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TFIIB dephosphorylation links transcription inhibition
with the p53-dependent DNA damage response
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The general transcription factor Il B (TFIIB) plays a central role in both
the assembly of the transcription complex at gene promoters and
also in the events that lead to transcription initiation. TFIIB is
phosphorylated at serine-65 at the promoters of several endoge-
nous genes, and this modification is required to drive the formation
of gene promoter-3’ processing site contacts through the cleavage
stimulation factor 3’ (CstF 3’)-processing complex. Here we demon-
strate that TFIIB phosphorylation is dispensable for the transcription
of genes activated by the p53 tumor suppressor. We find that the
kinase activity of TFIIH is critical for the phosphorylation of TFIIB
serine-65, but it is also dispensable for the transcriptional activation
of p53-target genes. Moreover, we demonstrate that p53 directly
interacts with CstF independent of TFIIB phosphorylation, providing
an alternative route to the recruitment of 3’-processing complexes
to the gene promoter. Finally, we show that DNA damage leads to
a reduction in the level of phospho-ser65 TFIIB that leaves the p53
transcriptional response intact, but attenuates transcription at other
genes. Our data reveal a mode of phospho-TFlIB-independent tran-
scriptional regulation that prioritizes the transcription of p53-target
genes during cellular stress.

he general transcription factor TFIIB plays a central role in

the assembly of the transcription complex at the gene pro-
moter (1-3). It has emerged in recent years that TFIIB also
engages in contact with factors that are involved in transcription
termination and facilitates the formation of loops between the
gene promoter and terminator (4-6). The highly conserved B-
finger/reader region of TFIIB plays critical role(s) in transcrip-
tion initiation, promoter—terminator contacts, and also tran-
scriptional activation, suggesting that these events are linked (1).

We recently reported that TFIIB is phosphorylated at ser-65 at
the promoters of several endogenous genes and that this event is
required for productive transcription (7). Moreover, phosphory-
lation of TFIIB ser-65 directly augments the interaction between
TFIIB and the CstF complex and facilitates promoter—3’ pro-
cessing site contacts. Whether or not these events are universally
required for the transcription of genes by RNA polymerase II
(RNAPII) is not known.

Recent years have seen the emergence of multiple and distinct
pathways to transcription (8-11). In this regard, the posttrans-
lational modifications of the RNAPII carboxyl-terminal domain
(CTD), specifically phosphorylation, and the enzymes responsible
have revealed new gene-specific pathways in transcription control.
This is particularly evident at pS3-responsive genes, which require
distinct events to ensure that the target genes involved in stress-
response pathways are robustly and rapidly induced under sub-
optimal cellular conditions (12-16).

In this study we demonstrate that the phosphorylation of TFIIB
ser-65 is not universally required for transcription, and that target
genes under the control of p53 can bypass this event. This involves
the circumvention of the requirement for TFIIB phosphorylation
to recruit the CstF complex to the p21 promoter. We provide
evidence that TFIIB is dephosphorylated during genotoxic stress,
which correlates with the general attenuation of transcription and
prioritizes the transcription of p53-target genes.

Results

p53-Target Genes Do Not Require the Integrity of TFIIB Ser-65. Our
recent study demonstrated that the phosphorylation of TFIIB at
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ser-65 is essential for the productive transcription of several
genes including GAPDH, y-actin, p-tubulin, and amphiregulin
(AREG) (7). We have now analyzed a larger cohort of genes to
determine the requirement for the integrity of TFIIB ser-65.
pCDNAS3 or the same vector driving expression of either wild-
type TFIIB or the phosphorylation-defective mutant TFIIB de-
rivative S65A were transfected into HEK293T cells and 48 h
later cDNA prepared and analyzed by quantitative real-time
polymerase chain reaction (qQPCR) for expression of the target
genes shown (Fig. 14). It was surprising to find that transcription
of the p21, BAX, and PUMA genes was not significantly im-
paired by the expression of TFIIB S65A, although the expression
of AREG, y-actin, epiregulin (EREG), and Bcl2 were signifi-
cantly inhibited. Taken together with our previous study (7),
these data suggest that, although phosphorylation of TFIIB ser-
65 is required for transcription of a significant proportion of
genes, it is not universally required.

