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B2 RNA represses TFIIH phosphorylation of RNA
polymerase Il
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chromatin immunoprecipitation; ncRNA, non-coding RNA; SINE, short interspersed element

Mouse B2 RNA represses RNA polymerase Il (Pol Il) transcription during the cellular heat shock response. B2 RNA binds Pol
I, enters complexes at promoters, and keeps the polymerase from engaging the DNA. Here we show that phosphorylation
of Ser5 residues in the Pol Il carboxy terminal domain (CTD) decreases after heat shock at the promoter of the repressed
actin gene in mouse cells, despite the continued presence of Cdk7 and cyclin H. Biochemical assays revealed that B2 RNA,
when present with Pol Il in promoter-bound complexes, specifically represses CTD phosphorylation by TFIIH.

Transcription of mRNA genes by Pol II is a tightly regulated
and highly coordinated event that requires numerous factors
working in conjunction to control gene-specific transcription
with spatial and temporal specificity. Pol II transcription is aided
by a set of general factors that function at core promoters, includ-
ing TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH and mediator.!
These factors, along with promoter-specific transcriptional regu-
lator proteins and chromatin-modifying factors, coordinate the
assembly of pre-initiation complexes at the promoters of genes.
More recently, a model has emerged in which Pol II transcription
at many genes is also tightly regulated at steps that occur subse-
quent to the recruitment of Pol II and general factors to promot-
ers, such as promoter proximal pausing.? Central to regulating
post-initiation events is phosphorylation of Ser2, Ser5 and Ser7
residues in the heptapeptide repeats of the CTD of the largest
subunit of Pol IT (Rpb1).> Of the general transcription factors,
TFIIH, a 10 subunit complex that contains both kinase and heli-
case activities, can phosphorylate Ser5 and Ser7 at promoters.*”
The kinase activity is contained within the CAK submodule,
which consists of the three subunits Cdk7, cyclin H and Matl.
The helicase subunits, ERCC2 and ERCC3, are thought to be
critical for promoter melting, transcriptional initiation and pro-
moter escape.’

Transcription is not only orchestrated by a multitude of pro-
tein factors and post-translational modifications, but also by
non-coding RNAs (ncRNAs), which are an emerging class of
regulators of Pol II transcription.® We found that B2 RNA, a
ncRNA in mouse cells, functions as a transcriptional regulator

of Pol I1.” Transcribed by RNA polymerase I1I from short inter-
spersed elements (SINEs), B2 RNA is upregulated upon heat
shock and other cellular stresses.” Also upregulated is the other
predominant mouse SINE RNA, Bl RNA. B2 RNA binds
directly to Pol II and potently represses transcription; by con-
trast, Bl RNA can bind tightly to Pol II but is not capable of
transcriptional repression in vitro.'>!2

We found that in heat-shocked mouse cells, B2 RNA mediates
the transcriptional repression of genes such as actin.” Biochemical
experiments to investigate the mechanism of repression showed
that B2 RNA, via its interaction with Pol II, assembles into
complexes at the promoters of genes and renders the complexes
transcriptionally inactive.!! Within these inhibited complexes,
B2 RNA disrupts the contacts between Pol II and the promoter
DNA." Consistent with this in vitro model for repression, cell-
based experiments have co-localized Pol II and B2 RNA at the
promoter of the repressed actin gene, specifically after heat shock
in mouse cells.!?

We wondered what effect heat shock and B2 RNA would
have on phosphorylation of the CTD of Pol II. We prepared
nuclei from NIH 3T3 cells and performed western blots with
four different antibodies that recognize different epitopes of the
Rpb! subunit of Pol II (Fig. 1). An antibody that recognizes the
N-terminus of Rpbl showed upper and lower bands correspond-
ing to a hyper-phosphorylated CTD and hypophosphorylated
CTD, respectively. Upon heat shock, there was a decrease in the
hyperphosphorylated form of Rpbl. A similar decrease was seen
using the 8WG16 antibody, which recognizes the CTD of Rpbl.
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Figure 1. The level of Ser5-P and Ser2-P in nuclei decreases upon heat
shock. Western blots were performed to detect total Rpb1, Ser5-P,
Ser2-P and three subunits of TFIIH in nuclei isolated from NIH 3T3 cells.
Representative data are shown.

