found between the PAF1C and the PAF1C-Rtf1 complexes in their
chromatin transcription assays. Therefore, there is no compelling
evidence that metazoan Rtfl directly controls transcription inde-
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pendently of histone modifications or posttranscriptional regula-
tion.

Our initial goal was to examine the role of human Rtfl in
transcription using in vitro transcription assays. Since efficient
transcription elongation was found to be critically dependent on
Rtfl in crude HeLa cell nuclear extracts (NE), we investigated the
mechanism of action of Rtfl and reached an unexpected finding
that Rtfl requires “Rtfl coactivator” activity, which is most likely
unrelated to the PAF1C or DSIF. Mutational studies revealed that
the Plus3 domain of human Rtfl is critical for its coactivator-
dependent function. To extend our findings to living cells, gene
expression analysis and chromatin immunoprecipitation (ChIP)
were performed after knockdown of Rtfl, Pafl, and Ski8. We
found that Rtfl and the PAFI1C play distinct roles in the expres-
sion of a subset of genes. Moreover, contrary to the findings in S.
cerevisiae, the human PAF1C was recruited to the genes examined
even when Rtf] was knocked down. The present study establishes
arole for human Rtfl as a transcription elongation factor that may
function independently of the PAF1C. This study also highlights
the similarities and differences between the S. cerevisiae and hu-
man Rtfl proteins.

MATERIALS AND METHODS

In vitro transcription assays. In vitro transcription assays were per-
formed using pSLG402, which contained the adenovirus major late pro-
moter (40), and 2 pl of NE or 6 pl of P1.0 (see below) with or without 0.2
pmol of wild-type or mutant Rtfl. After preincubation of 22-ul reaction
mixtures for 40 min, 3 pl of 4 nucleoside triphosphates (NTPs) (30 uM
ATP, 300 uM CTP, 300 uM GTP, and 2.5 uM [a->*P]UTP at the respec-
tive final concentrations) containing 500 U of RNase T1 was added, and
initiation/elongation was allowed to proceed for 20 min unless otherwise
stated. The reactions were stopped at the indicated times by the addition
of 100 wl of stop buffer (10 mM Tris-HCI, pH 7.5, 0.3 M NaCl, and 5 mM
EDTA). The synthesized transcripts were then purified by phenol-chloro-
form extraction and ethanol precipitation and resolved by 8% urea PAGE.
The amounts of radioactivity incorporated were quantified using a Storm
860 phosphorimager (Amersham Pharmacia Biotech).

Primer extension was also performed to analyze transcripts produced
from pTF3-6C,AT, the supercoiled plasmid containing the adenovirus E4
promoter, as previously described (41). After the transcription reactions,
the purified reaction products were analyzed using one of the following
radioactive primers: A, 5'-GAATAATGAGGAAAGGAGAGT-3'; B, 5'-G
ATGATAGATTTGGGAAATATAA-3'; C, 5'-GGAGAGTAGGGTGGTA
TAG-3'; or D, 5-AGGAAACAGCTATGACCATG-3'. The expected
lengths of the products were 29 nucleotides (nt), 69 nt, 98 nt, and 432 nt,
respectively.

Recombinant proteins. Human Rtfl cDNA was prepared by reverse
transcription (RT)-PCR from total RNA extracted from HeLa cells and
cloned into pFastBacl with the coding sequence for an N-terminal Flag
tag. Coding sequences for full-length Rtfl and its deletion mutants were
subcloned into pET-28c+ for expression of cloned inserts with an N-ter-
minal histidine tag and a C-terminal Flag tag. Recombinant Rtf1 proteins
were expressed in Escherichia coli strain BL21 and subjected to tandem-
affinity purification using Ni-agarose beads (Qiagen) and M2 Flag-aga-
rose beads (Sigma).

Fractionation of HeLa cell NE. HeLa cell NE and the phosphocellu-
lose P11 fractions (P.1, P.3, and P1.0) were prepared as previously de-
scribed (42). P1.0 was dialyzed against HGE (20 mM HEPES, pH 7.9, 20%
glycerol, 0.2 mM EDTA, 0.5 mM dithiothreitol) containing 0.1 M KCl
(HGE.1; the number following HGE indicates the molar concentration of
KCl) and applied to a 50-ml DEAE-Sepharose FF column (Amersham
Pharmacia) equilibrated with HGE.1. The column was washed with the
same buffer, and proteins were eluted with HGE.225, HGE.3, and
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HGE1.0. The 0.3 M KCl fraction was dialyzed against HGE.1 before use
for in vitro transcription.

Immunological analyses. Anti-Spt5, anti-Tat-SF1, anti-Leol, and an-
ti-Cdc73 antibodies were produced in house in rabbits (13). The following
commercial antibodies were also used: anti-Rpb1 (Santa Cruz; sc-899),
anti-Rpb1 (8WG16), anti-Ctr9 (Bethyl; A301-395A), anti-Rtf1 (c), anti-
Pafl (Bethyl; A300-173A), anti-Pafl (Abcam; ab20662), anti-Cdc73
(Santa Cruz; sc-33638), anti-Ski8 (Abcam; ab57840), anti-TFIIS (Trans-
duction Laboratories; $84820), anti-H2B (Abcam; ab1790), anti-monou-
biquitinated H2B (anti-H2Bub) (Millipore; 05-1312), anti-H3 (Abcam;
ab1791), and beta-actin (Abcam; ab6276). Anti-Rpb1 (Santa Cruz; sc-
899), anti-Rtfl (Bethyl; A300-179A), and anti-Pafl (Abcam; ab20662)
antibodies were used for ChIP assays. Immunoprecipitation and immu-
nodepletion were performed as previously described (41, 43).

