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Function and Control of RNA Polymerase II C-Terminal Domain
Phosphorylation in Vertebrate Transcription and RNA Processing
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The C-terminal domain of the RNA polymerase II largest subunit (the Rpb1 CTD) is composed of tandem heptad repeats of the
consensus sequence Y'S*P’>T*S°P°S’, We reported previously that Thr 4 is phosphorylated and functions in histone mRNA 3'-
end formation in chicken DT40 cells. Here, we have extended our studies on Thr 4 and to other CTD mutations by using these
cells. We found that an Rpb1 derivative containing only the N-terminal half of the CTD, as well as a similar derivative containing
all-consensus repeats (26r), conferred full viability, while the C-terminal half, with more-divergent repeats, did not, reflecting a
strong and specific defect in snRNA 3'-end formation. Mutation in 26r of all Ser 2 (S2A) or Ser 5 (S5A) residues resulted in lethal-
ity, while Ser 7 (S7A) mutants were fully viable. While S2A and S5A cells displayed defects in transcription and RNA processing,
S7A cells behaved identically to 26r cells in all respects. Finally, we found that Thr 4 was phosphorylated by cyclin-dependent
kinase 9 in cells and dephosphorylated both in vitro and in vivo by the phosphatase Fcpl.

NA polymerase IT (RNAP II) consists of 12 subunits and tran-

scribes all MRNA and many noncoding RNA genes. Rpb1, the
largest subunit, possesses a unique C-terminal domain (CTD)
that consists of tandem heptad repeats, with a consensus sequence
of Tyr-Ser-Pro-Thr-Ser-Pro-Ser (Y'S*P*T*S°P°S”). The number
of repeats, generally reflecting the complexity of the organism,
ranges from 26 in yeast to 52 in vertebrates. The CTD plays im-
portant roles in connecting transcription with all the steps of RNA
production, and these activities are modulated by posttransla-
tional modification, mainly phosphorylation. Thus, the CTD can
be envisioned as functioning as a platform to recruit factors
needed for proper RNA synthesis and maturation (for a review,
see references 1 to 4).

The CTD is subject to extensive phosphorylation. All five hy-
droxylated amino acids are potential phosphorylation sites, and
several CTD kinases and phosphatases have been described (3, 5).
Briefly, Ser 5 and Ser 7 are phosphorylated by cyclin-dependent
kinase 7 (CDK7), a component of TFIIH (6, 7), whereas Ser 2 is
phosphorylated by CDK9 (P-TEFD) (8, 9) and by CDK12/13 for a
subset of genes (10, 11). Tyr 1 can be phosphorylated in mammals
by the c-Abl kinase (12) and by an unknown kinase in yeast (13).
While Thr 4 phosphorylation is blocked by specific CDK9 inhib-
itors (14, 15), in vitro and in vivo assays have provided evidence
that Thr 4 can be phosphorylated by Polo-like kinase 3 (15). The
CTD is dephosphorylated by several phosphatases. Fcpl has been
reported to dephosphorylate Ser 2 and Ser 5, with a preference
toward Ser 2 (8, 16), and Ssu72 can dephosphorylate both Ser 5
and Ser 7 (17-20). While Rtr1/RPAP2 has been reported to de-
phosphorylate Ser 5 (21, 22), structural and enzymatic studies
have questioned whether Rtr1/RPAP2 indeed possesses phospha-
tase activity (23).

The CTD phosphorylation pattern corresponds in general to
the position of RNAP Il along a transcribed gene. Several genome-
wide chromatin immunoprecipitation (ChIP) analyses have pro-
vided evidence that early during transcription, the CTD is phos-
phorylated on Ser 5 and Ser 7, with Ser 5 gradually removed
during elongation, while Ser 2 and Thr 4 phosphorylation in-
creases as RNAP II progresses along the gene (15, 17, 24-26). All
phosphorylation is then “cleared” at or around transcription ter-
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mination, which prepares RNAP II for reinitiation. While the ma-
jority of these studies have been performed in yeast, this general
pattern of CTD phosphorylation is thought to be universal
throughout eukaryotes (reviewed in references 2, 4, and 5).

This temporal pattern of CTD phosphorylation helps to link
transcription with RNA processing events. For example, Ser 5
phosphorylation facilitates capping enzyme recruitment and in-
deed enhances the capping reaction (27-29). Splicing factors, such
as Prp40 and U2AF65, bind to the phosphorylated CTD, which
facilitates recruitment and/or activation of the splicing machinery
(30, 31). Recruitment of several mRNA 3’-end processing factors
to the vicinity of the nascent RNA (32) and 3'-processing sites (33)
is enhanced by Ser 2 phosphorylation. Ser 7 phosphorylation has
been implicated in recruitment of the Integrator complex, which
functions in snRNA 3’-end formation (34), while Thr 4 is impor-
tant for efficient recruitment of 3'-processing factors to histone
genes (14) and for transcription elongation (15).

The requirement of the phosphorylatable CTD residues for
viability varies among species. For example, in Schizosaccharomy-
ces pombe, only Ser 5 is essential (29), whereas in Saccharomyces
cerevisiae, Tyr 1 and Ser 2, as well as Ser 5, appear to be necessary
for viability (35, 36). Although Thr 4 and Ser 7 residues are dis-
pensable for yeast cell viability (36), this may not to be the case in
higher eukaryotes. For example, mutation of Ser 7 residues to Ala
was shown to compromise cell viability (37), while mutation of
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Thr 4 to Val in chicken cells (14) or to Ala in human cells (15) was
lethal.