We next sought to determine whether the differential re-
quirement for TFIIB ser-65 in AREG and p21 transcription
would also be apparent with luciferase reporters under the control
of the respective promoter regions. An RNAi-based endogenous
replacement strategy was used to deplete endogenous cellular
TFIIB and simultaneously express either wild-type TFIIB or
TFIIB S65A (which harbor a silent mutation to render them re-
fractory to the RNAi; ref. 17). In agreement with the effects ob-
served in Fig. 14, AREG promoter-luciferase activity was
significantly reduced when TFIIB S65A was the sole source of
TFIIB. In contrast, TFIIB S65A was able to support transcription
of the p21 promoter-luciferase reporter (Fig. 1B). TFIIB can
engage in sequence-specific DNA contact with the core promoter
(1). We therefore considered the possibility that the differential
requirement for the integrity of TFIIB ser-65 for transcription of
the AREG and p21 genes may be due to core promoter se-
quence. Thus, we compared the activities of luciferase con-
structs containing either the full-length (FL) AREG and p21
promoters (as above) or the core promoter sequences alone of
AREG (=56 to +4) and p21 (-56 to +3) genes (both driven by
the same acidic activator GAL4-RII). The relative luciferase
activities of the both FL and the core promoter of AREG gene
were significantly inhibited by the expression of TFIIB S65A
(Fig. 1C, compare lanes 2-3 and 5-6). In contrast to the p21 FL.
promoter-luciferase reporter, however, the p21 core promoter-
luciferase construct was inhibited by the expression of TFIIB
S65A compared with their respective activities in the presence of
wild-type TFIIB (Fig. 1D, compare lanes 2-3 and 5-6). Thus, the
region upstream of the core promoter of p21 gene confers the
tolerance to TFIIB ser-65 substitution in transcription.

So far our data suggest that the basal transcription of p53-target
genes is not repressed by TFIIB S65A. We next tested the effect of
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Fig. 1. The integrity of TFIIB ser65 is not critical for the
expression of p53-target genes. (A) gPCR analysis of
AREG, y-actin, EREG, Bcl2, p21, BAX, and PUMA gene
expression was carried out after 48 h of transfection with

atrie[ o S| CDNA3 vector, T7-tagged WT TFIIB and TFIIB S65A in
atubulin [ HEK293T cells. Western analysis with anti-T7 antibody
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s':::: fW:s;A S65A. (B) Luciferase activity of FL promoter constructs of

AREG and p21 was measured in cells transfected with
pSUPER shTFIIB along with WT or S65A TFIIB. Trans-
fection with empty pSUPER vector and shTFIIB are
controls. Error bars denote SD of three independent
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experiments. Western blotting analysis was performed
with anti-TFIIB and anti-p tubulin antibodies. (C) Lucif-
erase assay was performed after pCDNA3 vector, T7-
tagged WT TFIIB and TFIIB S65A transfection with FL
promoter or core promoter constructs of AREG and (D)
p21 promoter constructs. Error bars denote SD of three
independent experiments. Western blotting analysis
was as above. (E) gPCR analysis of AREG, p21, BAX, and

p21  BAX PUMA PUMA gene expression was carried out in U20S cells
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TFIIB S65A on the regulation of p53-target genes under con-
ditions in which p53 is stabilized by Nutlin3 in U20S cells. Nutlin3
treatment resulted in marked activation of p53-target genes p21,
Bcl-2-associated X protein (BAX), and p53 upregulated modu-
lator of apoptosis (PUMA), which was not affected by TFIIB
S65A, and AREG expression was still inhibited (Fig. 1E). Thus,
both basal and activated transcriptions of p53-target genes are not
significantly affected by TFIIB S65A.