shRNA-mediated knockdown and RNA analysis. The following
21-nt sequences were used as short hairpin RNA (shRNA) targets: Rtfl
number 2, 5'-AAGAAUUGAAUCGGGUUCGAU-3'; Ctr9 number 3,5'-
AAGCAGAAGCGGAACAUGAUG-3'; Leol number 4, 5'-AAGAGGCA
GUGAUAGUGAAGA-3'; Pafl number 5, 5'-AACCAGUUUGUGGCCU
AUUUC-3"; Cdc73 number 1, 5'-AAGUAUAGACAGAAGCGCUCC-3';
and Ski8 number 3, 5'-AGUGGAGCCAUAGAUGGAAUC-3'. Double-
stranded oligonucleotides for shRNAs against Rtfl and Cdc73 were
cloned into pBluescript-U6 as previously described (44). After functional
validation, cassettes including a mouse U6 promoter were excised and
subcloned into pLenti6 (Life Technologies). sShRNAs against Ctr9, Leol,
Pafl, and Ski8 were directly cloned into the lentiviral vector pRSI9. Re-
combinant lentiviruses were produced and concentrated prior to use ac-
cording to standard procedures. In knockdown experiments, HeLa cells
were infected with recombinant lentivirus expressing no shRNA or ex-
pressing one of the shRNAs and selected in the presence of 5 pg/ml blas-
ticidin for pLenti6 or 1 pg/ml puromycin for pRSI9. The cells were lysed
with high-salt buffer (50 mM Tris-HCI, pH 7.9, 500 mM NaCl, 1% NP-
40) for immunoblotting or with Sepasol RNA I Super G (Nacalai Tesque)
for RNA analyses.

RNA analyses. Total RNAs prepared from control HeLa cells and Rtf1,
Ski8, and Pafl knockdown cells were subjected to transcriptome sequenc-
ing (RNA-seq) in triplicate. Following the removal of rRNA using the
RiboMinus eukaryote kit (Life Technologies), libraries were constructed
using the Ion Total RNA-Seq kit and sequenced using the Ion Proton
System (Life Technologies). A minimum of 3 million high-quality reads
were obtained for each sample. The reads were mapped to the human
genome GRch37.p9, and reads per kilobase per million (RPKM) were
calculated. The rank product method (RankProd) was used to identify
differentially expressed genes using a false-discovery rate (FDR) of 0.05
and a 2.0-fold change as cutoff values. Then, cluster analysis was per-
formed using CLC Genomics Workbench. The average Z scores were
calculated for each gene and used to draw a heat map. The heat map (see
Fig. 5B) represents the genes differentially expressed in any one of the
Rtfl, Ski8, and Pafl knockdowns. Gene ontology (GO) analysis was per-
formed using DAVID Bioinformatics Resources 6.7 (45).

Eighteen genes were selected from the list of differentially expressed
genes, and quantitative RT (qQRT)-PCR was performed in triplicate using
the One Step SYBR PrimeScript Plus RT-PCR kit (TaKaRa). Quantifica-
tion was performed by the AAC, method using GAPDH (encoding glyc-
eraldehyde-3-phosphate dehydrogenase) as a reference gene.

Cell cycle analysis. Control and knockdown cells were prepared in
triplicate and fixed with 70% cold ethanol in phosphate-buffered saline.
After RNase A treatment, the fixed cells were stained with 50 wg/ml pro-
pidium iodide. The DNA content measurement and cell cycle analysis
were performed using a FACSCalibur flow cytometer and Cell Quest soft-
ware (Becton Dickinson).

ChIP assays. ChIP assays were performed as previously described
(46). Chromatins were solubilized by micrococcal nuclease digestion,
and immunoprecipitation was performed with Dynabeads protein G
(Dynal).
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RESULTS

Human Rtfl is a transcription elongation factor. To characterize
human Rtfl, its subcellular localization in HeLa cells was exam-
ined by immunostaining. Immunofluorescence signals obtained
with anti-Rtfl antibody perfectly overlapped with those of DAPI
(4',6-diamidino-2-phenylindole) (Fig. 1A), indicating that hu-
man Rtfl is a nuclear protein.

In vitro transcription assays were performed using crude HeLa
cell NE and pSLG402, a naked DNA template containing two G-
free cassettes cloned downstream of the adenovirus major late
promoter (Fig. 1B). After RNase T1 treatment, 83-nt and 377-nt
fragments corresponding to the promoter-proximal and promot-
er-distal G-free cassettes were generated from the synthesized
transcripts. The former represents the efficiency of initiation/early
elongation, and the distal-to-proximal ratio represents the effi-
ciency of late elongation. As reported previously by our group
(13), HeLa cell NE supported efficient transcription initiation and
elongation of pSLG402 (Fig. 1E). To examine the possible role of
Rtfl in transcription, it was depleted from HeLa cell NE using
anti-Rtfl antibody. Rtfl was efficiently removed from the extract,
whereas the levels of all the subunits of the PAF1C, Spt5, Tat-SF1,
and Rpb1 were negligibly affected by this procedure (Fig. 1C).
Strikingly, Rtfl-depleted NE (NEARtfl) exhibited severe tran-
scription defects compared to IgG-depleted control NE (Fig. 1E).
Moreover, the addition of Flag-Rtfl expressed in and purified
from insect cells (Fig. 1D) almost fully restored the transcription
defects (Fig. 1E). These results demonstrated that human Rtf1 is
indispensable for transcription in vitro.