In this report, we examine functions of various CTD residues
by using the chicken DT40 cell system we described previously to
analyze the function of Thr 4 (14), and we also extend our analysis
of Thr 4 phosphorylation. We show that while an Rpb1 derivative
containing only the consensus-rich N-terminal half of the CTD, as
well as a similar all-consensus derivative (26r), conferred full via-
bility, the more divergent C-terminal half did not, and we show
that this reflects a strong and specific defect in snRNA 3'-end
formation. We found that substitution of all Ser 2 or Ser 5 residues
with Ala in the 26r derivative was lethal, reflecting defects in tran-
scription and mRNA processing. Unexpectedly, a strain express-
ing a similar derivative with all Ser 7 residues mutated to Ala
displayed no detectable defects, including in snRNA expression,
and was fully viable. Finally, extending our analysis of Thr 4 phos-
phorylation, we provide additional evidence that CDK9 phos-
phorylates Thr 4 and that the Ser 2 phosphatase Fcp1 is responsi-
ble for Thr 4 dephosphorylation.

MATERIALS AND METHODS

Cell culture and cloning. DT40 cells and HEK293 cells were cultured at
37°C with 5% CO, in RPMI 1640 medium containing 10% fetal bovine
serum (FBS) and 1% chicken serum and in Dulbecco’s modified Eagle’s
medium containing 10% FBS, respectively.

Rpbl CTD derivatives were cloned as previously described (14).
Briefly, a fragment of B-actin promoter and FLAG tag was inserted into
pBlueScript containing a neomycin resistance gene. The human Rpbl
body without the CTD was inserted behind the FLAG tag, and various
CTD fragments were inserted directly 3’ to the RpbI body.

Small interfering RNAs (siRNAs) that have been previously described
(38) to knock down CDK9 mRNA targeted the following sequences: TA
GGGACATGAAGGCTGCTAA, CAACTTGATTGAGATTTGTCG, and
AAGGGTAGTATATACCTGGTG.

Fcpl knockdown shRNA constructs were generated with DNA oligo-
nucleotides targeting the following sequences: AAGAGGAAGCTGAATG
AAGAGGA, AAGTATGACCGCTACCTCAACAA, and AATCATTCTC
GAGGCACTGAGGT in Fepl. Synthesized oligonucleotides were cloned
into the HuSH pRS vector (Origene) and verified by sequencing.

Transfection was performed with Lipofectamine 2000 (Invitrogen) as
described by the manusfacturer’s manual. Briefly, HEK293 cells (10 to
20% confluence) were transfected with siRNA or shRNA for 30 to 72 h.
Cell lysates were analyzed using Western blotting.

Complementation and construction of stable cell lines. Procedures
for complementation assays and for constructing stable cell lines were as
previously described (14). Briefly, 10 cells were transfected with ~15 pg
of linearized DNA and selected in the presence of the appropriate antibi-
otics. Surviving cell clones were isolated and further analyzed using West-
ern blotting.

Western blotting. Cells lysates were resolved by SDS-PAGE with the
indicated percentages of acrylamide. Western blotting was performed us-
ing standard protocols. Briefly, protein samples were transferred to a ni-
trocellulose membrane, blocked in 5% milk, and incubated with primary
antibodies diluted in PBST (phosphate-buffered saline with 0.1% Tween
20). Membranes were then washed in PBST and incubated with appropri-
ate secondary antibodies. For quantification, Western blots were analyzed
by using Image]. Antibodies used in this study were as follows: FLAG tag
(M2; Sigma), actin (Sigma), phospho-Ser 7 CTD heptad (4E12; Milli-
pore), phospho-Thr 4 CTD heptad (Novus), phosphor-Ser 5 (3E8; Milli-
pore), phospho-Ser 5 (H14; Covance), phospho-Ser 2 (H5; Covance),
phospho-Ser 2 (3E10; Millipore), glutathione S-transferase (GST) tag (In-
vitrogen), Rpb1 (N20; Santa Cruz Biotechnology), Fcpl (Bethyl Labora-
tories), Rpb2 (biorbyt), U2AF65 (Sigma), histone H3 (Abcam), and
CDKO9 (Cell Signaling).
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RT-qPCR. RNA was extracted using TRIzol (Invitrogen) and further
treated with DNase I. Reverse transcription (RT) and quantitative PCR
(qPCR) analysis were performed as previously described (14). Primer
sequences are available upon request.

In vivo labeling of nascent RNA and nuclear run-on and slot blot-
ting assays. In vivo [*H]uridine labeling and nuclear run-on (NRO) as-
says were performed as previously described (14).

RNase protection assay. The RNase protection assay was performed
as described previously (39).

ChIP. Cells were grown to 70% confluence (~2 X 10°/ml), cross-
linked with 1% formaldehyde for 10 min, and processed for ChIP as
previously described (14). ChIP was performed using antibody against
FLAG tag (M2; Sigma). Primer sequences we used are available upon
request.

Immunoprecipitation. A total of ~2 X 107 cells were lysed in 1 ml
RIPA buffer containing protease inhibitors. After removal of debris from
sonicated lysates by centrifugation, Rpb1 was immunoprecipitated using
FLAG antibody at 4°C for 1 h. Beads were washed with RIPA buffer and
resuspended in 1X SDS sample buffer.

Subcellular fractionation. A total of ~2 X 107 cells were lysed in 0.5
ml of RSB100 (50 mM Tris-HCI [pH 7.4], 100 mM NaCl) containing 40
pg/ml digitonin and incubated on ice for 5 min. The cytoplasmic fraction
was separated from the nuclear fraction by centrifugation, and the nuclear
fraction was resuspended in 0.5 ml of RSB100 containing 0.5% Triton
X-100. Soluble nuclear proteins were further separated from insoluble
chromatin-bound proteins by centrifugation. Insoluble chromatin-
bound pellets were resuspended in RSB100 (0.5% Triton X-100) and son-
icated.