An antibody that specifically recognizes phosphorylated Ser5
(Ser5-P) showed that this form of Rpb1 was substantially reduced
after heat shock. The same was true using an antibody that spe-
cifically recognizes phosphorylated Ser2 (Ser2-P). Because B2
RNA represses transcription at an early point in the reaction
and Ser2-P is thought to occur after Ser5-P,? we focused on the
decrease in Ser5-P that occurs upon heat shock. The decrease
in Ser5 phosphorylation could be due to a decrease in levels of
TFIIH, or the CAK submodule. We found, however, that nuclear
levels of the ERCC3, Cdk7 and cyclin H subunits of TFIIH did
not decrease upon heat shock; also, Cdk7 reproducibly exhibited
a slight increase upon heat shock (Fig. 1).

Since Ser5-P occurs at active promoters, it seemed possible
that the decrease in Ser5-P upon heat shock would occur at
promoters of genes repressed upon heat shock. To test this we
performed ChIP assays to detect total Pol II and Ser5-P before
and after heat shock at the actin promoter, which we have pre-
viously shown to be occupied by B2 RNA after heat shock. As
shown in Figure 2A, the occupancy of Ser5-P Pol II decreased
substantially more than that of total Pol II after heat shock. In
fact, the decrease of Ser5-P at the promoter was nearly equivalent
to the decrease in Pol II occupancy in a downstream region of the
actin gene, which reflects the level of transcriptional repression
observed at this gene in response to heat shock.

The decrease in Ser5-P at the actin promoter could be due
to a decrease in the occupancy of TFIIH, specifically the Cdk7
and cyclin H subunits. To test this we performed ChIP assays
with antibodies against subunits of the general transcription
machinery. As shown in Figure 2B, Cdk7 and cyclin H occupancy
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only decreased 2—3-fold upon heat shock, which was similar to
the decrease in TBP, TFITAy, and the ERCC3 subunit of TFIIH.
Hence, the 18-fold decrease in Ser5-P at the actin promoter is
not due to a decrease in Cdk7 and cyclin H. Our data is most
consistent with a model in which the kinase activity of TFIIH is
inhibited at the actin promoter after heat shock.

Given that repression of actin transcription upon heat shock
is due to promoter-bound B2 RNA,”'? it seemed possible that
B2 RNA also represses the kinase activity of Cdk7/cyclin H. To
test this we performed in vitro kinase assays by adding TFIIE/
TFIIH to purified Pol II in the presence and absence of B2 RNA
or Bl RNA as a control. As shown in Figure 3A, B2 RNA did
not repress the phosphorylation of Rpbl by TFIIH. Rather, there
was an increase in Rpbl phosphorylation in the presence of B2
RNA; however, this was not specific to B2 RNA because Bl RNA
caused a similar increase. Neither B2 RNA nor Bl RNA affected
phosphorylation of the CTD by ERK2, a mitogen-activated pro-
tein kinase that also phosphorylates Ser5 on the CTD."

To further explore the effect of B2 RNA and Bl RNA on
CTD phosphorylation we assembled minimal pre-initiation com-
plexes from TBP, TFIIB, TFIIF, Pol II and promoter DNA in
the absence or presence of the ncRNAs. TFIIE and TFIIH were
then added along with [y-*?P]JATP. Surprisingly, in this context,
B2 RNA substantially reduced CTD phosphorylation by TFIIH,
whereas Bl RNA had no effect (Fig. 3B). Phosphorylation of the
CTD in pre-initiation complexes by ERK2 was not inhibited by
B2 RNA; therefore, inhibition is specific for the TFIIH kinase.
Moreover, levels of promoter-associated Pol II and TFIIH were
approximately the same in immobilized pre-initiation complexes
compared to immobilized inhibited complexes containing B2
RNA (Fig. 3C). These results show that B2 RNA represses CTD
phosphorylation by TFIIH, but only when Pol II is in transcrip-
tionally repressed complexes on promoter DNA.