The step of transcription that was affected by Rtfl depletion
was not clear from the results shown in Fig. 1E, because the reduc-
tion of promoter-proximal products can be caused by defects in
initiation, early elongation, or both. To pinpoint the cause, we
analyzed transcripts generated from the adenovirus E4 promoter
by primer extension assays as previously described (41). To quan-
tify transcripts of =29 nt, =69 nt, =98 nt, and =432 nt, four
radiolabeled primers were prepared and hybridized to “cold” run-
off products, followed by reverse transcription. As shown in Fig.
1G, the levels of =29-nt, =69-nt, and =98-nt transcripts were
negligibly affected by Rtfl depletion. In contrast, the level of
=432-nt transcripts was significantly reduced by the immu-
nodepletion and recovered by the addition of Flag-Rtfl to
NEARtfl. Since the stimulatory effect of Rtfl was clearly depen-
dent on transcript length, we concluded that Rtfl acts only in the
elongation phase of transcription in vitro.

Human Rtfl requires another factor to promote transcrip-
tion elongation. To further understand the mechanism of action
of Rtfl, we investigated whether Rtfl requires another factor to
promote transcription elongation. To this end, we used a previ-
ously described method (13, 41, 42). Briefly, HeLa cell NE was
fractionated using a phosphocellulose P11 column into the flow-
through fraction (P0.1), the 0.3 M KCl eluate (P0.3), and the 1.0 M
KClI eluate (P1.0) (Fig. 2A). P1.0 contained most of the general
transcription factors and Pol I and directed transcription initia-
tion; however, because it lacked several transcription elongation
factors, it did not support efficient transcription elongation alone
under the conditions used (Fig. 2B and C) (13). Contrary to the
observations using NEARtf1 (Fig. 1E), the addition of Flag-Rtf1 to
P1.0 did not facilitate the efficient synthesis of the promoter-distal
region, even at the highest concentration tested (Fig. 2C and 3F),
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Nonoverlapping Functions of Human Rtf1 and PAF1C
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FIG 1 Human Rtfl is a transcription elongation factor. (A) The subcellular
localization of human Rtfl was examined by immunofluorescence micros-
copy. HeLa cells were stained with anti-Rtf1 antibody and counterstained with
DAPI. (B) Schematic structure of pSLG402, the DNA template containing two
G-free cassettes. MLP, adenovirus major late promoter. (C) HeLa cell NE
immunodepleted with control IgG or anti-Rtfl antibody were analyzed by
immunoblotting with the indicated antibodies. (D) Coomassie blue-stained
Flag-Rtf1 purified from insect cells. (E) In vitro transcription was performed
using pSLG402, the NE shown in panel C, and Flag-Rtfl. Promoter-proximal
and -distal products are indicated. (F) Schematic structure of the DNA tem-
plate and the primer-binding sites used in panel G. E4P, adenovirus E4 pro-
moter. (G) Primer extension analysis of the products obtained with the NE
immunodepleted with control IgG (NEAIgG) or anti-Rtfl (NEARtf1). Spe-
cific primer extension products are indicated by the arrows.

suggesting that another factor is required for Rtfl-mediated tran-
scriptional activation.

To search for such an “Rtfl coactivator,” a limited amount of
P0.1 and/or P0.3 was added, together with Flag-Rtf1, to P1.0. As
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FIG 2 Human Rtfl requires another factor to promote transcription elongation. (A) Separation scheme. (B) Immunoblot analysis of HeLa cell NE and
phosphocellulose column fractions. (C) In vitro transcription assays of phosphocellulose column fractions. Reaction mixtures containing pSLG402 and the
indicated phosphocellulose column fraction(s) were incubated with or without Flag-Rtfl. Promoter-proximal and -distal products are indicated. (D) Immu-
noblot analysis of DEAE-Sepharose column fractions. P0.3 (input) was analyzed for comparison. (E) In vitro transcription assays of DEAE-Sepharose column

fractions. Promoter-proximal and -distal products are indicated.

shown in Fig. 2B, Rtfl was partitioned into P0.1 and P0.3 to sim-
ilar extents, whereas the PAF1C was largely found in P0.3. In the
absence of exogenous Flag-Rtf1, P0.1 and/or P0.3 did not enhance
elongation at the concentrations used. On the contrary, P0.3
slightly repressed transcription, possibly because of the enrich-
ment of an inhibitory factor(s) (Fig. 2C). The combination of
Flag-Rtfl and P0.3 significantly increased the promoter-distal
products. P0.1 showed a weak coactivation effect with Flag-Rtfl,
whereas no further increase was observed in response to the com-
bination of P0.1 and P0.3, suggesting that the same factor was
responsible for the effects of P0.1 and P0.3 on Rtfl.

P0.3 was further fractionated on a DEAE-Sepharose column,
which yielded the flowthrough fraction (D0.1) and three eluate
fractions (D0.225, D.03, and D1.0). At this step, Rtfl and the
PAF1C were largely separated, with Rtfl exclusively found in
DO0.225 and the PAF1C mostly detected in D0.3 (Fig. 2D). In re-
gard to other transcription elongation factors, DSIF and Tat-SF1
were largely removed from the active fraction at the phosphocel-
lulose chromatography step (Fig. 2B), whereas a portion of DSIF
and Tat-SF1 was cofractionated with the PAFIC and found in
DO0.3 (Fig. 2D). At the functional level, only D0.3 exhibited strong
coactivation with Flag-Rtf1 (Fig. 2E). Incidentally, D0.1 repressed
the synthesis of the promoter-proximal region, suggesting that the
inhibitory factor(s) found in P0.3 was fractionated into DO.1.