In vitro kinase and phosphatase assays. CDK9 protein complexes
were expressed in insect cells as described previously (40) and purified
using Ni-nitrilotriacetic acid—agarose (Qiagen). A GST-CTD fusion was
expressed in Escherichia coli as previously described (41) and purified
using glutathione-Sepharose 4B (GE Healthcare). A 0.75-pg aliquot of
GST-CTD was phosphorylated by CDK9 complexes at 37°C for 1 hin a
kinase buffer (25 mM HEPES [pH 7.5], 10 mM MgCl,, 150 mM NaCl, 1
mM ATP). In vitro phosphorylation of GST-CTD by HeLa nuclear extract
was performed as previously described (41). Baculoviruses expressing
CDKY/cyclin T were gifts from Robert Fisher (Mt. Sinai).

For phosphatase assays, S. cerevisiae Fcpl and a catalytic mutant Fcpl
(M271E) were expressed in E. coli and purified as described previously
(42). Two hundred nanograms of GST-CTD, phosphorylated by the HeLa
nuclear extract, was incubated with Fepl proteins in a buffer containing
50 mM Tris-acetate (pH 5.5) and 10 mM MgCl, at 30°C for 90 min. A
vector expressing functional Fcpl (residues 168 to 606) [Fcp1(168—606)]
was a gift from Patrick Cramer (Munich, Germany). Based on previous
mutational studies (43), a point mutation was introduced into the
Fcpl(168—606) expression vector to create the catalytic mutant
Fcpl(M271E).

RESULTS

Genetic complementation analysis revealed distinct require-
ments of CTD residues. To investigate genetically the functions of
the CTD in vertebrate cells, we constructed a number of FLAG-
tagged Rpbl derivatives with various CTD mutations (Table 1)
and used an Rpbl conditional knockout chicken cell line (tetra-
cycline [Tet] sensitive) described previously, DT40-Rpb1 (14), to
study the phenotypes of the Rpbl mutants (see Fig. SI in the
supplemental material for a schematic diagram of cell line con-
struction). The vertebrate CTD, which is almost invariant among
species (the amino acid sequence of the zebrafish CTD is 97%
identical to that in humans), contains 52 tandem heptads (44).
The N-terminal heptads deviate little from the consensus se-
quence, while the C-terminal repeats display more variation (Fig.
1A). The complete chicken RPBI gene has proven impossible to
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TABLE 1 Viability of Rpb1-CTD mutants®

Rpb1-CTD

mutant Viable?
Rpb1(1-52) Yes
Rpb1(1-26) Yes
Rpb1(27-52) No
261 (YSPTSPS),4 Yes
19r (YSPTSPS),, No
S2A (YAPTSPS),, No
T4V (YSPVSPS),, No
S5A (YSPTAPS), No
S7A (YSPTSPA),, Yes

@ Cells were selected in the presence of tetracycline (1 wg/ml). Surviving cell clones were
isolated, and the identity of these cells was confirmed using Western blotting with an
anti-FLAG antibody. Multiple verified clones were isolated for the viable derivatives,
and no clones were detected for any of the nonviable constructs. The numbers
following the sequences in parentheses indicate the numbers of heptads. Each construct
contained an N-terminal FLAG tag and the natural 10-residue C-terminal sequence
(ISPDDSDEEN) at its C terminus.

isolate, and the sequence in the chicken genome does not include
the CTD. We obtained the majority of the gene, however, which is
97% identical to the human sequence, and the CTD is 100% iden-
tical through the first 22 heptads repeats (see Fig. S2 in the sup-
plemental material).

We showed previously that an Rpb1 derivative (26r) contain-
ing 26 all-consensus repeats plus the very-C-terminal 10 residues,
which are important for Rpbl1 stability (45, 46), was able to com-
pletely rescue viability of DT40-Rpb1 cells in the presence of Tet
(14). To determine whether the natural N-terminal or C-terminal
26 repeats are also sufficient for viability, two CTD derivatives,
Rpb1(1-26) and Rpbl(27-52), were constructed (Fig. 1A).
Rpb1(1-26) contains the first 26 heptads plus the C-terminal 10
residues, while Rpb1(27-52) consists of the second half of the
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CTD, including the C-terminal 10 residues. Analogous to our
studies with Thr 4 (14), we also mutated all Ser residues to Ala,
constructing Rpb1 derivatives with 26 repeats of YAPTSPS (S2A),
28 repeats of YSPTAPS (S5A), or 30 repeats of YSPTSPA (S7A).
While as mentioned above 26 all-consensus repeats are sufficient
to confer full viability, we also constructed an Rpbl derivative
with 19 YSPTSPS repeats (19r) to determine whether this lower
number of repeats also confers viability.

We first asked if cells expressing these mutant Rpb1 derivatives
are viable in the absence of wild-type Rpb1. Plasmids carrying the
Rpbl mutant genes were introduced into DT40-Rpbl1 cells, and
the transfected cells were grown in the presence of Tet. The iden-
tity of surviving cell colonies was confirmed by Western blotting
with anti-FLAG antibodies (results not shown). As shown in Table
1, Rpb1(1-26) allowed growth in Tet, but Rpb1(27-52) failed to
give rise to Tet-resistant colonies. As shown previously (14), 26r
cells were fully viable, but the 19r cells were not, in line with pre-
vious observations that nearly half of the CTD is required for
viability in yeast (35) and mouse (47) cells. Significantly, cells
expressing the Rpb1 derivatives S2A and S5A were inviable, as we
observed previously with T4V cells (14). However, somewhat un-
expectedly, the S7A cells were fully viable. Together, these results
revealed that the length and conservation of the CTD repeats are
crucial determinants for cell viability and that Ser 2 and Ser 5 and
Thr 4 are essential for viability, while Ser 7 is not. Notably, how-
ever, it was recently shown that budding yeast expressing a full-
length S2A mutant Rpbl are viable (48), contrary to an earlier
study showing lethality of S2A in yeast harboring an Rpb1 with a
truncated CTD (35). Thus, it is possible that a synthetic phenotype
from the combination of a mutation and CTD length contributed
to the inviability of cells expressing the Ser 2, Ser 5, and/or Thr 4
Rpb1l mutant derivatives.