Presence of Functional p53 Bypasses the Requirement for TFIIB
Serine-65. Our data so far suggest that p53 may play a role in
bypassing the requirement of TFIIB ser-65 in the productive
transcription of the p21 gene. Hence we used HCT116 cells (p53
WT) and the isogenic HCT116 p53-null cells (p537~/7) to analyze
the luciferase activities of AREG and p2l1 FL promoters in
presence of either wild-type TFIIB or TFIIB S65A. AREG FL
promoter activity was inhibited by the expression of TFIIB S65A
in both p53-null and HCT116WT cells (Fig. 24). In contrast, p21
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Fig. 2. p53 can bypass the requirement for the integrity of TFIIB Ser65. (A)
Luciferase assay was performed in HCT116 p53~'~ and HCT116WT cell lines
with FL promoter constructs of AREG and (B) p21 after pCDNA3 vector, T7-
tagged WT TFIIB and TFIIB S65A transfection. Western blotting was carried
out with anti-T7, anti-p53, and anti-p tubulin antibodies. (C) Luciferase assay
was performed with AREG p53bs and original AREG FL promoter constructs in
the presence of wild-type TFIIB and mutant S65A in HCT116WT cells. Western
blotting was done with anti-T7 antibody with p-tubulin. (D) gPCR analysis of
candidate gene expression was performed after transfection with pCDNA3
vector, WT TFIIB and TFIIB S65A in HCT116WT and p53"‘ cells.

18798 | www.pnas.org/cgi/doi/10.1073/pnas.1207483109

transfected with pCDNA3 vector, T7-tagged WT TFIIB
and TFIIB S65A for 40 h followed by 8 h of treatment with
10 pM Nutlin3 or DMSO. Western analysis was as above.

Nutlin3

FL promoter activity was inhibited by the expression of TFIIB
S65A in the absence of p53 in HCT116 p53™'~ cells, but not in
p53 WT cells (Fig. 2B). RNAi-mediated replacement of endog-
enous TFIIB with the TFIIB derivatives had similar effect on the
endogenous expression of AREG and p21 genes in HCT116WT
cells (Fig. S14). To confirm that direct binding of p53 to the
promoter confers resistance to TFIIB S65A, we generated an
AREG promoter-luciferase construct under the control of four
tandem upstream p53-binding sites (AREG-p53bs). The relative
luciferase activity of AREG-p53bs was compared with the orig-
inal AREG FL promoter in the presence of wild-type TFIIB or
TFIIB S65A. The results demonstrate that the addition of p53-
binding sites rendered the AREG promoter resistant to the in-
hibitory effect of TFIIB S65A in HCT116WT cells but not in
p53-null cells (Fig. 2C and Fig. S1B). These data provide strong
evidence that binding of functional p53 to its cognate site at the
target gene promoter is sufficient to activate transcription in the
presence of TFIIB S65A. In addition, we also tested other p53-
target genes and found that along with p21, BAX, and PUMA,
the expression of growth arrest and DNA-damage-inducible
protein A (GADD45A), murine double minute 2 (MDM2), and
death receptor 5 (DRS5) was not affected by TFIIB S65A in
HCT116WT cells but were repressed in presence of TFIIB S65A
in p537'~ cells (Fig. 2D). These results suggest that a majority of
p53-target genes bypass the requirement for phospho-ser65
TFIIB during transcriptional activation that is dependent on
p53 expression.

TFIIB Kinase and Its Role in Transcription. Our results so far suggest
that p53-target genes do not require the phosphorylation of
TFIIB ser-65. Even so, ChIP analysis with phospho-ser-65 anti-
bodies revealed that TFIIB assembled at the p21 and BAX pro-
moters is still phosphorylated (Fig. 34 and Fig. S2). We therefore
sought to determine the protein kinase(s) responsible for the
phosphorylation of TFIIB in vivo. We reported before that the
cyclin-dependent kinase (CDK) inhibitors: olomoucine and 6-
dichloro-1-h-ribofuranosyl-benzimidazole (DRB) inhibited the
phosphorylation of TFIIB at ser-65 both in vitro and in vivo (7).
To identify the protein kinase involved in TFIIB phosphorylation,
recombinant TFIIB was purified, and an in vitro kinase assay was
performed with a panel of different functional CDK/cyclin com-
binations. The activity of the different kinases toward TFIIB was
normalized with a standard substrate (Fig. 3B). It is interesting to
note that CDK7/cyclin H and CDKY/cyclin K were the most active
TFIIB kinases compared with the other CDK/cyclin pairs.
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Fig. 3. TFIIH phosphorylates TFIIB Ser-65. (A) ChIP assay was performed with anti-TFIIB and pSer65-TFIIB antibodies and the promoter sequences, two dif-
ferent internal regions and the 3’-processing sequence of AREG, p21, and BAX genes, were analyzed for enrichment. (B) Recombinant TFIIB was purified (Left)
and in vitro filter-binding kinase assay performed with a panel of different CDK/cyclin combinations. The values of TFIIB phosphorylation are plotted relative
to a standard substrate for each kinase (Right). (C) ChIP analysis was carried out with anti-pS65-TFIIB antibody with HEK 293T cells transfected with either
siRNAs against CDK7 and CDK9 or control siRNA for 48 h to monitor the levels of phosphorylated TFIIB at the AREG and p21 promoters. gPCR data of four
independent transfections are plotted as fold enrichment relative to 185 DNA. Error bars denote SD. Western blotting analyses with either anti-CDK7 or anti-
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analysis was with anti-pS65-TFIIB and anti-TFIIB antibodies in CDK7 (as/as) cells treated with 15 uM 3MB-PPI for 12 h. The normalized level of phospho-S65TFIIB
(over TFIIB ChIP signal) at the AREG and p21 promoters is plotted as fold enrichment relative to 185 DNA. Error bars denote SD. (G) gPCR analysis of AREG and