Human Rtfl promotes transcription elongation indepen-
dently of the PAF1C and DSIF. Rtf] and the Rtf] coactivator were
successfully separated. Based on past studies and the findings
shown in Fig. 2, the most likely candidate for the Rtfl coactivator
was the PAF1C. Based on a recent study in S. cerevisiae (35), DSIF
might also be a candidate for the Rtfl coactivator, although DSIF
did not comigrate with the coactivator activity at the phosphocel-
lulose step. To explore these possibilities, the PAF1C was immu-
nodepleted from Hela cell NE using antibodies against the
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PAFIC. As a result, Cdc73, Ctr9, Leol, and Pafl, but not Ski8,
were efficiently depleted by antibodies against the respective sub-
units (Fig. 3A). With these antibodies, other subunits of the com-
plex were codepleted to varying degrees, with the Ski8 subunit
showing the greatest resistance to codepletion. When anti-Leol
antibody was used to deplete the PAF1C from the P0.3 D0.3 co-
activator fraction, all the PAF1C subunits, including Ski8, were
codepleted to a satisfactory level (Fig. 3B). This apparent discrep-
ancy was probably due to the presence of the SKI complex, an-
other Ski8-containing complex. Since the SKI complex was frac-
tionated into P0.1 (data not shown), Ski8 found in P0.3 D0.3 was
almost entirely incorporated into the PAF1C and was codepleted
with the other PAF1C subunits. With regard to DSIF, it was effi-
ciently and specifically depleted from P0.3 D0.3 using anti-Spt5
antibody (Fig. 3B).

Contrary to our expectations, the coactivator fraction from
which Leol or DSIF was depleted (P0.3 D0.3 ALeol or P0.3 D0.3
ADSIF) was as efficient as the mock-depleted fraction in stimulat-
ing the synthesis of the promoter-distal region (Fig. 3C), suggest-
ing that none of these proteins are responsible for the coactivator
activity. To rule out the possibility that the PAF1C and DSIF are
functionally redundant and that either can suffice as a coactivator
for Rtf1, we codepleted the PAF1C and DSIF from P0.3 D0.3 using
a combination of anti-Leol and anti-Spt5 antibodies (Fig. 3B). As
aresult, codepletion of the PAF1C and DSIF did not substantially
affect Rtf1-mediated transcriptional activation (Fig. 3C), suggest-
ing that these factors are not responsible for the coactivator activ-
ity of P0.3 D0.3.

To eliminate the possibility that residual PAF1C subunits re-
maining in the depleted fraction supported Rtfl-mediated tran-
scriptional activation, we sought to deplete the PAF1C subunits
completely. The combination of anti-Leol, anti-Cdc73, and anti-
Pafl antibodies resulted in almost complete depletion of the
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transcription assays for immunodepleted P0.3 D0.3 fractions. Promoter-proximal and -distal products are indicated by the arrows. The amounts of promoter-
proximal and -distal products and their ratios are shown below. (D) Immunoblot analysis of the P0.3 D0.3 fractions immunodepleted with anti-Leol, anti-
Cdc73, and anti-Pafl antibodies (P0.3 D0.3 APAFIC) or with control IgG. (E) The indicated amounts of P0.3 D0.3 fractions were added with or without
Flag-Rtfl to in vitro transcription assay mixtures. (F) A partially purified Rtfl coactivator fraction derived from P0.3 D0.3 (P0.3 D0.3 H0.4 S number 5) was
added, together with increasing amounts of Flag-Rtf1, to in vitro transcription assay mixtures. The amounts of promoter-proximal and -distal products and their
ratios are shown below. (G) Immunoblot analysis of TFIIS and histones H2B and H3.

PAF1C from P0.3 DO0.3, giving rise to P0.3 D0.3 APAFI1C (Fig.
3D). As shown in Fig. 3E, P0.3 D0.3 APAF1C coactivated the
synthesis of the promoter-distal region as efficiently as mock-de-
pleted P0.3 D0.3, suggesting that Rtfl promotes transcription
elongation independently of the PAF1C and DSIF in vitro.

To identify the Rtfl coactivator, P0.3 D0.3 was subjected to
heparin-Sepharose chromatography. The resulting active fraction
(HO0.4) was further resolved on a Mono S column, and the most
active fraction (Mono S number 5) was assayed. As shown in Fig.
3F, P0.3 D0.3 H0.4 S number 5 strongly coactivated the synthesis
of the promoter-distal region at increasing concentrations of Flag-
Rtfl. Moreover, glycerol gradient sedimentation analysis indi-
cated that the apparent molecular mass of the coactivator was 200
kDa (data not shown). Despite various attempts, successful puri-
fication and identification of the Rtfl coactivator have not been
achieved.

We performed immunoblot analysis of candidate coactivators.
First, Tat-SF1 and TFIIS were investigated because they are known
to activate transcription in cooperation with the PAF1C in vitro
(13, 14). While a small fraction of Tat-SF1 was found in P0.3 D0.3
(Fig. 2B and D), further purification resulted in separation of the
coactivator activity and Tat-SF1 (data not shown). With regard to
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TFIIS, it was fractionated almost entirely into the P1.0 fraction
(Fig. 3G). Since P1.0 was used as a source of the general transcrip-
tion factors and Pol II in our transcription assays, we cannot ex-
clude the possibility that TFIIS plays a role in Rtfl-dependent
activation. It can be said, however, that TFIIS is not responsible for
the coactivator activity found in P0.3 D0.3. Considering the tight
functional link between Rtfl and chromatin (9, 14, 34, 38), his-
tones could modulate the transactivation potential of Rtf1 in vitro.
Immunoblot analysis showed, however, that P0.3 D0.3 had an
undetectable level of histones H2B and H3, and most of the his-
tones were found to be depleted at the phosphocellulose column
chromatography step (Fig. 3G). Probably, basic histone molecules
were so tightly associated with phosphocellulose that they were
barely eluted from the column even at the highest KCI concentra-
tion employed. In any case, these results suggest that histones are
not involved in the coactivator’s function.