To investigate further the phenotypes of the above mutant
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FIG 1 CTD mutants and growth properties. (A) The CTD composition of human Rpb1. The CTD of human Rpb1 consists of 52 tandem heptapeptide repeats.
Twenty-one out of 52 repeats are composed of conserved consensus Y'S*P?T*S°P®S” repeats, and the remaining 31 repeats are less conserved. The Rpb1(1-26)
expression vector contains the first half of the CTD, whereas Rpb1(27-52) contains the second half. The consensus repeats, less-conserved repeats, Rpb1 bodies
without CTDs (gray boxes), and C-terminal 10-amino-acid motif are shown. (B) Growth curves of various mutant cell lines cultured in medium containing Tet.
Averages from two independent experiments were plotted. Cells able to reach full confluence were split every 2 days. (C) Western blot showing the protein
expression profiles of the various CTD mutants. Samples were treated with Tet (1 pg/ml) for 24 h.
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FIG 2 Impact of CTD mutations on Egrl transcription, splicing and 3'-end processing. (A) 26r cells were cultured in medium containing 1 pg/ml tet for 24 h,
and then treated with dimethyl sulfoxide (DMSO) or ionomycin and PMA for 20 min to induce Egrl expression. Egrl induction levels were measured by
RT-qPCR and are plotted relative to the noninduced control (DMSO treatment) (n = 3). (B) Analysis of Egr] induction levels in various cell lines. Cells were
treated with Tet for 24 h and induced with ionomycin and PMA for 20 min. Egrl mRNA levels were measured using RT-qPCR and are plotted relative to levels
in 26r cells (n = 3). (C) Cells were treated as described for panel B. The ratios of unspliced to spliced Egr] mRNA were determined using RT-qPCR and are plotted
relative to the ratios for 26r cells. The diagram depicts the two-exon EgrI gene. The two arrows depict the primers used to detect spliced products, and the primer
set (top) detected unspliced Egrl (n = 3). (D) Cells were treated as described for panel B. Ratios of uncleaved to total Egrl mRNA were measured using RT-qPCR
and are plotted relative to the ratio detected in 26r cells. The left primer set was used to measure total Egrl mRNA, and the right set detected uncleaved RNA (n =

3). Error bars indicate standard deviations.

CTDs, we established stable DT40-Rpb1 cell lines expressing each
of the Rpb1 derivatives described above and analyzed how these
mutants affect cell growth, transcription, and RNA processing. In
agreement with the results of the complementation analysis
above, stable cell lines expressing wild-type Rpb1, Rpb1(1-52),
Rpb1(1-26), 26r, and S7A were viable in medium containing Tet,
although Rpb1(1-26), 261, and S7A displayed slightly slower
growth rates than Rpb1(1-52) cells (Fig. 1B, left). Cells expressing
Rpb1(27-52) ceased growth ~48 h after Tet addition, and S2A,
T4V, and S5A cells all stopped growing after ~24 h of Tet treat-
ment (Fig. 1B, right). All Rpb1 derivatives were expressed at sim-
ilar levels in these cell lines (Fig. 1C).

CTD mutations differentially impact transcription and RNA
processing. We next examined the effects of the CTD mutations
on transcription, splicing, and 3" processing, initially by using an
inducible endogenous gene, Egrl. Cells were cultured in the pres-
ence of Tet for 24 h, and Egrl was induced by addition of ionomy-
cin and phorbol 12-myristate 13-acetate (PMA). Following a
short 20-min induction, Egrl mRNA levels in 26r cells were strik-
ingly increased, by about 300-fold as measured by RT-qPCR (Fig.
2A) (14). In contrast, Egrl induction levels were 4- to 5-fold lower
in S2A and S5A cells. Small decreases in Egrl mRNA levels were
observed in Rpb1(1-26), Rpb1(27-52), and S7A cells, but com-
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pared to Rpb1(1-52) cells the decreases were not significant
(Fig. 2B). In the parental DT40-Rpb1 cells, Egr] induction was
barely detected after 24 h of growth in Tet, indicating that the
observed Egrl induction was not due to residual levels of wild-type
Rpbl. We next used Egrl to examine whether the Rpb1 CTD de-
rivatives affected splicing and 3’-end processing. RT-qPCR assays
designed to detect spliced and unspliced RNAs revealed that ~2-
fold more unspliced Egrl mRNA was detected in S2A and S5A cells
than in 26r cells (Fig. 2C). Similarly, probes to distinguish total
and 3’-uncleaved RNAs detected 4- to 6-fold more uncleaved Egri
RNA in these cells (Fig. 2D). More uncleaved Egrl RNA was de-
tected in S2A cells than S5A cells, consistent with the known im-
portance of Ser 2 phosphorylation in 3’ cleavage (see above).
Splicing and 3’ processing were not affected detectably in any of
the other mutants, although it is notable that 3’ processing but not
splicing appeared somewhat more efficient in Rpb1(1-52) than in
26r or any of the other derivatives (Fig. 2D).

