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The function of human TFIIH-associated Cdk7 in RNA polymerase II (Pol II) transcription and C-terminal
domain (CTD) phosphorylation was investigated in analogue-sensitive Cdk7°’** mutant cells where the kinase
can be inhibited without disrupting TFIIH. We show that both Cdk7 and Cdk9/PTEFb contribute to phos-
phorylation of Pol II CTD Ser5 residues on transcribed genes. Cdk?7 is also a major kinase of CTD Ser7 on Pol
II at the c-fos and U snRNA genes. Furthermore, TFIIH and recombinant Cdk7-CycH-Matl as well as
recombinant Cdk9-CycT1 phosphorylated CTD Ser7 and Ser5 residues in vitro. Inhibition of Cdk7 in vivo
suppressed the amount of Pol II accumulated at 5’ ends on several genes including c-myc, p21, and glyceral-
dehyde-3-phosphate dehydrogenase genes, indicating reduced promoter-proximal pausing or polymerase
“leaking” into the gene. Consistent with a 5’ pausing defect, Cdk7 inhibition reduced recruitment of the
negative elongation factor NELF at start sites. A role of Cdk7 in regulating elongation is further suggested by
enhanced histone H4 acetylation and diminished histone H4 trimethylation on lysine 36—two marks of
elongation—within genes when the kinase was inhibited. Consistent with a new role for TFIIH at 3’ ends, it was
detected within genes and 3'-flanking regions, and Cdk7 inhibition delayed pausing and transcription

termination.

Dynamic modification of the RNA polymerase II (Pol II)
C-terminal domain (CTD) by phosphorylation and dephos-
phorylation plays important roles in controlling both tran-
scription and cotranscriptional RNA processing (9, 31).
There are 52 heptad repeats with the consensus sequence
Y,S,P;T,SsP.S; in the human CTD that can be phosphory-
lated cotranscriptionally on serines 2, 5, and 7 (S2, S5, and S7,
respectively) (6, 31). S5 phosphorylation normally occurs early
in the transcription cycle coincident with initiation, whereas S2
phosphorylation predominates later, during elongation and
termination (13, 20). The complex pattern of heptad repeat
phosphorylation serves in part to control binding of partner
proteins, including elongation factors, RNA processing factors
(31), and chromatin modifiers (25, 39). Ser5 phosphorylation
enhances cotranscriptional mRNA capping (17), and Ser2 fa-
cilitates 3'-end formation by cleavage/polyadenylation (1, 4,
29). Ser7 phosphorylation has been specifically implicated in
formation of U snRNA 3’ ends but is also found on mRNA
coding genes (10) (6). Exactly how S2, S5, and S7 phosphory-
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lation affect initiation, elongation, and termination remains
poorly understood.

It is generally thought that the positive transcription elon-
gation factor PTEFb (Cdk9/cyclin T [CycT]) is the principal S2
kinase and that Cdk7 associated with TFIIH is the principal S5
kinase (31, 32, 38). How Cdk7 affects CTD phosphorylation on
metazoan genes in vivo is still an unresolved question, and the
S7 kinase is yet to be identified. In the only previous investi-
gation of Cdk7 effects on CTD phosphorylation at the site of
transcription in a multicellular organism, phospho-S5 and total
Pol IT levels were reduced equivalently at the Drosophila mela-
nogaster Hsp70 gene in a Cdk7 temperature-sensitive (TS)
mutant, and it was suggested that multiple S5 kinases may
operate in vivo (36). Indeed, there is evidence that Cdk9 can
phosphorylate CTD S5 from RNA interference knockdown of
this kinase in Drosophila (11) and from the fact that the Cdk9
inhibitor  5,6-5,6-dichloro-1-B-p-ribofuranosylbenzimidazole
(DRB) reduced S5 phosphorylation on the human p21 gene
(14).

Promoter-proximal pausing is an obligate step in the RNA
Pol II transcription cycle for thousands of human genes and
constitutes a rate-limiting step in mRNA synthesis with partic-
ular importance for inducible genes and in stem cells (8, 16,
21). Paused Pol II complexes have recently been shown to
regulate enhancer function by acting as insulators (7). The
mechanisms responsible for establishment of the pause are not
fully understood; however, two key regulators have been iden-
tified: negative elongation factor NELF and DRB sensitivity-
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inducing factor DSIF (Spt4/5) (30, 33, 41). Knockdown of
NELF inhibits transcription of some genes, suggesting that the
promoter-proximal pause can facilitate gene activation (12).
Pausing is antagonized by the positive transcription elongation
factor PTEFb (Cdk9/CycT), which can phosphorylate DSIF,
NELF, and the Pol II CTD and is sensitive to the inhibitor,
DRB (27, 30, 33, 41-43). Exactly how the TFIIH-associated
Cdk7 activity affects Pol II transcription remains unclear. The
kinase is dispensable for initiation in vitro in many cases (26,
37, 40) but has been implicated in early elongation of dihydro-
folate reductase transcripts (3). Interestingly, in Drosophila,
inactivation of TS Cdk7 reduced the amount of Pol II accu-
mulated at the 5" end prior to gene activation, suggesting that
TFIIH helps establish promoter-proximal pausing (36). How-
ever, it is difficult to distinguish in this case whether reduced
amounts of paused Pol II are specifically caused by loss of
Cdk7 activity or by a secondary effect on initiation due to
destabilization of TFIIH, which requires Cdk7 for its integrity
(40).