Distinct structural requirements for human Rtfl in H2B
monoubiquitination and transcriptional activation in vitro.
Detailed structure-function analysis of S. cerevisiae Rtfl has
shown (i) that its histone modification domain (HMD) is re-
quired for H2B monoubiquitination and H3K4 and K79 methyl-
ation, (ii) that the Plus3 domain of Rtf1 is required for its interac-
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FIG 4 Distinct structural requirements for human Rtfl in H2B monoubiquitination and transcriptional activation in vitro. (A) Schematic structures of human
Rtfl deletion mutants. The results shown in panels B to G are summarized on the right. Txn act., transcriptional activation; PAF1C bind., PAF1C binding; n.d.,
not determined. (B) Knockdown-rescue experiments. HeLa cells were sequentially infected with a lentiviral vector for shRNA targeting Rtf1 and transfected with
one of the Flag-NLS-Rtfl expression vectors carrying shRNA-resistant mutations. Cells were harvested 7 days postinfection (3 days posttransfection) and
subjected to immunoblot analysis. (C and E) The purity of full-length (FL) Flag-Rtf1 prepared from insect cells and His-Rtf1-Flag deletion mutants prepared
from bacteria was examined by Coomassie blue staining. (D and F) The transactivation potential of Rtfl mutants was examined by in vitro transcription assays
using NEARtf1. (G) The indicated Rtfl mutants were first adsorbed onto anti-Flag-agarose beads and then incubated with HeLa cell NE. Input and bound
fractions were analyzed by immunoblotting. The asterisks denote nonspecific signals.

tion with the phosphorylated form of Spt5 and for the recruitment
of other PAF1C subunits, and (iii) that the short C-terminal seg-
ment of Rtfl is required for its interaction with the other PAF1C
subunits (34). In the present study, we performed similar struc-
ture-function analysis of human Rtf1 to understand the structural
requirement for its coactivator-dependent function. In addition,
we investigated whether the functional domains identified in S.
cerevisiae are evolutionarily conserved, because there is at least one
major difference between S. cerevisiae and human Rtf1 proteins,
i.e., their binding affinities for the PAF1C.

Six deletion mutants of human Rtfl were constructed for ex-
pression in mammalian and bacterial cells (Fig. 4A). HeLa cells
were sequentially infected with a lentiviral vector for shRNA tar-
geting Rtfl and transfected with one of the Rtf1 expression vectors
carrying shRNA-resistant mutations. To avoid mislocalization of
deletion mutants, the nuclear localization signal from the simian
virus 40 (SV40) large T antigen was attached to the N terminus of
Rtfl. As expected, knockdown of Rtfl significantly reduced its
expression and the level of H2Bub (Fig. 4B). Overexpression of
full-length Rtf1 restored the H2Bub level. Similarly, Rtfl A1, A5,
and A6 restored the H2Bub level, whereas the other Rtfl mutants
did not. Note that the anti-Rtf1 antibody used here recognizes the
C terminus of human Rtfl and hence does not react with the A5
and A6 mutants. These results are consistent with previous find-
ings in S. cerevisiae (34) and indicate the evolutionarily conserved
role of the Rtfl HMD in histone modifications.

Next, the Rtfl deletion mutants were expressed in and purified
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from bacteria by tandem-affinity purification using a histidine tag
and a Flag tag (Fig. 4C), and the resulting recombinant proteins
were examined by in vitro transcription assays using NEARtf1. As
shown in Fig. 4D, Rtfl Al and A2 fully restored elongation defects,
whereas the other Rtfl mutants did not, suggesting the possible
involvement of the Plus3 domain and the C-terminal segment in
transcriptional activation. These findings prompted us to test
two previously described Rtfl point mutants in our assays (35).
Single or double mutations of R366A and F441A, which report-
edly disrupt the function of the Plus3 domain, were introduced
into Rtfl Al (Fig. 4E). The double point mutation severely
impaired the transactivation potential of Rtfl (Fig. 4F), indi-
cating that the Plus3 domain is critical for the coactivator-
dependent function.

To explore the physical interaction between human Rtfl and
the PAF1C, Rtfl mutants were adsorbed onto anti-Flag-agarose
beads and then incubated with HeLa cell NE. Concordant with the
results of Kim et al. (14), Rtfl A1l pulled down the PAF1C from
HeLa cell NE (Fig. 4G). A3, lacking the Plus3 domain, pulled
down the PAF1C even more efficiently, but A5 did not. Therefore,
despite differences in the binding affinities of S. cerevisiae and
human Rtf1 proteins for the PAF1C, the same C-terminal segment
of Rtfl is critical for its binding to the PAF1C. Taken together, the
results of our mutational study revealed different structural re-
quirements for Rtfl in H2B monoubiquitination, its coactivator-
dependent function in vitro, and the physical interaction with the
PAF1C, as summarized in Fig. 4A.
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FIG 5 Comparative analysis of Rtfl- and PAF1C-regulated genes. (A) HeLa cells were infected with lentiviral vectors expressing shRNAs targeting the indicated
factors. Four or 7 days postinfection, the cells were harvested for immunoblot analysis. (B) Total RNAs were prepared from Pafl, Ski8, and Rtfl knockdown (KD)
cells and control HeLa cells in triplicate and subjected to RNA-seq. Mean Z scores were calculated for each gene and used to draw the heat map of 2,349 differentially
expressed genes. Black indicates the average expression level across 12 samples. Rep, repeat. (C) Venn diagrams comparing the genes affected by Pafl, Ski8, and Rtfl
knockdown. The numbers in parentheses indicate the percentages of genes uniquely regulated by the respective factors. (D) Validation of RNA-seq data. The same set
of RNA samples was subjected to qRT-PCR analysis. The averaged expression values for each gene were normalized to the values for GADPH, and the relative expression
levels obtained from control knockdown samples were expressed as 1. (E) Knockdown cells were harvested for cell cycle analysis on the same days as RNA-seq analysis.
The data are presented as the means * standard errors of the means (SEM) of the results of 3 independent experiments.