To repress transcription, B2 RNA must build into complexes
at promoters along with Pol II: if B2 RNA is added to pre-
formed pre-initiation complexes, it is unable to repress transcrip-
tion." To determine whether the mechanism by which B2 RNA
represses CTD phosphorylation is related to that of transcrip-
tional repression we performed order-of-addition experiments
(Fig. 4A). Complexes on promoter DNA were formed in the
absence or presence of B2 RNA, or Bl RNA as a control. TFIIE
and TFITH were added later, followed by ATP. When B2 RNA
was present during complex formation, it blocked phosphoryla-
tion of the CTD (compare lane 2 to lane 1 in Fig. 4A); however,
when B2 RNA was added after pre-initiation complex forma-
tion, it was unable to repress phosphorylation of the CTD, even
though TFIIE and TFIIH were added to reactions after B2 RNA
(Fig. 4A and lane 4). Moreover, when B2 RNA was incorpo-
rated into complexes and then the complexes were treated with an
RNase, CTD phosphorylation was no longer repressed. Bl RNA
did not repress CTD phosphorylation by TFIIH under any of
the tested conditions. These data show that B2 RNA must enter
complexes with Pol IT at promoters in order to repress phosphor-
ylation of the CTD by TFIIH and that this repression can be
reversed by RNase treatment, which are properties shared with
the mechanism by which B2 RNA represses transcription.
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Our findings reveal an additional means by which A
B2 RNA controls steps in the transcription reaction:
it blocks phosphorylation of the CTD by TFIIH.
Previously, we had found that B2 RNA incorporates
into complexes at the promoters of genes and represses
transcription by keeping the polymerase from engaging
promoter DNA."”> Moreover, in heat-shocked cells we
observed co-localization of B2 RNA and Pol II at the
actin promoter.”? Here we found that upon heat shock,
Ser5 phosphorylation sharply decreases at the actin pro-
moter, while the levels of TFIIH and total Pol II decrease
to a much lower extent. In vitro experiments showed that
B2 RNA, when assembled into complexes at promoters,
inhibits Ser5 phosphorylation by TFIIH. We propose a
model in which the presence of B2 RNA at the promoters
of repressed genes in response to heat shock prevents Ser5
phosphorylation, thereby providing an additional level at
which this ncRNA represses transcription (Fig. 4B).

The repression of Ser5 phosphorylation by B2 RNA
mirrors features of the previously documented mecha-
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nism of transcriptional repression by B2 RNA."? Namely, 30

inhibition of Ser5 phosphorylation by TFIIH only occurs
when B2 RNA is added to reactions prior to the forma-
tion of closed complexes, can be reversed by RNase deg-
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radation of B2 RNA, and does not occur with B1 RNA.

These observations support a model in which repression
of Ser5 phosphorylation is due to the B2 RNA/Pol 11
interaction and not due to B2 RNA targeting TFIIH
in addition to Pol II. If the latter were true, B2 RNA
would likely inhibit TFIIH kinase activity in the absence
of forming complexes on promoter DNA and also when
added to pre-initiation complexes, neither of which was
observed. In fact, we observed that B2 RNA and Bl

Figure 2. After heat shock, levels of Ser5-P substantially decrease at the actin
promoter, but levels of Cdk7 and cyclin H remain relatively stable. (A) Phosphory-
lation of Ser5 is significantly decreased at the actin promoter after heat shock.
ChlP assays were performed with antibodies against the N-terminus of Rpb1 and
Ser5-P at the actin promoter, as well as the N-terminus of Rpb1 in a downstream
region of the actin gene. (B) Levels of general transcription factors, including the
Cdk7 and cyclin H subunits of TFIIH, do not substantially decrease at the actin
promoter after heat shock. ChIP assays were performed with antibodies against
the indicated factors.

RNA both stimulated phosphorylation of the CTD by
TFIIE/TFIIH in the absence of other general factors and pro-
moter DNA. Given that Ul RNA has previously been shown
to stimulate Cdk7/cyclin H kinase activity,” it appears that the
TFIIH kinase can be stimulated by multiple different structured
RNAs.