p21 gene expression was performed after 12 h of 15 pM 3MB-PPI in CDK7 (as/as) cells.

We next used RNAi-mediated knockdown of CDK7 and CDK9
to determine the effect on the phosphorylation of TFIIB ser-65 at
the AREG and p21 promoters. ChIP assays with anti-pS65-TFIIB
antibodies revealed that knockdown of CDK?7 significantly re-
duced the level of phospho-S65 TFIIB at both the promoters. In
contrast CDK9 ablation did not affect the phosphorylation of
TFIIB at the AREG promoter but a small reduction in the ChIP
signal was observed at the p21 promoter (Fig. 3C).

As demonstrated above, TFIIB phosphorylation at ser-65 is
essential for the expression of the AREG gene, but not the p21
gene. We therefore tested the effect of CDK7 or CDK9 depletion
on transcription in HCT116WT and p53~~ cells. Ablation of ei-
ther CDK7 or CDKO reduced expression of the AREG gene in
HCT116WT cells but induced p21 transcription (Fig. 3D). How-
ever, consistent with the effects of TFIIB S65A expression,
knockdown of either CDK7 or CDKJ inhibited the expression of
both AREG and p21 in p53-null cells. These observations were
confirmed by using the CDK inhibitor DRB at concentrations of
50 and 200 pM, which stimulated p21 expression in HCT116WT
cells, but inhibited p21 transcription in p53-null cells. In contrast,
transcription of the AREG gene was inhibited by DRB (50 and
200 uM) in both the cell lines (Fig. S3 4 and B).

We next used an alternative approach to further confirm a role
for CDK?7 in the phosphorylation of TFIIB ser-65. The analog-
sensitive cell line CDK7(as/as) HCT116 allows the kinase activity
of CDKY7 to be specifically inhibited by treating the cells with
3MB-PPI (18). We found that, upon inhibition of the CDK?7
kinase activity using (15 pM) 1-(tert-Butyl)-3-(3-methylbenzyl)-
1H-pyrazolo[3,4-d]pyrimidin-4-amine (3MB-PPI) (Fig. S3C), the
level of phospho-ser65-TFIIB was significantly reduced as
detected by IP-immunoblotting (Fig. 3E). In addition, ChIP
assays demonstrated a marked reduction in the level of phospho-
ser65-TFIIB (relative to general TFIIB) at gene promoters (Fig.

Shandilya et al.

3F). Furthermore, AREG transcription was repressed, but we
observed a moderate increase in p21 expression (Fig. 3G). These
results provide independent evidence for a role of TFIIH
(CDK?7) in TFIIB ser-65 phosphorylation.