Comparative analysis of Rtfl- and PAF1C-regulated genes.
Based on our findings in vitro, we performed a detailed compara-
tive analysis of Rtfl and PAF1C knockdown phenotypes. Follow-
ing lentiviral-vector-mediated expression of shRNAs targeting
Rtfl and individual subunits of the PAF1C in HeLa cells, efficient
knockdown of shRNA targets was confirmed by immunoblotting
(Fig. 5A). Nontarget PAF1C subunits were codepleted in certain
cases; for example, Pafl knockdown resulted in reduction of all
the PAF1C subunits to varying degrees, which was likely due to
destabilization of the complex. Moreover, the H2Bub level was
reduced in almost all cases.

Pafl and Ski8 were selected as representative subunits of the
PAF1C, and RNA-seq analysis was performed in triplicate to com-
pare the genes affected by Pafl, Ski8, and Rtfl knockdown (Fig. 5B
and C). Since knockdown of any one of Rtfl, Ski8, and Pafl af-
fected cell growth upon prolonged culture (data not shown), we
carefully determined the time course to complete the experiments
before the onset of significant growth retardation. For this reason,
total RNA was harvested from Ski8 knockdown cells at day 4 and
from Rtfl or Pafl knockdown cells at day 7. Using an FDR of 0.05
and a 2.0-fold change as cutoff values, 701, 1,039, and 1,556 genes
were identified as significantly affected by Pafl, Ski8, and Rtfl
knockdown (data not shown). The number of genes downregu-
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lated by the knockdown was slightly larger than the number of
upregulated genes (Fig. 5C). In both cases, there was a significant
overlap among the genes affected by the knockdown, suggesting
functional similarity between Rtfl and the PAF1C. In addition,
many genes were uniquely affected by Rtfl knockdown (402 up-
regulated genes and 495 downregulated genes).

To confirm the results of RNA-seq, QRT-PCR analysis was per-
formed (Fig. 5D). For all 18 genes tested, QRT-PCR reproduced
the results of RNA-seq. For example, LYPD3 was strongly induced
only by Rtfl knockdown, whereas BTBD3 was selectively re-
pressed by Rtfl knockdown. In contrast, NT5E and OLFM1 were
up- and downregulated, respectively, by Pafl, Ski8, and Rtfl
knockdown to similar extents. These results clearly showed that
the expression of certain genes is more sensitive to Rtfl inhibition
than to PAFIC inhibition. The above-mentioned findings also
suggest that a significant number of genes are in fact downregu-
lated by Rtf1 and the PAF1C singly or in combination.

To gain insight into the biological significance of the differen-
tial gene regulation by Rtfl and the PAF1C, GO analysis was per-
formed (Table 1). Among the genes commonly affected by Pafl,
Ski8, and Rtfl knockdown, genes involved in nucleosome assem-
bly and cell proliferation were highly enriched. On the other hand,
genes involved in the mitotic cell cycle were enriched among the
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TABLE 1 GO analysis of Rtfl-, Pafl-, and Ski8-regulated genes

GO identification/GO term Count FDR
Genes uniquely affected by Rtfl knockdown
GO:0000278/mitotic cell cycle 42 0.0011
GO:0007067/mitosis 30 0.0016
GO:0000280/nuclear division 30 0.0016
GO:0000087/M phase of mitotic cell cycle 30 0.0023
GO:0022403/cell cycle phase 44 0.0034
G0:0048285/organelle fission 30 0.0036
GO:0000279/M phase 37 0.0072
GO:0022402/cell cycle process 51 0.0458
GO0:0001836/release of cytochrome ¢ from 8 0.0695
mitochondria
GO:0044271/nitrogen compound-biosynthetic 34 0.0830
process
Genes affected by Rtfl, Pafl, and Ski8 knockdown in
common
GO:0006334/nucleosome assembly 21 2.14E-08
G0:0031497/chromatin assembly 21 4.28E—08
GO:0065004/protein-DNA complex assembly 21 1.03E—07
GO:0034728/nucleosome organization 21 1.57E—07
GO:0042127/regulation of cell proliferation 67 1.67E—07
GO:0008284/positive regulation of cell proliferation 45 2.06E—07
GO:0006323/DNA packaging 21 1.12E—05
GO0:0006333/chromatin assembly or disassembly 21 4.76E—05
GO:0010033/response to organic substance 56 1.90E—04
GO:0009991/response to extracellular stimulus 25 0.0024
GO0:0051094/positive regulation of developmental 28 0.0052
process
GO:0032101/regulation of response to external 20 0.0081
stimulus
GO:0042325/regulation of phosphorylation 38 0.0103
GO:0051174/regulation of phosphorus metabolic 39 0.0105
process
G0:0019220/regulation of phosphate metabolic 39 0.0105
process
GO0:0031667/response to nutrient levels 22 0.0160
GO:0007584/response to nutrient 18 0.0208
GO:0050727/regulation of inflammatory response 13 0.0288
GO:0006979/response to oxidative stress 19 0.0469
GO:0016126/sterol-biosynthetic process 9 0.0483

genes uniquely affected by Rtfl knockdown, suggesting that func-
tionally distinct sets of genes are regulated by Rtf1 alone and by the
combination of Rtfl and the PAF1C.

The above-mentioned results prompted us to perform cell cy-
cle analysis of knockdown cells. At the time when RNA-seq anal-
ysis was performed, Rtf1 knockdown increased the cell population
in G, phase, whereas Paf1 and Ski8 knockdown had only a weak, if
any, effect on the cell cycle (Fig. 5E). Thus, transcriptional changes
caused by Rtfl knockdown were found to be correlated with the
phenotypic changes observed.