Given that Rpb1(27-52) cells are inviable, it was somewhat
unexpected that we did not observe significant changes in Egrl
transcription and/or RNA processing. To investigate if overall
transcription and/or polyadenylation were affected in Rpb1(27—
52) cells, we performed in vivo labeling with [*H]uridine and
found that newly synthesized nonpolyadenylated and polyadenyl-
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FIG 3 Analysis of transcription/polyadenylation in CTD mutant cells. (A) Cells were treated with Tet for 40 h, and nascent RNA was labeled with [*H]uridine
for 30 min. Extracted RNA was separated into nonpolyadenylated (non-polyA) and polyadenylated (polyA) fractions. Non-poly(A) and poly(A) RNAs were
quantified by scintillation counting, and the counts per minute relative to 26r cells were plotted [n = 3 for Rpb1(1-52) and S7A samples; n = 2 for the
Rpb1(27-52) sample]. (B) Cells were treated with Tet for 24 h. ChIP was performed as described in the text. The distribution of FLAG-tagged Rpb1 on the Rplp1
gene was determined using qPCR. The diagrams depict the genes analyzed. Thick lines represent genes, and dashed lines display transcripts. The triangle denotes
the 3'-cleavage site. For RplpI, amplicon B is at the TSS and amplicon D covers the 3'-cleavage site (n = 3). (C) ChIP was performed for the B-actin (Actb) gene
as described for the genes in panel B. Amplicon A is at the TSS, and amplicon C covers the 3'-cleavage site (n = 3). (D) ChIP analysis results of Rpb1 recruitment
for histone H2A, U1, and U2 genes. For H2A, Rpb1 levels at the TSS and 3'-cleavage site were measured, whereas for the Ul and U2 genes, Rpbl1 levels on the gene
body were determined. ChIP was performed as described for panel B (n = 3).

ated RNA levels in Rpb1(27-52) cells were similar to 26r and
Rpb1(1-52) cells (Fig. 3A), indicating that these processes were
not impaired by deletion of the N-terminal half of the CTD. In
agreement with the full viability of S7A cells (Table 1 and Fig. 1B),
overall transcription and polyadenylation in these cells were also
comparable to Rpb1(1-52) and 26r cells (Fig. 3A).

The above data provided evidence that S2A and S5A cells are
defective in Egrl transcription and/or RNA processing. To inves-
tigate this further, the effects of S2A and S5A mutations on RNAP
IIlevels for several highly expressed genes were examined via Rpb1
ChIP assays. Consistent with the Egrl results, both S2A and S5A
cells displayed impaired RNAP II occupancy on several genes, a
ribosomal protein gene, RplpI (Fig. 3B), B-actin (Fig. 3C), and a
histone H2A gene (Fig. 3D). Compared to 26r cells, decreased
levels of Rpb1 were observed at the transcription start sites, coding
regions, and 3’-cleavage sites of all three genes in both S2A and
S5A cells, more so in the S2A cells. In line with the decreased
occupancy of Rpb1-S5A, NRO assays revealed significantly re-
duced transcription of histone genes (H2A and H2B) and a mar-
ginal reduction of RplpI (Fig. 4A). NRO with S2A cells also re-
vealed reduced transcription, but this was difficult to interpret
conclusively, as controls (e.g., 18S and 55 RNAs) were also re-
duced (data not shown), likely reflecting an indirect effect, for
example, an effect stemming from the inviability of the cells. The
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decrease in RNAP II occupancy or NRO signals was not due to
defective RNAP II assembly, as Rpb2 equally coimmunoprecipi-
tated with Rpb1 in S2A and S5A cells (Fig. 4B). Consistent with the
ChIP results, subcellular fractionation showed that less S2A and
S5A Rpbl was bound to chromatin, whereas soluble nuclear
Rpb1-S2A and Rpb1-S5A protein levels were similar to Rpb1-26r
(Fig. 4C), indicating that nuclear import was not affected by CTD
mutations but that chromatin association, i.e., transcription, was.
We also examined RNAP II levels for the Ul and U2 snRNA
genes. Strikingly, Rpbl levels for these genes were reduced
strongly in S2A cells but not significantly in S5A cells (Fig. 3D),
and NRO assay results were consistent with this (Fig. 4A), suggest-
ing that Ser 5 is unnecessary for Ul and U2 transcription. How-
ever, given that Ser 5 functions in facilitating capping enzyme
recruitment (27), it is possible that Ser 5 is required for other
aspects of U snRNA gene expression, and indeed that appears to be
the case (see below). Ser 7 (and Ser 5) phosphorylation was unaf-
fected in S2A cells, indicating that the strong decrease in snRNA
transcription was not due to a defect in this modification (see Fig.
S3 in the supplemental material). Note also that neither Ser 2 nor
Ser 5 phosphorylation was affected in S7A cells (37) (see Fig. S3B),
consistent with the lack of phenotype of the S7A mutation.
Distinct requirements for snRNA expression. We next exam-
ined snRNA expression in the mutant cells in more detail. Ser 7
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FIG 4 Effects of CTD mutations on transcription, RNAP II assembly, and subcellular distribution. (A) Cells were treated with Tet for 40 h, and nuclei were
harvested. NRO assays were performed as described in the text. Slot blots contained the indicated DNA probes (top panel). NC1 and NC1 are two negative
controls. Signals from each gene were normalized to 18S RNA and plotted (bottom panel) (n = 2). Error bars indicate standard deviations. (B) Rpb1 proteins
were immunoprecipitated from cells cultured in the presence of Tet for 24 h. The content of Rpb2 in the RNAP II complex was determined by Western blotting.
(C) Subcellular fractionation was performed in cells treated with Tet for 24 h. Rpb1 localization was determined by Western blotting. Nuclear protein U2AF65

and chromatin-bound histone H3 protein served as controls for fractionation.