TFIIB Phosphorylation Is Reduced upon Treatment of Cells with
Doxorubicin. We next determined the role of TFIIB Ser-65 un-
der conditions in which p53 is activated by cellular stress using the
drug doxorubicin (DoxR). We performed these experiments at
time points before significant cell death occurred to ensure that
the transcriptional responses were accurately measured (Fig. S4).
The expression of candidate genes was analyzed in HCT116WT
cells treated with DoxR for up to 3 h. AREG and EREG ex-
pression were reduced by 3 h posttreatment, and p21 and BAX
expression were rapidly induced. Moreover, immunoblotting of
TFIIB immunoprecipitates demonstrated that the general level of
phospho-ser65-TFIIB was reduced following 3 h of DoxR treat-
ment (Fig. 44). We next used ChIP to confirm the status of TFIIB
ser-65 phosphorylation (normalized to the general TFIIB signal)
at the AREG and p21 promoters after DoxR treatment. It is in-
teresting to note that the phospho-Ser65-TFIIB ChIP signal sig-
nificantly reduced at the AREG, p21, and BAX promoters upon
DoxR treatment (Fig. 4B). DoxR also induced p53 and RNAPII
recruitment to the p21 promoter, but RNAPII recruitment to the
AREG promoter was reduced (Fig. 4C). Comparable effects were
observed when we analyzed another DNA damaging agent, cis-
platin (Fig. S5). Taken together, these data suggest that the re-
duction of TFIIB ser-65 phosphorylation following DNA damage
plays a role in the general down-regulation of gene transcription.
The net effect would be to prioritize transcription of genes that do
not require TFIIB ser-65 phosphorylation, which includes the
pS53-target genes.
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We next tested whether TFIIB ser-65 dephosphorylation is
specifically DNA damage-dependent or whether it is due to the
activation of p53. We therefore stimulated p53 function by using
Nutlin3, an antagonist of Mdm?2 that disrupts the p53-Mdm?2 as-
sociation. Western blotting analysis of TFIIB immunoprecipitates
demonstrated that the general level of phospho-ser65-TFIIB was

not significantly affected following 8 h of Nutlin3 treatment, even
though these conditions led to the stabilization of p53 (Fig. 4D).
The expression of p21 and BAX was induced by Nutlin3, but
AREG and EREG genes were not inhibited (but, in fact, slightly
elevated) in HCT116WT cells treated with Nutlin3 for 8 h (Fig.
4E). ChIP analysis confirmed that TFIIB ser-65 phosphorylation
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5 pg/mL DoxR, 10 pM Nutlin3, and control DMSO. (B) Western blotting was carried out in transfected cells with anti-T7 and anti-p-tubulin antibodies. p53
induction was analyzed in the 5 pg/mL DoxR and 10 pM Nutlin3-treated cells using anti-p53 antibody. Western blotting was also performed with TFIIB
immunoprecipitates from HCT116WT cells treated with either 5 pg/mL DoxR or 10 uM Nutlin3 along with the control DMSO for 6 h and immunoblotted using
anti-pS65-TFIIB and anti-TFIIB antibodies.
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(normalized to the general TFIIB signal) was not reduced at the
AREG or p21 promoters following Nutlin3 treatment (Fig. 4F),
but p53 occupancy at the p21 promoter was induced (Fig. 4G).
These results show that p53 activation alone does not influence the
phosphorylation status of TFIIB in the absence of a DNA
damage signal.

Dephosphorylation of TFIIB Plays a Role in DNA-Damage-Dependent
Transcription Repression. So far our studies suggest that TFIIB is
dephosphorylated in response to DNA damage and that this cor-
relates with the general transcriptional attenuation and the specific
induction of p53-dependent target genes. Our previous study
suggested that the phospho-mimetic mutant TFIIB S65E does not
inhibit transcription and is functionally comparable to the wild-
type TFIIB (7). We next used the TFIIB S65E mutant to de-
termine whether the transcriptional down-regulation of AREG
after DNA damage requires TFIIB ser-65 dephosphorylation. The
effect of TFIIB S65E was compared with wild-type TFIIB and
TFIIB S65A on the transcriptional response of AREG and EREG
genes after treatment of HCT116WT cells with DoxR or Nutlin3
for 6 h. The data show that expression of TFIIB S65E does indeed
prevent transcriptional inhibition of AREG and EREG genes
under DNA-damaging conditions in the presence of DoxR (Fig.
5A). In the case of Nutlin3 treatment, expression of TFIIB S65E
maintained AREG and EREG expression similar to that observed
with WT TFIIB, and p21 and BAX expression was significantly
induced following the drug treatments. Western blotting analysis
of TFIIB immunoprecipitates from HCT116WT cells confirmed
that TFIIB was predominantly dephosphorylated in DoxR-treated
cells but not in Nulin3-treated cells, and both treatments induced
p53 (Fig. 5B). These data suggest that the dephosphorylation of
TFIIB ser-65 plays a causative effect in AREG and EREG si-
lencing after DNA damage.