Our studies provide additional insight into how B2 RNA
represses CTD phosphorylation by TFIIH. First, since our
in vitro kinase assays with complexes on promoter DNA were
performed under conditions in which transcription could not
initiate, phosphorylation of the CTD by TFIIH can occur in
pre-initiation complexes and inhibition of this phosphorylation
by B2 RNA occurs prior to transcription initiation. Second, since
ERK2 was able to phosphorylate the CTD in promoter-bound
complexes, B2 RNA does not mask the CTD in this context.
Instead, the unique conformation of inhibited complexes induced
by B2 RNA could prevent Cdk7/cyclin H from interacting with
the CTD. B2 RNA blocks the formation of closed complexes
by disrupting polymerase-promoter contacts and, hence, also
inhibits the melting of promoter DNA to form open complexes.'
Given our data, it is conceivable that TFIIH phosphorylation of
Ser5 is coupled to Pol II engaging the promoter DNA or to pro-
moter melting, which is intriguing given the role of the TFIIH
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helicase in forming open complexes. We also believe that the lack
of polymerase-promoter contacts in inhibited complexes could
explain the observation by ChIP that total Pol II at the actin
promoter after heat shock decreased approximately 2.5-fold more
than the general factors: B2 RNA, disrupting contacts between
Pol II and the promoter, might decrease the efficiency of formal-
dehyde cross-linking and hence the apparent occupancy of Pol 11
at the actin promoter. It is also possible that the sequence of the
promoter might influence the manner in which B2 RNA inhibits
Pol II-promoter contacts.

It was previously observed that after heat shock TFIIH-
specific phosphorylation of Pol II decreased in HeLa cells, and
that nuclear extracts from these cells had lower TFIIH-associated
kinase activity, likely due to increased association of TFIIH
with chromatin.'® We also observed, by western blot, a general
decrease in the level of Ser5-P in nuclei after heat shock, while the
levels of TFIIH subunits and Pol I remained relatively constant.
The global decrease in Ser5 phosphorylation after heat shock is
in contrast to the well documented transcriptional activation of
classical heat shock genes (e.g., hsp70), which requires Ser5 phos-
phorylation by Cdk7."” Widespread but gene-specific repression

by B2 RNA could cause an overall decrease in Ser5-P in response
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Figure 3. B2 RNA inhibits TFIIH phosphorylation of the CTD only when
the ncRNA is incorporated with Pol Il into complexes on promoter DNA.
(A) B2 RNA and B1 RNA stimulate phosphorylation of the CTD by TFIIH
in the absence of promoter DNA. Phosphorylation of the CTD by TFIIE/
TFIIH or ERK2 as a specificity control, is shown in the absence or pres-
ence B2 RNA or B1 RNA. (B) B2 RNA, but not B1 RNA, specifically inhibits
phosphorylation of the CTD by TFIIH in the presence of the general
transcription machinery and promoter DNA. Pre-initiation complexes
were formed in the absence or presence of B2 RNA or B1 RNA. TFIIE and
TFIIH were then added and phosphorylation of the CTD was monitored.
ERK2 was used in place of TFIIE/TFIIH in separate assays. (C) Pol Il and
TFIIH levels on promoter DNA do not significantly change in the pres-
ence of B2 RNA. Complexes were assembled on immobilized promoter
DNA in the presence and absence of B2 RNA. After washing, Rpb1 and
ERCC3 subunits bound to DNA were probed by western blotting.

to heat shock, while still allowing phosphorylation of Ser5 at pro-
moters of genes that are active.

Materials and Methods

The following antibodies were used in western blots and ChIP
assays where indicated: Rpbl N-terminus (sc899, Santa Cruz
Biotechnology), Rpbl Ser5-P (A300-655A, Bethyl Laboratories),
TBP (sc273, Santa Cruz Biotechnology), TFIIA-y (sc25365x,
Santa Cruz Biotechnology), ERCC3 (sc293x, Santa Cruz
Biotechnology), Cdk7 in ChIP assays (A300-405A, Bethyl
Laboratories), Cdk7 in western blots (sc856x, Santa Cruz
Biotechnology), and cyclin H (sc609, Santa Cruz Biotechnology).

Samples for western blots were prepared by heat shocking NIH
3T3 cells at 50—-60% confluence for 15 min at 45°C and recover-
ing for 30 min at 37°C. Cells were harvested in ice cold PBS with
protease and phosphatase inhibitors (Complete cocktail tablets,
Roche; 10 mM NaF). Nuclei were isolated as described previously
in reference 12, with the addition of 10 mM NaF. Nuclei from
approximately 6 x 10° cells were resuspended in 400 pl RIPA buf-
fer [150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1%
SDS, 50 mM Tris (pH 7.9), 10 mM NaF, PMSF and 1x prote-
ase inhibitors (Complete cocktail tablets, Roche)] and nutated
for 30 min at 4°C. Samples were briefly sonicated using a cup
sonicator filled with ice water (one 50 s burst at a setting of 4.5).
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After centrifugation, proteins were resolved using 5 or 8% SDS-
PAGE and detected by western blotting.