Pol II encounters a second prominent pause site on many
human genes in the 3'-flanking region several hundred base
pairs past the poly(A) site (13, 15), and following this pause,
termination occurs. S2 phosphorylation is maximal at the 3’
pause, and DRB inhibition of the S2 kinase Cdk9 inhibits 3’
pausing (13). Whether TFIIH-associated Cdk7 might also
function in 3’ pausing and termination is unknown.

In this report we investigated the roles of Cdk7 in CTD
phosphorylation and polymerase pausing on human genes us-
ing mutant HCT116 cells in which both copies of the Cdk7
gene driven by its endogenous promoter were replaced by
homologous recombination with an analogue-sensitive (as)
mutant of the ATP-binding site (23). This strategy permits
specific inhibition of kinases with cell-permeable ATP ana-
logues and has been used to target budding yeast Cdk7 (18),
human Cdk7 (23), and many other kinases in vivo (19). This
strategy is preferable to TS or deletion mutations or RNA
interference-mediated knockdown because it permits one to
distinguish between the catalytic and structural functions of
kinases (19). We combined targeted inhibition of Cdk7(as)
with high-resolution chromatin immunoprecipitation (ChIP)
analysis of Pol IT and associated elongation factors to show that
this kinase can phosphorylate S7 and S5 in vivo and affects
both the 5’ and 3’ pausing events that are characteristic fea-
tures of transcription on many human genes. While this work
was in progress, it was independently reported that budding
yeast TFIIH phosphorylates CTD Ser7 residues (2).

MATERIALS AND METHODS

ChIP. Wild-type HCT116 or Cdk7%/* cells were treated with 3-methylbenzyl-
pyrazolopyrimidine (3-MB-PP1) (1 uM), doxorubicin (0.4 pM), and DRB (50
M, Sigma) for 8 h (except for Fig. S1B in the supplemental material), and ChIP
was performed as described previously (13, 14, 23) except that 1 ml of extract at
1.5 mg/ml protein was used per IP. Control samples were all treated for the same
period with dimethyl sulfoxide (DMSO) solvent. The average maximum ChIP
signals obtained on c-myc in arbitrary fluorescence units are 101 for anti-total Pol
II (pan-CTD), 35 for anti-Spt5, 6.5 for p62, 2.2 for Cdk7, 1.2 for Cdk9, 45 for
phosphorylated Ser2 (Ser2-PO,), and 40.5 for Ser7-PO, compared to less than
0.1 for the no-antibody control and less than 0.05 for the mitochondrial CoxIII
gene.

Antibodies. Antibodies against the following antigens have been previously
described: pan-CTD and CTD Ser5-PO, (35), histone 3 (H3) C terminus, acety-
lated histone 4 (H4), histone H3 trimethylated at lysine 4 (H3K4me3), and CTD
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Ser2-PO, (46), rabbit TFIIH p62 and Cdk7 (44), TFIIB, Spt5 (13), and ERCC2
(34). Monoclonal anti-Cdk7 (Zymed) (see Fig. 1B) and anti-CTD Ser7-PO,
(4E12) (6) were used. Anti-NELF-A was from Santa Cruz (sc-23599), anti-Cdk9
was from Santa Cruz (sc-8338), and H3K36me3 was from Abcam (antibody
9050). Anti-CTD and Ser5-PO, antibodies used in Fig. 6A were from Bethyl
Labs.

Real-time PCR. PCRs (10 pl) were performed with Sybr green using the
Roche LC-480 (Roche Applied Science) in 384-well plates as described previ-
ously (13). Primer pairs with amplification efficiencies of >2.2 or <1.8 were
discarded. Primer sequences were described previously (13) and are shown in
Table 1. ChIP DNA samples were quantified by extrapolation from standard
curves of input chromatin for each amplicon using the absolute quantification
second derivative maximum method with Lightcycler 480 1.2 software (Roche).
To generate 5'-3" profiles of occupancy, ChIP values were normalized relative to
the amplicon with the highest fluorescence value for each gene. The values were
then averaged, and the standard errors of means (SEMs) were calculated for
each primer set. Each PCR determination was made on an independent plate
relative to a standard curve on the same plate. n values refer to the number of
PCR determinations from at least three independent IPs.

Transient transfections and RNA analysis. HCT116 Cdk7%/% cells were trans-
fected with 7 pg of CMV-B-globin reporter (CMV stands for cytomegalovirus)
(5) (see Fig. 3D) using polyethyleneimine (molecular weight, 25,000). 3-MB-PP1
(1 pM) or DMSO solvent control was added at the time of transfection. Total
RNA was harvested after 24 h, digested with DNase I, and analyzed by RNase
protection (5). Results were quantified by using a Molecular Dynamics
PhosphorImager. Ratios of processed/unprocessed RNA were calculated after
compensating for [**P]U content.

Reverse transcription (RT) reactions were performed with SuperScript IIT
reverse transcriptase (Invitrogen) according to the manufacturer’s instructions
with random hexamer primers.