Differential Requirement of TFIIB-Ser65 in the Recruitment of 3'-
Processing Complexes. Several studies have linked TFIIB with
transcription reinitiation events, where TFIIB interacts with the
components of transcription termination and polyadenylation
complexes cleavage and polyadenylation specificity factor
(CPSF) and CstF, which localize to both the gene-promoter
and 3'-processing site (4-6, 19). We have shown that phos-
phorylation of TFIIB ser-65 is crucial for its interaction with
CstF-64 and its recruitment to the gene-promoter and 3’-pro-
cessing site (7). Therefore, we next analyzed the requirement
for TFIIB ser-65 phosphorylation in the recruitment of CstF
and CPSF to the p21 gene in HCT116WT and p53~'~ cells.
Consistent with our previous report, the recruitment of CstF-64
but not of Ssu72 to the AREG 3’-processing region, and of both
factors to the promoter region was compromised by the ex-
pression of TFIIB S65A (Fig. 64). In contrast, at the p21 gene
there was no significant defect in CstF-64 and Ssu72 occupancy
at either the promoter or 3’-processing regions in HCT116WT
cells in presence of TFIIB S65A (Fig. 6B). ChIP analysis was
also performed with CstF-64 and Ssu72 antibodies in
HCT116WT cells transfected with vector, WT, or TFIIB S65A
followed by treatment with DoxR for 3 h. The results showed
that the 3’-processing factors were efficiently recruited to both
the promoter and 3’-processing regions of the p21 gene under
conditions of transcriptional activation following DNA damage
(Fig. 6C). However, in HCT116 P53~/ cells, the overexpression
of TFIIB S65A resulted in reduced occupancy of both CstF-64
and Ssu72 at the p21 promoter (Fig. S64). Similarly, CstF-64
occupancy at the BAX promoter was compromised in p53-null
cells but not in WT cells (Fig. S6 B and C). Thus, in the absence
of p53, the p21, and BAX genes require phospho-ser65-TFIIB
for the recruitment of CstF to both the gene promoter and 3'-
processing sites.

Our results suggest that p53 can override the requirement for
phospho-ser65-TFIIB in the recruitment of CstF and CPSF to
the gene promoter. As mentioned above, phosphorylation of
TFIIB ser-65 is required for its interaction with CstF. Recently,
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Fig. 6. Differential requirement of TFIIB ser65 for the recruitment of 3'-
processing factor at the p21 promoter. (A) ChIP assays to determine re-
cruitment of CstF-64 and SSU72 at the promoter and 3'-processing regions of
the AREG and (B) the p21 gene in HCT116WT cells transfected with pCDNA3,
WT TFIIB or TFIIB S65A for 48 h. (C) Similar ChIP assays were performed at
p21 gene in transfected HCT116WT cells treated with 5 pg/mL DoxR for 3 h.
Two internal regions (1, 2) of the AREG and p21 genes were analyzed for any
nonspecific enrichment in CstF-64 and SSU72 ChIP DNA. qPCR data of three
independent transfections are plotted as fold enrichment relative to 185
DNA. Error bars denote SD. (D) Coimmunoprecipitation assay was performed
with nuclear extracts prepared from HCT116WT cells using anti-p53 (Left)
and anti-CstF-64 antibodies (Right). Immunoprecipitates were probed with
the indicated antibodies.

p53 has been reported to associate with the CstF 3’ end pro-
cessing factor (20). We therefore studied the interaction of p53
with the CstF complex through coimmunoprecipitation analysis.
Immunoblotting of the p53-immunoprecipitates with anti-CstF-
64 antibodies revealed that p53 complexes with CstF, and the
reverse immunoprecipitation experiments further confirmed the
interaction (Fig. 6D). Taken together, our results suggest that
p53-target genes might bypass the phosphorylation-dependent
TFIIB-CstF interaction by interaction between p53 and com-
ponents of the CstF complex.
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Discussion