phosphorylation has been shown to play an important role in
snRNA gene expression and processing (34, 49) and to be present
on transcribing RNAP I on many genes (37). It was unexpected
therefore that S7A cells were fully viable and displayed no defects
in overall transcription (see above). To investigate the role of Ser 7
in snRNA expression in DT40-Rpbl1 cells, we first performed
NRO assays to determine the effect of the S7A mutation on snRNA
transcription. Essentially identical levels of U1 and U2 transcrip-
tion were detected in Rpb1(1-52), 261, and S7A cells (Fig. 5A). We
also measured steady-state levels of Ul and U2 snRNA in cells
treated with Tet for 6 days. RT-qPCR with total cellular RNA
demonstrated that the levels of Ul and U2 snRNA, in two inde-
pendent S7A cell lines, were equivalent to those in Rpb1(1-52)
and 26r cells (Fig. 5B). We also examined U2 snRNA levels by
RT-qPCR in several of the mutant cell lines. Total U2 snRNA
levels were sharply reduced in both S2A and, importantly, S5A
cells and to a lesser degree in Rpb1(27-52 cells). U2 snRNA levels
were not reduced, and indeed were very slightly increased, in S7A
cells (Fig. 5C). We also measured U2 snRNA 3’-end formation,
again by RT-qPCR, as depicted in Fig. 5D. S7A cells were essen-
tially identical to 26r cells, and a modest increase in the ratio of
uncleaved to total U2 snRNA (~2-fold) was observed in S5A cells.
However, a greater increase (~6-fold) was detected in S2A cells,
and a striking ~14-fold increase was observed in Rpb1(27-52)
cells (Fig. 5D). It is possible that this defect explains, at least in
part, the inviability of Rpb1(27-52) cells. Very much the same
conclusions were drawn from analysis of Ul snRNA expression
(Fig. 5E and F). It is intriguing that Rpb1(27-52) cells, but not S7A
cells, were defective in snRNA 3’-end formation. Below, we dis-
cuss these results and how they might be reconciled with previous
findings.

Thr 4 is phosphorylated by CDK9 and dephosphorylated by
Fcpl. The kinases and phosphatases responsible for the reversible
phosphorylation of Ser 2, 5, and 7 have been well studied, but less
is known about the enzymes responsible for Thr 4 modification.
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We showed previously that inhibition of CDK9 prevented Thr 4
phosphorylation in vivo (14), while a Polo-like kinase (P1k3) has
also been implicated in this modification (15). Nothing is known
about what enzyme dephosphorylates Thr 4. To investigate fur-
ther the role of CDK9 in Thr 4 phosphorylation, we performed an
in vitro kinase assay, using bacterially expressed and purified GST-
CTD as a substrate and recombinant CDK9 isolated from baculo-
virus-infected insect cells (see Fig. S4 in the supplemental material
for SDS gels of purified proteins). As shown in Fig. S5 in the
supplemental material, CDK9 phosphorylated Thr 4, in a concen-
tration-dependent manner, as judged by Western blotting with a
Thr 4-P-specific antibody. Phosphorylation was inhibited by the
CDKO9 inhibitors DRB and flavopiridol (see Fig. S5), ruling out the
possibility that phosphorylation was mediated by a contaminating
activity in the CDK9 preparation. However, Ser 2, Ser 5, and Ser 7
were also phosphorylated by CDK9 (see Fig. S5). This promiscu-
ous behavior of CDKO9 in in in vitro assay prompted us to investi-
gate the role of CDK9 in Thr 4 phosphorylation in vivo. We found
that siRNA-mediated CDK9 knockdown in HEK293 cells, using
three different siRNAs, indeed decreased Thr 4 phosphorylation
relative to control siRNA-treated cells (Fig. 6A). Together, our
results further support the involvement of CDK9 in Thr 4 phos-
phorylation.

We next wished to identify the phosphatase responsible for Thr
4 dephosphorylation. As mentioned in the introduction, the two
major CTD phosphatases are Fcpl and Ssu72. Given that Fepl is
known to dephosphorylate Ser 2 (8, 16), that globally, Thr 4 phos-
phorylation peaks toward the 3" ends of genes (15), and that pre-
liminary experiments provided no evidence that Ssu72 could de-
phosphorylate Thr 4 (results not shown), we reasoned that Fcpl
could be the Thr 4 phosphatase. To investigate this possibility, we
first performed in vitro phosphatase assays, using recombinant
Fepl (residues 168 to 606) (42) and a catalytically inactive deriv-
ative (M271E) (43) purified from bacterial cells and GST-CTD
phosphorylated in HeLa nuclear extract and repurified (see Fig. S4
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FIG 5 Effects of CTD mutations on snRNA expression. (A) Effects of the S7A mutation on snRNA transcription were analyzed in nuclear run-on experiments.
Nuclei were harvested from cells treated with Tet for 40 h. Nascent RNA was labeled with [**P]UTP for 30 min and purified and analyzed in a slot blot assay with
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cells. Cells were treated with Tet for 6 days. Extracted RNA was analyzed using RT-qPCR. Levels of U1 and U2 RNA were normalized to 185 RNA, and values
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show snRNA transcripts. Triangles and arrows denote 3'-end cleavage sites and primers, respectively. The top primer set was used to detect uncleaved snRNA,
and the bottom set was for total snRNA (n = 3). Error bars indicate standard deviations.