IP kinase assays and Western blotting. TFITH was immunoprecipitated from
precleared HeLa or HCT116 Cdk7°/* nuclear extract in buffer D (20 mM
HEPES [pH 7.9], 0.1 M KCl, 0.2 mM EDTA, 10% glycerol, 0.2 mM dithiothre-
itol) with affinity-purified rabbit anti-p62 and washed four times with buffer D
containing 0.5% NP-40 and 0.3 M KClI. Kinase reactions (100 wl) contained 10
pl washed beads, 0.4 mM ATP, 0.5 mM microcystin, 55 wg/ml glutathione
S-transferase (GST)-CTD (52 heptads) in kinase buffer (20 mM Tris-HCI [pH
8.0], 50 mM KCl, 7 mM MgCl,, 2 mM dithiothreitol, 5 mM B-glycerophosphate,
100 pg/ml bovine serum albumin) for 45 min at 30°C. Cdk7-CycH-Matl and
Cdk9-CycT1 complexes expressed by baculovirus infection of insect Sf9 cells
were purified as described previously (22). Kinase reactions (see Fig. 6A) con-
tained ~50 ng Cdk9-CycT1 or Cdk7-CycH-Mat1 and ~2 pg GST-CTD in 25 mM
HEPES (pH 7.4), 150 mM NaCl, 10 mM MgCl,, and 1 mM ATP and were
incubated at 25°C for 15 min.

Western blots (see Fig. 1B) of immunoprecipitated TFIIH were reacted with
rabbit anti-p62 and monoclonal anti-Cdk7 and developed with horseradish per-
oxidase-coupled protein A and anti-mouse immunoglobulin G, respectively.

RESULTS

Promoter-proximal pausing is suppressed by inhibiting
Cdk7. To address the function of TFIIH-associated Cdk7 ac-
tivity, we used HCT116 Cdk7*/* cells in which Cdk7 is sus-
ceptible to the inhibitor 3-MB-PP1, which binds the expanded
ATP-binding pocket of the mutant protein (23, 28). As ex-
pected, the TFIIH-associated kinase immunoprecipitated from
Cdk7*"* cells was strongly inhibited by 3-MB-PP1 when as-
sayed by **P incorporation into a GST-CTD substrate (Fig.
1A). Because Cdk7 has a structural role within TFIIH (40), it
was important to determine whether binding of 3-MB-PP1 to
Cdk7(as) affected the integrity of TFIIH in addition to inhib-
iting its kinase activity. We therefore immunoprecipitated
TFIIH from Cdk7** cells with antibody against the core p62
subunit and showed that Cdk7(as) coprecipitated equally well
before and after treatment with 3-MB-PP1 (Fig. 1B). We con-
clude that holo-TFIIH remains intact after inhibition of the
Cdk?7 kinase.

Having established that 3-MB-PP1 inhibits Cdk7(as) without
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TABLE 1. Previously unpublished PCR primer pairs for human c-myc, GAPDH, Ul, and p21 genes”
Primer sequence
Gene Position”
Forward Reverse
GAPDH 946 GCC CGA TTT CTC CTC CG GGA CCT CCA TAA ACC CACTT
4157 GCC AAA CAT GGA AGA AGCTATT GTC AGA GCC CAG TGC GA
c-myc 7279 TGG CCC TTA GAG CCT ATA CAG CCC TTC ACG TCC GAT TCT T
7952 GGA GAA GAG AGG CCG GTC TCA TGA TCC GCC CAC TTC G
p21 804 GGT ACA GCG GGA CTC CA GCC AAA TAG GTC ACT GTG C
GAPDH 34 CTT CGC TCT CTG CTC CTC TCT CTC CGC CCG TCT TCA
U1 1 GCC CAA GAT CTC ATA CTT ACC TGG CA GAT AAG CCT CGC CCT GGG AAA

48 GGG GAG ATA CCA TGA TCA CGA AGG

100 CAT TGC ACT CCG GAT GTG CTG A
175 CTG CGT TCG CGC TTT CCC

232 ACG CCA AGG GTC ATG TCT TT

399 GTC CGC TCA GCT CTT CCATT

AGC ACA TCC GGA GTG CAAT

CAC TAC CAC AAA TTA TGC AGT CGA GTT
CCT TGG CGT ACG GTCTGT T

ATC AGG CCT CCA CTG TAG GAT

GAC TGG AGA CCA CGG ACC AA

¢ All other primers used for real-time quantitative PCR have been described previously (13).
> The positions correspond to the middle of the amplicon relative to the transcription start site.

disrupting TFIIH, we asked how the kinase affects Pol II tran-
scription in vivo. We mapped the distribution of Pol II on
c-myc by ChIP with a pan-specific anti-CTD antibody before
and after an 8-h 3-MB-PP1 treatment of HCT116 Cdk7*/*
cells. Polymerase occupancy was assayed at 15 amplicons span-
ning the c-myc gene and its flanking sequences (13). For neg-
ative controls, we included amplicons from the 5'- and 3'-
flanking regions in all ChIP experiments reported here.
Remarkably, when Cdk7 was inhibited, Pol II occupancy at the
promoter-proximal pause site was specifically suppressed rel-
ative to regions downstream (Fig. 1C, compare amplicons —39
and +1 with +190 to +593). This broadening of the polymer-
ase distribution at the 5" end is made obvious by normalizing
Pol II ChIP signals to the highest value in each profile, reveal-
ing a pronounced shoulder of increased Pol II signals extend-
ing downstream in the 3-MB-PP1-treated sample (Fig. 1D).
This change in the distribution of polymerase after Cdk7 inhi-
bition is mimicked by a similar broadening of the peak of the
Pol IT-associated elongation factor, Spt5, at the c-myc 5" end
(Fig. 1E) and is most consistent with a defect in promoter-
proximal pausing. We note that Cdk7 inhibition also altered
the position of the 3’ pause downstream of the poly(A) site
(Fig. 1C, D, and E), and the significance of this observation is
discussed below. No effect on Pol II occupancy at the 5" or 3’
end was observed when wild-type HCT116 cells were treated
with 3-MB-PP1 (see Fig. S1A in the supplemental material),
showing that the effect on transcription is caused by Cdk7
inhibition rather than an off-target effect of the inhibitor.