Several studies have uncovered alternate pathways associated
with the transcriptional regulation of p53-target genes, and
especially the p21 gene, in resting as well as under DNA-
damaging conditions (14-16). Diverse stress signals have been
shown to elicit varied responses with respect to p21 expression
that is mediated by p53 together with the components of the
basal transcription machinery. Indeed, TFIIB has been impli-
cated in the regulation of transcription reinitiation at the p21
promoter, which may follow either p53-dependent or p53-in-
dependent pathways (12). Moreover, basal levels of p53 can
influence the recruitment of TFIIB at the p21 promoter and
facilitate pre-initiation complex (PIC) formation in unstressed
cells (13). The data we present here suggests that TFIIB
phosphorylation plays a role in the selective expression of p53-
target genes during cellular stress.

It is interesting to note the promoter of the p21 gene is
marked by the presence of nonproductively initiated or stalled
RNAPII and hence its transcription is significantly regulated at
the elongation step (12, 15). p5S3 has been shown to stimulate
elongation through its interaction with FACT (facilitates
chromatin transcription) and TFIIH (21, 22) and was reported
to interact with CstF-3’ processing complex (20). Our data
suggest that the latter interaction might functionally substitute
TFIIB phosphorylation. We also note that phosphorylated
TFIIB is present at the promoters of p53-target genes. Hence,
in absence of p53, phosphorylation of TFIIB ser-65 is required
for the transcription of p21 and BAX, along with the majority of
genes that we have tested. However, upon DNA damage, p53
plays a dominant role in activating its target genes as TFIIB is
dephosphorylated, which correlates with general transcription
attenuation. It is likely that other activators may form similar
contacts with the 3’-processing machinery (23) and thus it will
be interesting to determine if they can also bypass the re-
quirement for TFIIB phosphorylation.

Ser-65 of TFIIB resides within the B-finger/B-reader of TFIIB
that projects into the catalytic center of RNAPII at the tran-
scription initiation site (2, 3). Because TFIIB ser-65 is buried
within the active center of RNAPII it may not be available to
engage in interactions with a kinase or other transcription fac-
tors at the PIC. Our studies thus far have not determined when
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TFIIB phosphorylation occurs during the transcription cycle.
Our previous publication (7) suggested that the phosphorylation
of TFIIB ser-65 is required for a function that occurs after the
phosphorylation of the RNAPII CTD at ser-5, which coincides
with transcription initiation. The TFIIB N terminus is ejected
from the RNAPII catalytic center shortly after transcription ini-
tiation (5-8 nt), thus exposing the region for phosphorylation
and/or interaction with 3’-processing factors. It is possible that
TFIIB ser-65 phosphorylation occurs at this point, perhaps to
stimulate further rounds of transcription through establishing
contact with the 3’-processing complexes. Alternatively, phos-
phorylation of TFIIB could occur outside the PIC to generate
“transcriptionally competent” TFIIB that is then recruited to the
promoter.

Our results add to the growing body of evidence that suggests
alternate RNAPII CTD kinases may be required at some genes,
that is particularly evident with the p21 gene (15, 24). Indeed, the
role of CDKZ7 in the phosphorylation of TFIIB correlates with the
differential requirement for CDK7 and TFIIB phosphorylation at
the AREG gene versus the p21 gene. Further work will be re-
quired to determine how the different CDKs and other protein
kinases regulate RNAPII CTD and also TFIIB phosphorylation
in gene transcription under normal as well as stress conditions.

Methods

Cell Culture. HEK 293T and U20S cells were grown in DMEM, HCT116WT and
p53"‘ cells were grown in RPMI-1640 medium, and CDK7 (as/as) HCT116
cells were grown in McCoy’s 5A medium supplemented with 10% (vol/vol)
FBS at 37 °C. Details in S/ Methods.

Western Blotting. Western blotting analysis was performed as described
before (7) using antibodies listed in Table S1.

ChIP Assay. ChIP assay was performed with HEK293T, HCT116WT, and HCT116
p53~"~ cells as described previously (7). Statistical significance was analyzed
by Student t test (P < 0.05). The sequences of the qPCR primers used in the
study are listed in Table S2.
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