Time course analysis of knockdown. shRNA-mediated knock-
down of Rtfl, Pafl, and Ski8 all seemed to deplete Rtfl levels to
similar extents (Fig. 5A), making interpretation of the RNA-seq
data complicated. In an attempt to differentiate primary and sec-
ondary effects of knockdown, we performed time course analysis,
based on the assumption that secondary effects should be ob-
served with delayed kinetics. Expression of Rtf1-specific and com-
mon genes was negligibly affected on day 5 of Rtf1 knockdown but
was activated (PLAUR, DUSPI, SERPINEI, and NT5E) or re-
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pressed (BTBD3 and ASSI) on the next day (Fig. 6B). Concor-
dantly, there was no discernible effect on the protein levels of the
PAF1C components and Rtf1 on day 5 (Fig. 6A). On the next day,
however, the Rtf1 protein almost disappeared, and the levels of the
PAF1C components also decreased to various degrees. Expression
of common genes was up- or downregulated significantly on day 5
of Paf1 knockdown and on day 3 of Ski8 knockdown (Fig. 6C). On
day 5 of Pafl knockdown, the levels of the PAF1C components
decreased to various degrees, with the Pafl level affected most
strongly, whereas there was no apparent reduction of the Rtf1 level
(Fig. 6A). On day 3 of Ski8 knockdown, the Ski8 level decreased
significantly with only a small effect on the levels of the other
PAF1C components, whereas there was no apparent reduction of
the Rtfl level. On the next day, the Ski8 level decreased further,
and the levels of the other PAF1C components and Rtfl also de-
creased. Collectively, transcriptional defects were observed at the
earliest time point when shRNA-mediated knockdown was evi-
dent, and the time course of altered gene expression seemed to be
correlated well with the time course of knockdown, suggesting
that at least several genes studied here are direct targets of Rtfl,
Ski8, and Pafl. Moreover, the above-mentioned findings suggest
that codepletion of Rtf1 is not responsible, at least in part, for the
knockdown phenotype observed following Pafl or Ski8 knock-
down.

Human Rtfl-independent recruitment of the PAF1C. To in-
vestigate the mechanisms underlying the differential gene regula-
tion by Rtfl and the PAF1C, the occupancies of Rtfl and Pafl at
several gene loci identified in our study were compared. Contrary
to our expectation that Rtfl was more enriched than Pafl at Rtf1-
specific genes, such as LYPD3 and METTL7A, no clear differences
in the Rtf1/Pafl ratio were observed (Fig. 7B and data not shown).
Instead, Rtf1 and Pafl levels were correlated with the level of Pol II
over the several genes examined, although Rtfl and Pafl were
apparently more enriched at the gene body than Pol II. These
results suggested that the different outcomes of Rtfl and PAF1C
knockdown arise from the postrecruitment process, i.e., after the
factors are recruited to target genes.

The functional differences between human Rtfl and the
PAF1Cled us to investigate the mechanisms by which these factors
find their target genes. In S. cerevisiae, Rtfl binds to Spt5 and
serves as a binding platform for the PAF1C (37-39), and Cdc73 is
required for the efficient recruitment of Rtf1 (2, 47). Considering
the weak physical interaction between Rtfl and the PAFIC in
metazoans, however, whether such reciprocal recruitment of Rtf1
and the PAFIC is conserved across species is questionable. To
address this issue, we selected three genes that gave strong ChIP
signals and examined the distributions of Pol II, Pafl, and Rtfl in
response to Rtfl knockdown (Fig. 7). Compared to the Rtfl signal,
which was significantly reduced, Pafl occupancy on DUSPI and
PLAUR was negligibly affected by Rtfl knockdown. FAM43A ex-
pression was highly sensitive to Rtfl knockdown (Fig. 7A). Con-
cordantly, Pol IT and Pafl occupancy on FAM43A was strongly
affected by Rtfl knockdown, whereas the Pafl/Pol II ratio was
only modestly affected. These results support the idea that the
human PAFIC is recruited to target genes independently of
Rtfl. ChIP analysis of Rtfl after Pafl knockdown was at-
tempted but was not successful, because Pafl knockdown re-
sulted in significant growth retardation upon prolonged cul-
ture (data not shown).
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the PAF1C play distinct roles in the expression of a subset of genes
in cultured cells (Fig. 5 and 6). Moreover, the PAF1C was appar-
ently recruited to the genes examined in an Rtfl-independent
manner (Fig. 7). Therefore, the present study establishes a role for
human Rtf1 as a transcription elongation factor that may function
independently of the PAF1C.

PAF1C-dependent and -independent functions of human
Rtfl. Our finding that human Rtfl can act independently of the
PAF1C s consistent with the in vitro and in vivo results of previous
studies. Biochemical studies showed that the human PAF1C pro-
motes transcription elongation regardless of the presence of Rtfl
but requires other factors, such as DSIF, Tat-SF1, and TFIIS, for
full transcriptional activation in vitro (13, 14). In contrast, the
present study showed that human Rtfl promotes transcription
elongation independently of the PAF1C, DSIF, and Tat-SF1. Dif-
ferent requirements for Rtfl- and PAF1C-mediated transcrip-
tional activation indicate that distinct mechanisms underlie these
processes. In vivo, Mueller and Jaehning (2) showed that many of
the phenotypes associated with pafIA or ctr9A are not enhanced
but, rather, are suppressed by simultaneous deletion of RTFI in S.
cerevisiae. Another recent paper showed that Rtfl and the PAF1C
exert opposing effects on Pol II elongation in S. pombe (30).

Figure 7 suggested that the PAF1C is recruited to some of its
target genes independently of Rtfl. This finding is in contrast to
the previous finding in S. cerevisiae that Rtfl serves as a binding
platform for the PAF1C (37-39) and raises the question of how the
PAFIC is recruited to target genes. As the name suggests, the
PAFI1C physically interacts with Pol II (3, 4), and a previous study
showed that a Pafl-Leol subcomplex of the PAF1C is responsible
for its association with Pol IT (14). Moreover, a few recent papers
have revealed that the PAF1C directly interacts with histones (26,
48). In the study by Kim et al. (48), for example, the PAF1C was
identified as an isoform-specific interactor of linker histone H1.2.
Thus, there seem to be a few independent mechanisms by which
the PAF1C is recruited to target genes.