We asked whether Cdk7 inhibition affected recruitment of
the general transcription factors TFIIH and TFIIB to the c-
myc gene. Surprisingly, ChIP analysis of the Cdk7(as) and p62
subunits of TFIIH showed that this factor is distributed
throughout the c-myc coding region and the 3’-flanking region
(Fig. 2A and B), suggesting that this factor is a relatively
ubiquitous component of the elongation complex. 3-MB-PP1
did not reduce occupancy of either Cdk7(as) or p62 on c-myc.
In fact, the inhibitor appeared to stabilize TFIIH at the 5’ end
of the gene (Fig. 2A and B). These experiments therefore show
that the effects of 3-MB-PP1 on transcription in Cdk7“"* cells
are due to reduced kinase activity, rather than reduced TFIIH
recruitment to transcribed genes.

TFIIB localized exclusively to the c-myc promoter region,

and like TFIIH, recruitment of this initiation factor was slightly
enhanced following Cdk7 inhibition (Fig. 2C). We conclude
that Cdk7 inhibition does not impair recruitment of either
initiation factor TFIIH or TFIIB. Although it is difficult to
absolutely exclude an effect on transcription initiation, these
results suggest that the most important effect of Cdk7 kinase
inhibition on transcription at the c-myc 5’ end is to prevent
normal promoter-proximal pausing.

It is unlikely that the altered pattern of promoter-proximal
Pol II is a result of cell cycle arrest at either G,/S or G,/M
because 3-MB-PP1 treatment for 8 h does not alter the cell
cycle distribution of unsynchronized cells (23) (S. Larochelle
and R. P. Fisher, unpublished observations) and because a
similar pausing defect on c-myc was observed whether the cells
were treated for 8 h or 2 h with 3-MB-PP1 (Fig. 1D) (see Fig.
S1B in the supplemental material). Furthermore, neither hy-
droxyurea, which blocks at G,/S, nor doxorubicin, which blocks
at G,/M (14), caused a detectable change in Pol II distribution
on c-myc in wild-type HCT116 cells (see Fig. S1C and S2A in
the supplemental material). In summary, these results show
that the effect of Cdk7 inhibition on the Pol II profile at the 5’
end of c-myc is not an indirect effect of cell cycle arrest.

We investigated whether the suppression of Pol II accumu-
lation at the c-myc 5’ end applies to other genes with a pro-
moter-proximal pause. On the p21 gene both before and after
activation with doxorubicin, inhibition of Cdk7 specifically
broadened the 5" peak of Pol II consistent with diminished
promoter-proximal pausing (Fig. 2D) (see Fig. S2B in the
supplemental material). In contrast, treatment of wild-type
HCT116 cells with 3-MB-PP1 did not affect Pol II distribution
on p21 (see Fig. S2A in the supplemental material). A similar
broadening in the peaks of paused Pol II at the transcription
start site was also observed at c-fos and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) following inhibition of Cdk7
(see Fig. S3A and S3B in the supplemental material). Inter-
estingly, Cdk7 inhibition over an 8-hour period reduced c-myc
mRNA abundance by 50% relative to a mitochondrial control
transcript, COXIIIL, as determined by real-time RT-PCR (see
Fig. S3C in the supplemental material). Unlike c-myc, Cdk7
inhibition had little or no effect on activated or nonactivated
p21 or GAPDH mRNA levels as determined by quantitative
RT-PCR (see Fig. S3C in the supplemental material). This
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FIG. 1. (A) Inhibition of analogue-sensitive TFIIH-associated kinase by 3-MB-PP1. IP kinase assays from nuclear extract of HCT116 Cdk 7"
cells immunoprecipitated with anti-TFIIH p62 or anti-green fluorescent protein (anti-GFP) as a control were performed with GST-CTD and
[y->*PJATP. An autoradiograph of a sodium dodecyl sulfate-polyacrylamide gel is shown, and the position of phosphorylated GST-CTD
(CTD-PO4) is indicated. For the two p62 lanes, a single IP reaction mixture was divided in two for the kinase reactions with 3-MB-PP1 (3MB)
(2 pM) (+) or an equal volume of DMSO (—). (B) Cdk7(as) remains associated with TFIIH in the presence of kinase inhibitor. TFIIH was
precipitated with anti-p62 from nuclear extracts prepared from control HCT116 Cdk7*/* cells (—) and cells treated with 3-MB-PP1 (1 wM) for
8 h (+). Immunoprecipitates were analyzed by Western blotting with anti-p62 (top) and anti-Cdk7 (bottom). (C and D) Promoter-proximal pausing
is depressed by inhibition of Cdk7 kinase. ChIP signals for total Pol II along c-myc in control (DMSO) and 3-MB-PP1 (3MB)-treated Cdk 7/
cells. Values are normalized to the maximum signal for the control data set. Note the broadening of the 5’ peaks of Pol II and the shift of the 3’
peaks into the downstream flanking sequences when Cdk7 was inhibited. In panel D, Pol II ChIP signals from panel C are normalized to the
maximum signal for each data set. (E) Cdk7 inhibition alters the 5'-3" profile of Spt5 in parallel with Pol II. ChIP signals are normalized to the
maximal signal for each data set. In this and all subsequent figures, ChIP signals are represented by the means = SEMs (error bars). The arrow

pointing down and asterisk indicate RNA 3’ ends in all subsequent figures.

observation is consistent with microarray analysis of mRNA
abundance in HCT116 Cdk7*"* cells showing that only a frac-
tion of genes are downregulated by Cdk7 inhibition (L. Wohl-
bold and R. P. Fisher, unpublished data). We conclude from
the results in Fig. 1 and 2, and in Fig. S2B, S3A, and S3B in the
supplemental material, that normal promoter-proximal paus-
ing on multiple human genes depends on Cdk7 kinase activity.