in the supplemental material for the SDS gels). The results, again
from Western blotting, demonstrated that Thr 4, as well as Ser 2
and Ser 5, was dephosphorylated by wild-type Fcp1 but not by the
M271E derivative (Fig. 6B). We next asked whether Fcp1 can de-
phosphorylate Thr 4 in vivo. To this end, we designed and utilized
three distinct shRNAs to target Fcpl mRNA in HEK293 cells and
then measured their effect, relative to a control shRNA, on Thr 4
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phosphorylation (Fig. 6C). Although with all three shRNAs, Fcpl
protein levels (and mRNA levels [see Fig. S6 in the supplemental
material]) were only modestly reduced (protein levels were de-
creased ~3-fold in all cases), Thr 4 phosphorylation levels were
increased ~2-fold by all three shRNAs. To extend these results, we
examined P-Thr 4 levels in soluble nuclear and chromatin frac-
tions following Fcpl knockdown, again by Western blotting. As
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FIG 6 Phosphorylation and dephosphorylation of Thr 4. (A) CDK9 knockdown decreased phosphorylation on Thr 4. HEK293 cells were transfected with
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H3 protein levels served as controls for the subcellular fractionation assay.

shown in Fig. 6D, ~2-fold more P-Thr 4 was detected in both free
and chromatin-bound Rpb1 after Fcpl knockdown. Note that
some P-Thr 4 was detected in the hypophosphorylated IIA form in
the free Rpbl1. This likely reflected some incompletely Thr 4-de-
phosphorylated Rpbl, but we cannot rule out cross-reactivity
with the large amount of unphosphorylated IIA isoform present in
this fraction. Most importantly, our data provide strong evidence
that Fcpl dephosphorylates Thr 4, extending its previously de-
scribed role in Ser 2, and possibly Ser 5, dephosphorylation.

DISCUSSION

In this paper, we described experiments analyzing properties of
the RNAP II CTD, primarily by utilizing genetically tractable
chicken DT40 cells. For example, we found that the first half of the
CTD, consisting of mostly all-consensus repeats, as well as Ser 2,
Thr4 (14), and Ser 5 residues, were essential for cell survival, while
Ser 7 was not. Further analysis of these cells showed that, consis-
tent with some but not all previous studies, Ser 2 and Ser 5 were
required for optimal transcription and/or RNA splicing/polyade-
nylation. In contrast with expectations from previous studies, we
did not observe any defects in snRNA gene expression in Rpb1-

July 2014 Volume 34 Number 13

S7A cells. Instead, significant defects in snRNA expression, and
specifically in 3’ processing, were detected in cells expressing
Rpb1(27-52), which consists predominantly of nonconsensus re-
peats. Finally, we reported previously that CDK9 was required for
Thr 4 phosphorylation in DT40 cells (14), and we showed here
that CDK9 knockdown decreases Thr 4 phosphorylation in
HEK?293 cells, strengthening the case that Thr 4 is a direct CDK 9
target. We also provided evidence that Fcpl dephosphorylates Thr
4 in vitro and in vivo. Below, we discuss the significance of these
findings, especially regarding how they compare and contrast with
those from previous related studies.

Our experiments have shown striking differences in the behav-
ior of the N- and C-terminal halves of the CTD. Despite the fact
the CTD contains consensus repeats that are highly conserved
from yeast to humans, and it is nearly invariant in vertebrates, it is
well known from studies in yeast (35), mouse (47), and chicken
(14) cells that only ~50% of the CTD is sufficient to confer cell
viability. Furthermore, in human cells, when the a-amanitin sys-
tem was used, both the N-terminal consensus-rich and the more
divergent C-terminal half tended to behave similarly in functional
assays (50), although in some cases modest differences were ob-
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served (51, 52). In agreement with this, we showed here that the
N-terminal half of the CTD behaved essentially identically to the
full-length CTD with respect to cell viability and in all functional
assays, with the exception that 3’ processing of transcripts from
the inducible Egrl gene was slightly reduced. Cells expressing
Rpb1(27-52) likewise behaved similarly to wild-type cells in as-
says measuring transcription, splicing, and polyadenylation. But
surprisingly, these cells were completely inviable, revealing that
these heptads cannot perform an essential function(s) of the CTD.
As discussed below, this is likely to be the observed defect in
snRNA 3’ processing.

Our studies have provided evidence that Ser 2 and Ser 5 are
important for efficient mRNA splicing and 3’ processing. Previ-
ously, 3'-processing defects were observed in human cells upon
CDK?7 inhibition (6, 53) and in cells expressing an o-amanitin-
resistant Rpb1-S5A (34). The 3'-processing defects were docu-
mented upon CDK9 deletion in yeast (54) or inhibition in Dro-
sophila melanogaster (33), and both splicing and 3’-processing
defects were observed in Xenpus laevis oocytes treated with CDK9
inhibitors (55) and in human cells expressing an o-amanitin-re-
sistant Rpb1-S2A derivative (56). Significantly, we also found that
Ser 5 phosphorylation, in addition to its involvement in 3’ pro-
cessing, is also required for proper splicing. Although it is perhaps
not surprising that Ser 5 phosphorylation functions to enhance
splicing, for example, by facilitating capping to stimulate splicing
of the first intron (57), to our knowledge ours is the first demon-
stration that this is the case.