In the present study, we were unable to identify the Rtf1 coacti-
vator. Besides the PAF1C subunits, Rtf1 interacts with several fac-
tors, including the transcription elongation factor FACT, the
chromodomain-containing protein Chdl, and the 19S protea-
some (34, 49-51), and these factors could be considered the prime
suspects. Our mutational analysis showed that the HMD of hu-
man Rtfl is dispensable for its coactivator-dependent function in
vitro (Fig. 4D). The HMD of S. cerevisiae Rtfl is necessary and
sufficient for Rtfl-mediated histone modification, and the Rtfl
HMDs from various species complement the defects of HMD de-
letion in S. cerevisiae to varying degrees (9), suggesting its evolu-
tionarily conserved function. Our mutational study of human
Rtfl was consistent with the previous finding in S. cerevisiae (Fig.
4B). Taken together, these results suggest that the coactivator-
dependent function of human Rtfl is independent of Rtfl-medi-
ated histone modification. On the other hand, the Plus3 domain
of human Rtfl was found to be critical for its coactivator-depen-
dent function (Fig. 4D). Originally implicated in single-stranded
DNA binding, the Plus3 domain was recently shown to interact
with the phosphorylated form of Spt5 (9, 35, 36). The Plus3 do-
main may serve as a binding platform for not one but multiple
factors, including the unidentified Rtfl coactivator.

PAF1C-controlled, Rtfl1-controlled, and H2Bub-controlled
genes. GO analysis showed that genes involved in the mitotic cell
cycle were enriched among the genes uniquely affected by Rtfl
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knockdown (Table 1). Concordantly, Rtfl knockdown increased a
cell population in G, phase (Fig. 5E). We were therefore interested
in knowing whether transcriptional defects altered the cell cycle
or, conversely, whether an altered cell cycle resulted in transcrip-
tional changes. Of the 51 Rtfl-specific genes categorized into GO:
0022402 cell cycle process, 44 were downregulated by Rtf1 knock-
down while 7 were upregulated by Rtfl knockdown. A search of
Cyclebase 3.0, a cell cycle-dependent gene expression database
(52), indicated that 21 of the 44 downregulated genes are highly
expressed in S, G,, and/or M phase. These findings are consistent
with the idea that the 21 genes, including BUBI, CCNA2, CCNB2,
CENPA, and PLK1, were downregulated through an indirect effect
of an altered cell cycle. There are, however, many other cell cycle-
related genes whose altered expression cannot be explained by an
altered cell cycle.

We also compared our RNA-seq data with microarray data of
Shema et al. (53), who identified H2Bub-controlled genes in HeLa
cells by knocking down RNF20, a component of the E3 ubiquitin
ligase complex that mediates H2B monoubiquitination. Meta-
analysis of the two data sets revealed that, of 3,469 genes affected
by RNF20 knockdown, 538 genes were also affected by the knock-
down of Rtfl, Ski8, or Pafl. It is not surprising to us that only a
fraction of the genes were identified as coregulated. RNF20 has
been reported to target many proteins, such as Syntaxin 1, Ebp1,
AP-2alpha, and SREBPIc, for polyubiquitination and degrada-
tion (54-57). Hence, it is conceivable that RNF20 knockdown
affects the expression of many genes by mechanisms that are in-
dependent of H2B monoubiquitination. Similarly, the PAF1Cis a
multifunctional protein complex that controls transcription in
both chromatin-dependent and -independent manners and also
affects Pol II termination and 3’ processing (34, 40). Hence, it is
plausible that the knockdown of a PAF1C component affects gene
expression, in part, in an H2Bub-independent manner.

Functional similarities and differences in Rtfl proteins
among species. In a recent paper, Wier and colleagues demon-
strated that the interaction between the Rtfl Plus3 domain and
phospho-Spt5 is crucial for the recruitment of the PAFIC in S.
cerevisiae (35). In S. pombe, however, Ctr9 is recruited indepen-
dently of Rtfl (30). Similarly, we found that human Pafl was
recruited to actively transcribed genes, apparently in an Rtfl-in-
dependent manner (Fig. 7), suggesting that another mechanism
mediates the recruitment of the PAF1C (e.g., via direct interaction
between the PAF1C and Pol II). Considering the weak physical
interaction between Rtfl and the PAFIC in many species other
than S. cerevisiae, it is reasonable to assume that an additional
mechanism could significantly contribute to PAF1C recruitment.

Despite differences in their binding affinities for the PAFIC,
the S. cerevisiae and human Rtfl proteins have similar domain
structures. Our mutational analysis showed that the highly con-
served HMD of human Rtfl is critical for H2B monoubiquitina-
tion in human cells (Fig. 4B). Moreover, the interaction with the
PAFI1C subunits was mediated by the Rtfl C-terminal region of
approximately 100 amino acids. These results are consistent with
earlier mutational studies in S. cerevisiae (9, 34) and support the
fact that the Rtfl C-terminal region is not well conserved among
species; this divergence may underlie the differences in PAF1C-
binding affinities among species.

Future perspectives. Several issues remain to be addressed.
The biggest unsolved issue of this work is the identity of the Rtfl
coactivator. Another important question is why some genes are
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affected only by Rtfl knockdown despite the recruitment of both
Rtfl and the PAF1C to similar levels. A detailed comparison of the
genomic binding sites of human Rtfl and the PAF1C subunits
would be of interest. Identification of the Rtfl coactivator will be a
key step toward the distinction of PAF1C-dependent and -inde-
pendent mechanisms of action of Rtfl.
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