Cdk7 requirement for NELF recruitment. Pol II stalling at
5’ ends is normally promoted by NELF. Because Cdk?7 inhibi-
tion appears to reduce 5’ pausing, we monitored recruitment
of this elongation factor before and after Cdk7 inactivation in
Cdk7%/“ cells by ChIP of the NELF-A subunit. Inhibition of
Cdk7 almost completely eliminated NELF-A occupancy at the
5’ end of the GAPDH gene and reduced it by about 75% at
the 5" end of the c-myc gene (Fig. 3A and B). For both genes,
the reduction in NELF exceeded the reduction in Pol II at the
start site (Fig. 3A and B). Together, these experiments show
that Cdk7 kinase activity promotes the recruitment or stabili-

zation of NELF at these pause sites. Furthermore, Cdk7 inhi-
bition caused a modest increase in recruitment of the positive
transcription elongation factor Cdk9 to the c-myc gene (see
Fig. S3D in the supplemental material). Together, the effects
of Cdk7 inhibition on NELF and Cdk9 localization support the
interpretation that reduced accumulation of Pol II at start sites
under these conditions is caused at least partly by reduced
promoter-proximal pausing.

Cdk7 inhibition delays transcription pausing and termina-
tion at the 3’ ends of genes. The effects of Cdk7 inhibition on
Pol II transcription are not limited to the promoter-proximal
pause but are also felt at 3" ends where there is a second pause
that precedes termination. Pol II ChIP revealed that the 3’
pause site on c-myc shifted by about 1 kb in the downstream
direction when Cdk7 was inhibited (Fig. 1C and D, compare
amplicons 6028 to 7952). In parallel with Pol II, another com-
ponent of the transcriptional elongation complex, Spt5, also
shifted in the downstream direction (Fig. 1E). A subtle broad-
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FIG. 2. (A and B) TFIIH is distributed throughout the c-myc gene before and after inhibiting Cdk7. Relative ChIP signals along the c-myc gene
are plotted for TFIIH subunits Cdk7 and p62 in HCT116 Cdk7*/* cells in the presence of 3-MB-PP1 (3MB) and in the absence of 3-MB-PP1
(Control). Values are normalized to the maximum signal for the 3MB data sets. (C) Cdk7 inhibition does not reduce TFIIB recruitment to the
c-myc promoter. Relative TFIIB ChIP signals on c-myc in the presence and absence of 3-MB-PP1 in HCT116 Cdk7/* cells are normalized to the
maximal signal for the 3MB data set. Means = SEMs (error bars) are shown. (D) Cdk7 inhibition reduces polymerase pausing on activated p21.
Relative Pol IT ChIP signals in the presence and absence of 3-MB-PP1 in Cdk7"* cells treated with doxorubicin (Dox) normalized to the maximal

signals in each data set are shown.

ening of the peak of Pol II density in the 3'-flanking region was
also observed at the activated p21 gene following Cdk7 inhi-
bition (Fig. 2D). This effect of the TFIIH-associated kinase on
transcription at the 3’ end of a gene is unexpected but consis-
tent with our finding that Cdk7 and p62 are present in the
c-myc 3'-flanking region (Fig. 2A and B). To confirm the effect
of Cdk7 at 3" ends, we assayed the localization of Ser2-phos-
phorylated Pol II, which is characteristic of the 3’ pause. Sim-
ilar to the pattern of total Pol II, the peak of phospho-S2 signal
shifted downstream about 1,000 bp when Cdk7 was inhibited
relative to the control (Fig. 3C).

The shift in localization of total Pol II and S2-phosphory-
lated Pol II in the 3'-flanking region as a result of Cdk7 inhi-
bition suggests that 3’-end processing and coupled termination
could be impaired. To test this possibility, we transfected a
B-globin reporter plasmid into HCT116 Cdk7%/ cells with
and without 3-MB-PP1 treatment and quantified transcripts by
RNase protection assay with probes spanning the poly(A) site
and the initiation site (Fig. 3D). We detected a small but
consistent decrease in the efficiency of poly(A) site cleavage
and an increase in the level of transcripts that read around the
plasmid as a result of poor termination. These results are

therefore consistent with the ChIP experiments that show a
delay in CTD S2 phosphorylation and termination in 3'-flank-
ing regions. In summary, the changes in localization of paused,
S2-phosphorylated Pol II and Spt5 to positions further down-
stream in the 3’-flanking sequences and impaired 3’-end pro-
cessing and termination when Cdk7 was inhibited reveal a new
function for TFIIH at the 3’ ends.