Our results also extend studies examining the role of Ser 2 and
Ser 5 phosphorylation on transcription. Transcription in cells ex-
pressing the Rpb1-S5A derivative, as measured by Pol IT ChIP and
NRO assays, was not as efficient as in the corresponding Rpb1-26r
cells. This is consistent with previous reports that Cdk7 inhibition
results in a decrease of Rpb1 levels on examined genes at the tran-
scription start site (TSS), coding region, and 3’ end (6, 53), and
our Rpb1-S5A ChIP assays extended these results by providing
evidence that the effects of Cdk7 inhibition were indeed due to
inhibition of Ser 5 phosphorylation. Our ChIP analyses also
showed that Rpb1-S2A levels were decreased, in fact more severely
than Rpb1-S5A, all along the length of the genes examined as well
as in the chromatin fraction. This contrasts with previous obser-
vations that inhibition of CDK9 resulted in only slight changes of
RNAP II density on examined genes (33), and an accumulation of
RNAP II around the TSS (58, 59). This apparent discrepancy
could be explained by the existence of additional Ser 2 kinases,
e.g., CDK12 and -13 (10, 11), which may not be inhibited by the
CDK9 inhibitors (60), and thus could perhaps partially compen-
sate for CDKO9. In any event, our results provide strong evidence
for the importance of Ser 2 phosphorylation in transcription. It is
notable that an S2A derivative analogous to the one we analyzed
here was found to confer full viability, under normal growth con-
ditions, in S. pombe (29), and a full-length S2A-containing CTD
was viable albeit slow growing in S. cerevisiae (48). These findings
are somewhat surprising, given the important functions attrib-
uted to Ser 2 phosphorylation, and additional work is required to
understand the basis for this.

Perhaps the most unexpected of our findings was the dispens-
ability of Ser 7. Previous studies provided evidence that Ser7 phos-
phorylation plays an important role in snRNA expression and 3’
processing (34, 49). However, DT40 cells expressing Rpb1-S7A
were fully viable and displayed no defects in any aspect of gene
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expression, including expression of Ul and U2 snRNA genes.
What might be the basis for this discrepancy? One possibility is a
difference between chicken and human cells in the mechanism of
U snRNA gene expression. However, the snRNA genes and factors
involved in their expression are all highly conserved, and we are
unaware of any evidence suggesting evolutionarily based differ-
ences in the basic steps of gene expression among vertebrate or-
ganisms. A second possibility stems from the usage of a-amanitin
in the previous studies. For example, a-amanitin treatment accel-
erates the degradation of several proteins, including the transcrip-
tion elongation factor DSIF (61), known to be important for U
gene expression (62). Thus, we suggest that the S7A mutation
coupled with reduced accumulation of a required factor such as
DSIF in the presence of a-amanitin results in a “synthetic” phe-
notype reflected in defective snRNA expression. This model none-
theless envisions a role for Ser 7 phosphorylation; indeed, our
results provided considerable albeit indirect support for this. Spe-
cifically, we suggest that the strong and specific defects in snRNA
3’ processing we observed in Rpb1(27-52) cells reflected changes
in Ser 7. As mentioned above, the heptads in the C-terminal half of
the CTD display considerable divergence from the consensus, and
this divergence is by far the greatest at Ser 7. Only 6 of the 26
C-terminal heptads contain Ser at this position, and 9 contain a
basic residue (8 Lys residues and 1 Arg; indeed, the Argresidue, via
methylation, exerts a negative effect on snRNA gene expression
[63]). Deviations from the consensus occur at other positions and
could contribute to the snRNA 3’-processing defect. However,
these changes are scattered and mostly conservative and therefore
perhaps unlikely to play a role. As we detected no other defects in
the Rpb1(27-52) cells, it may be that defective snRNA gene ex-
pression underlies the inviability of these cells.

We have also provided new insight into how phosphorylation
of another CTD residue, Thr 4, is controlled. It was previously
shown that Thr 4 phosphorylation was inhibited in vivo by the
specific CDK9 inhibitors DRB and flavopiridol (14, 15). However,
Hintermair et al. found that CDK9 was unable to phosphorylate
Thr 4 in vitro, and instead those authors provided evidence that
PIk3 could do so (15). In addition, those authors were unable to
detect Thr 4 phosphorylation in vivo in the context of an S2A Rpb1
derivative, perhaps suggesting that the apparent CDK 9 require-
ment may instead indicate that Ser 2 phosphorylation is a prereq-
uisite for Thr 4 phosphorylation. In contrast, though, our own
prior experiments also examined Thr 4 phosphorylation in an S2A
derivative (the one anaylzed here), and we found that Thr 4 phos-
phorylation was modestly affected (14). One explanation for these
discrepancies is likely the antibodies employed. A negative result
when analyzing mutant CTD derivatives may be difficult to inter-
pret, depending on the sensitivity of the antibody to alterations in
its epitope. Indeed, Hintermair et al. (15) noted that the antibody
they used was unable to recognize P-Thr 4 when Ser 2 or Ser 5 was
also phosphorylated. In any event, the in vitro and in vivo assays
presented here strengthen the case for CDK9 being a Thr 4 kinase.
In keeping with this, it would be somewhat surprising if P1k3 were
the principal Thr 4 kinase, as it has well-established roles in other
cellular processes, e.g., the cell cycle and stress response, and has
been reported to be localized primarily in the nucleolus (64).
None of this, however, rules out the possibility that Plk3 indeed
phosphorylates Thr 4 under some conditions. This may be analo-
gous to the case with Ser 5, which we showed previously can be
modified during the M phase by the cell cycle kinase Cdc2/cyclin B
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(65). Finally, our data providing evidence that Fcpl dephospho-
rylates Thr4 in vitro and in vivo both explain how Thr 4 is dephos-
phorylated and also extend the roles of this well-studied CTD
phosphatase. While Fcp1 can dephosphorylate both Ser 2 and Ser
5, its primary function is thought to be the dephosphorylation of
Ser 2 at the 3’ ends of genes (reviewed in reference 3). Thus, an
attractive model would include CDK9 phosphorylation of both
Ser 2 and Thr 4 during transcription elongation and with the same
two residues dephosphorylated by Fepl at the ends of genes.
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