Cdk7 inhibition alters chromatin modifications within
genes. We sought independent confirmation that Cdk7 affects
transcription in vivo by asking whether inhibition of kinase
activity affected covalent chromatin marks associated with
transcription elongation. Inhibition of the kinase in Cdk7 “*/*5
cells enhanced H4 acetylation by approximately twofold across
most of the c-myc gene and in the 3’-flanking region (ampli-
cons +190 to +7617, Fig. 4A, gray bars) without affecting total
histone levels (data not shown). A similar enhancement of H4
acetylation occurred throughout the GAPDH gene and at the
5" end of the uninduced p21 gene (see Fig. S4A and S4C in the
supplemental material) following Cdk7 inactivation. Con-
versely, Cdk7 inhibition decreased H3K36 trimethylation
(me3) at the c-myc and GAPDH genes and shifted the profile
of this chromatin mark toward the 3’ ends of these genes (Fig.
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FIG. 3. Cdk7is required for recruitment of the negative elongation factor NELF. (A and B) ChIP signals of NELF-A along GAPDH and c-myc,
respectively, in control Cdk7*/* cells and Cdk7*/* cells treated with 3-MB-PP13 (3MB). For reference, total Pol II profiles are shown as lines.
(C) Cdk7 inhibition causes a downstream shift in the peak of CTD S2-phosphorylated Pol II. Phospho-S2 (Ser2-PO,) ChIP signals along the c-myc
gene in control and 3-MB-PP1-treated Cdk7*/** cells normalized to the highest value in the control data set are shown. (D) Cdk7 inhibition inhibits
poly(A) site cleavage and termination of B-globin transcripts. RNase protection analysis of total RNA from Cdk7* cells transfected with
CMV-B-globin plasmid in the presence (+) and absence (—) of 3-MB-PP1. Antisense RNA probe A (lanes 1 and 2) distinguishes correctly initiated
5" ends and transcripts that read around the plasmid. Probe B (lanes 3 and 4) distinguishes cleaved and uncleaved transcripts at the poly(A) site.
The ratios of correct 5’ ends/read-around 5’ ends and cleaved/uncleaved transcripts from three RNase protection assay experiments are

summarized in the graph.

4B) (see Fig. S4B in the supplemental material). These results
are consistent with the previously reported link between his-
tone deacetylation and H3K36 methylation (25). In control
experiments, 3-MB-PP1 did not affect acetyl-H4 or H3K36me3
in wild-type cells (data not shown). A similar enhancement of
H4 acetylation and loss of H3K36me3 was reported on c-myc
in response to knockdown of Iws1 which is implicated in tran-
scription elongation and mRNA export (45). We note that
although CTD S2 phosphorylation has been linked to K36
trimethylation by Set2 methyltransferases (45), the profile of
K36me3 on c-myc does not closely coincide with S2-phosphor-
ylated Pol II (compare Fig. 3C and 4B, blue bars). Together,
the altered 5'-3" profiles of Pol II and covalent chromatin
marks provide independent lines of evidence that Cdk7 kinase
affects transcription elongation at both 5’ and 3’ ends.

Cdk7 and Cdk9 are both CTD S5 kinases on transcription-
ally active Pol II. We tested whether Cdk7 inhibition altered
CTD S5 phosphorylation of transcriptionally engaged Pol II.
ChIP signals with polyclonal phospho-S5-specific antibody
were normalized to total Pol II monitored with a pan-specific

anti-CTD antibody to obtain a measure of the relative extent
of modification. Cdk7 inhibition did not decrease the extent of
S5 phosphorylation at the 5" ends of the c-myc or GAPDH
genes (Fig. 4C and data not shown) consistent with the fact
that total cellular CTD S5 phosphorylation is unaffected (23).
The lack of an effect of Cdk7 inhibition on S5 phosphorylation
at c-myc was confirmed by ChIP with the H14 monoclonal
antibody (data not shown). Although the extent of S5 phos-
phorylation on c-myc and GAPDH was not detectably reduced,
it remains possible that the pattern of S5 phosphates on the
CTD heptad repeats could be altered by Cdk7 inhibition. We
conclude that either Cdk7 is not a major S5 kinase on these
genes or, more likely, that another kinase such as Cdk9 has an
overlapping function. In support of this idea, when Cdk7 and
Cdk9 were simultaneously inhibited in Cdk7*“ cells with
3-MB-PP1 and DRB, S5 phosphorylation was partially reduced
in the regions downstream of the c-myc start site (amplicons
+190 to +593) (Fig. 4C, green bars), whereas inhibition of
either kinase alone had little effect (gray bars and orange bars).
A direct role of Cdk9 in Ser5 phosphorylation is further sug-
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FIG. 4. (A and B) Cdk7 inhibition increases H4 acetylation and decreases H3 K36 trimethylation. Ratios of acetylated H4 (Acetyl H4) and
trimethylated H3 K36 to total H3 ChIP signals on c-myc in Cdk7*"* cells in the presence and absence of 3-MB-PP1 (3MB) are shown. (C) Cdk7
and Cdk9 are both CTD SerS5 kinases on c-myc. Ratios of phospho-S5 (Ser5-PO,) to total Pol II ChIP signals along c-myc for control Cdk77* cells
or Cdk7%" cells treated with 3-MB-PP1, DRB, or 3-MB-PP1 plus DRB are depicted. Mean values normalized to the maximal signal of the control
at amplicon +593 are shown. Note the partial reduction in phospho-S5 when both Cdk7 and Cdk9 are inhibited.

gested by the fact that recombinant baculoviral Cdk9-CycT1
readily phosphorylated GST-CTD on S5 residues in vitro (see
Fig. 6A). Even when Cdk7 and Cdk9 were both inhibited by a
combination of 3-MB-PP1 and DRB, S5 phosphorylation was
not completely abolished on c-myc and GAPDH (Fig. 4C and
data not shown), suggesting a role for additional kinases such
as Cdk8. In contrast to c-myc and GAPDH, at the U2 snRNA
and c-fos genes, Cdk7 inhibition reduced S5 phosphorylation
by over 50% (Fig. 5A and B). The large relative effect of Cdk7
on S5 phosphorylation at these genes is probably linked to low
Cdk9 activity. Cdk9 occupancy relative to Pol II was about
30-fold lower on the U2 snRNA gene than on c-myc. In con-
trast, high levels of TFIIH are present at U2 (Fig. 5C) (see Fig.
S5A in the supplemental material). We conclude that the rel-
ative contribution of TFIIH-associated Cdk7 to CTD S5 phos-
phorylation varies between genes and that Cdk9 also makes
important contributions to S5 phosphorylation.

TFIIH phosphorylates Pol II CTD S7 residues. S7 phosphor-
ylation of the CTD heptad repeats occurs on mRNA and U
snRNA genes where it facilitates cotranscriptional 3'-end for-
mation (6, 10), but the S7 kinase is unknown. We tested
whether Cdk7 inhibition affected CTD S7 phosphorylation at
U snRNA genes in Cdk7*/* cells by ChIP with the 4E12
monoclonal antibody (6, 10). The relative level of S7 phosphor-
ylation normalized to total Pol II was reduced by 80 to 90% on
the Ul and U2 snRNA genes following Cdk7 inhibition (Fig.

5A) (see Fig. S5B in the supplemental material). S7 phosphor-
ylation was also reduced by 60% on c-fos when Cdk7 was
inhibited (Fig. 5B). S7 phosphorylation is important for
snRNA 3’-end formation (10); therefore, we predicted that
Cdk7 inhibition may induce formation of U2 transcripts with
abnormal 3" ends. RT-PCR analysis of U2 snRNAs confirmed
that Cdk7 inhibition did indeed modestly increase the fraction
of transcripts that extend beyond the normal 3’ end (Fig. 5D).
On the other hand, like S5, S7 phosphorylation on c-myc was
not significantly reduced by inhibition of Cdk7 (see Fig. S5C in
the supplemental material). Other kinases are therefore likely
to contribute to S7 phosphorylation on c-myc. One possibility
is that Cdk9 also phosphorylates S7 on c-myc as this kinase can
phosphorylate S7 in vitro (Fig. 6A). Our results therefore do
not implicate S7 phosphorylation in the altered promoter-
proximal pausing observed on c-myc when Cdk7 is inhibited
(Fig. 1C to E).

To determine whether TFIIH can phosphorylate CTD S7
residues directly, it was immunoprecipitated from HeLa nu-
clear extract with anti-p62 or anti-Cdk7, and kinase assays were
performed with GST-CTD as a substrate. The experiment in
Fig. 6B revealed robust S7 phosphorylation of GST-CTD by
Cdk7-associated TFIIH. As expected, these IP kinase assays
were also positive for phospho-S5 and negative for phospho-S2
by Western blotting (data not shown). S7 phosphorylation of
full-length GST-CTD by Cdk7 was confirmed using recombi-
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for random-primed cDNA from control and 3MB-PP1-treated HCT116 Cdk7%/* cells.

nant Cdk7-CycH-Matl (Fig. 6A) in agreement with the recent
report of phosphorylation of a CTD peptide by recombinant
Cdk7-CycH (2). Recombinant Cdk9-CycT1 was also capable of
phosphorylating CTD S7 residues, suggesting that this kinase
may also contribute to S7 phosphorylation on some genes (Fig.
6A). Together, the results in Fig. 4C, 5A to D, and 6B show
that Cdk7-associated TFIIH can phosphorylate both S5 and S7
residues of the CTD and that it is a major kinase of S7 residues
on the c-fos and U snRNA genes.

DISCUSSION

We report the first study of how Cdk7 activity affects the
mammalian RNA Pol II transcription cycle in vivo using an
analogue-sensitive HCT116 Cdk7*/* cell line. The kinase can
be dispensable for transcription in vitro (26, 37, 40), and in
some cases, Cdk7 inactivation has only minor effects on gene
expression in vivo (18, 24). Consistent with these previous
results, Cdk7 inhibition in vivo did not strongly inhibit gen-
eral transcription, but it did markedly reduce Pol II accu-
mulation near start sites relative to positions downstream.
This effect indicates a loss of definition of the promoter-
proximal pause or leaking of polymerase from the pause

into downstream sequences that is consistent with a previous
report on Drosophila Hsp70 (36). We observed a similar
flattening of the Pol II density profile at the 5’ ends of all
mRNA coding genes we examined, including c-myc, p21,
GAPDH, c-fos, and Hsp70 (Fig. 1C, D, and 2D) (see Fig.
S3A and S3B in the supplemental material) (data not
shown). Together, the effects of Cdk7 inhibition on 5'-3’
profiles of Pol II, Spt5, H4 acetylation, and H3K36 methyl-
ation all point to a function of this kinase in regulating
transcriptional elongation/pausing. Cdk7 control of pausing
is probably influenced by both the number and distribution
of phosphorylation sites on the CTD heptad repeats as well
as other substrates such as Spt5 (22). The marked inhibition of
NELF recruitment when Cdk7 was inhibited (Fig. 3A and B)
argues that defective promoter-proximal pausing under these
conditions results from disruption of normal negative regulation
of elongation. Cdk9 normally functions to antagonize pausing
mediated by DSIF/NELF, and the role of Cdk7 in NELF recruit-
ment therefore suggests a new link between Cdk7 and Cdk9
functions in transcription elongation.

Unexpectedly, Cdk7 affected not only the promoter-proxi-
mal pause but also the second major pause downstream of the
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FIG. 6. (A) Recombinant Cdk7 and Cdk9 both phosphorylate CTD
S5 and S7. Kinase assays were performed with GST-CTD substrate,
and the products were immunoblotted with antibodies specific to total
CTD, phospho-S2, phospho-S5 (Bethyl), or phospho-S7 (4E12).
a-CTD, antibody to total CTD; a-S5-PO,, antibody to phosphorylated
serine 5. The positions of molecular size markers (in kilodaltons) are
shown to the left of the gels. (B) Immunoprecipitated TFIIH phos-
phorylates CTD S7. Immunoprecipitates from HeLa nuclear extract
with control antibody, anti-p62 or anti-Cdk7 were incubated with GST-
CTD substrate and ATP and immunoblotted for phospho-S7 (4E12)
and the ERCC2 subunit of TFIIH as a loading control. S7 phosphor-
ylation was dependent on the addition of ATP (not shown). a-S7-PO4,
antibody to phosphorylated serine 7. (C) Summary of Cdk7 effects on
CTD phosphorylation, pausing, and chromatin modification. When
Cdk7 is inhibited, CTD S5 and S7 phosphorylation (S5-P and S7-P,
respectively) is reduced to different extents on different genes. In
addition, promoter-proximal pausing is suppressed and the 3'-flanking
region pause, where CTD S2 phosphorylation is maximal, shifts further
downstream. During elongation within the gene, H4 acetylation (H4
Ac) is enhanced and H3K36 trimethylation (K36me3) is reduced when
Cdk?7 is inhibited.

poly(A) site. Upon inactivation of Cdk7, the peaks of polymer-
ase density 3’ of the c-myc and p21 poly(A) sites were relo-
cated further downstream, suggesting that the 3’ pause site is
shifted (Fig. 1D and 2D). Relocation of the c-myc 3’ pause was
confirmed by localization of S2-phosphorylated Pol II and the
elongation factor, Spt5 (Fig. 3C and 1E). In addition, histone
H4 acetylation was elevated in the 3’-flanking region of c-myc
when Cdk7 was inactivated (Fig. 4A). While an effect of a
general transcription factor that is a component of the preini-
tiation complex on transcription at the 3’ end of a gene seems
surprising, it is consistent with our finding that Cdk7 and
TFIIH p62 colocalize with Pol II throughout the c-myc gene
and into the 3'-flanking region (Fig. 2A and B). In agreement
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with the latter result, Drosophila Cdk7 was previously localized
along most of the length of the Hsp70 gene (36). It remains
possible that Cdk7 could function at the 3’ end as part of the
CAK subcomplex rather than intact TFIIH however. The delay
in 3’ pausing and termination indicates that the signal to begin
terminating is received late, either because the polymerase is
moving abnormally fast and/or the signal is delivered late,
perhaps due to slow recognition of the poly(A) site. This idea
is supported by our finding that poly(A) site cleavage and
coupled termination are inhibited on a 3-globin reporter gene
(Fig. 3D).

Phosphorylation of S7 residues on the CTD occurs on
mRNA coding genes and U snRNA genes where it has been
implicated in recruitment of the integrator complex that pro-
cesses U snRNA 3’ ends (6, 10). Unlike the S2 and S5 residues
of the heptad repeat (YSPTSPS), S7 does not conform to the
SP recognition site for Cdk enzymes. Cdk7 is known to phos-
phorylate sites lacking Pro residues in the +1 position in the
activation loops of the Cdk enzymes through recognition of
substrate determinants away from the actual phosphorylation
site (22). Remarkably, most S7 phosphorylation of Pol II at the
uninduced c-fos promoter and the U1 and U2 snRNA genes,
but not c-myc, was eliminated by Cdk7 inhibition Cdk7*"** cells
(Fig. 5A and B) (see Fig. S5B and S5C in the supplemental
material). Furthermore, immunoprecipitated TFIIH and re-
combinant Cdk7 and Cdk9 phosphorylated S7 residues of the
CTD in vitro (Fig. 6A and B). Together with the recent report
that TFIIH phosphorylates S7 in budding yeast (2), these re-
sults reveal a new function of TFIIH-associated Cdk7 in phos-
phorylation of the CTD. In the future, it will be of interest to
investigate how Cdk7 recognizes S7 and how the S5 and S7
kinase activities of TFIIH on the same substrate might influ-
ence one another.

Taken together, the effects of Cdk7 inhibition at multiple
stages of the transcription cycle reveal a new picture of how
this kinase functions in transcription of human genes that dif-
fers from the conventional view in three principal ways sum-
marized in Fig. 6C. (i) Cdk7 phosphorylates CTD S7 as well as
S5 residues in vivo, and there can be extensive overlap between
Cdk7 and Cdk9 for phosphorylation of S5 and potentially also
S7. (ii) TFIIH-associated Cdk7 is an important component of
the mechanism that establishes promoter-proximal pausing,
along with DSIF and NELF. (iii) Rather than acting exclusively
at the promoter, TFIIH-associated Cdk7 also affects pausing
and termination downstream of the gene.
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