ChIP assays were performed as follows. NIH 3T3 cells were
heat shocked for 15 min at 45°C and recovered for 30 min at
37°C. Prior to harvesting, cells were treated with 0.25 or 1%
formaldehyde for 10 min at room temperature. Glycine (0.125 M)
was added for 5 min. Cells were harvested and nuclei were iso-
lated by resuspending 4—6 x 10° cells in 400 pl of buffer A [4 mM
MgCl,, 10 mM Tris-HCI (pH 7.4), 10 mM NaCl and 0.5% (v/v)
NP40, 0.4 mM PMSF, 1x protease inhibitors (Complete cock-
tail tablets, Roche)] and nutating for 5 min at 4°C. Nuclei were
harvested by centrifugation and washed once in an equal volume
of buffer A. Nuclei were then resuspended in 800 pl of buffer B
(50 mM Tris (pH 7.9), 10 mM EDTA, 0.4 mM PMSE, 1% SDS
and protease inhibitors) and nutated for 10 min at 4°C. A 1.2 ml
of buffer C (15 mM Tris (pH 7.9), 150 mM NaCl, 1 mM EDTA,
1% Triton X-100, 0.4 mM PMSF and protease inhibitors) was
added and samples were sonicated using a cup sonicator filled
with ice water (5-7 50 sec bursts at a setting of 4.5, with 1.75 min
between bursts). Samples were centrifuged and the superna-
tants stored at -80°C. For each immunoprecipitation, 300 pl of
sonicated chromatin was pre-cleared with 18 pl of protein A/G
beads (Santa Cruz Biotechnology) that were equilibrated in buf-
fer D (15 mM Tris (pH 7.9), 150 mM NaCl, 1 mM EDTA, 0.5%
NP-40, 0.4 mM PMSF). Antibody was added and samples were
nutated at 4°C overnight. 25 pl of pre-blocked protein A/G beads
(pre-blocking occurred by nutating the beads overnight at 4°C in
buffer D containing 0.4 mg/ml yeast RNA and 0.5 mg/ml BSA)
were added and samples were nutated an additional 1-2 h at 4°C.
Beads were washed sequentially with 400 wl of low salt buffer
[20 mM Tris (pH 7.9), 150 mM NaCl, 2 mM EDTA, 1% Triton
X-100, 0.1% SDS], 400 wl of high salt buffer [20 mM Tris (pH
7.9), 500 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS],
400 pl of LiCl buffer [10 mM Tris (pH 7.9), 1 mM EDTA, 1%
deoxycholate, 1% NP-40, 250 mM LiCl] and twice with 400 .l
of TE [10 mM Tris (pH 7.9), 1 mM EDTA]. Two hundred and
fifty wl of elution buffer containing 1% SDS, 50 mM Tris (pH
7.9) and 10 mM EDTA was added to the beads and the mixture
was nutated for 1 h at 37°C. NaCl was added to 200 mM and
crosslinks were reversed by incubation at 65°C for 12 h. Beads
were precipitated and supernatants were transferred to new tubes.
Samples were diluted with water to 0.5% SDS and then treated
with Proteinase K (60 pg) for 1 hat 55°C. After phenol extraction
and ethanol precipitation samples were resuspended in 100 pl
Tris (pH 7.9) and subjected to qPCR using sybr green detection.
The primers used were: actin promoter, 5-AAG GAG CTG CAA
AGA AGCTGT and 5-GTT CCG AAAGTT GCCTTT TAT
G; actin downstream, 5-CTC TGC TCT CCC TGG ATT TG
and 5-CAG ATG TTC ACC TGC CTT CA.

The recombinant human TBP, TFIIB, TFIIE, TFIIF and
native human Pol II and TFIIH used in kinase assays were pre-
pared as described previously in references 18 and 19. The DNA
template consisted of either a plasmid containing the Adenovirus
major late core promoter (-53 to +10) fused to a 380 bp G-less
cassette, or linear AdMLP immobilized on streptavidin beads via
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Figure 4. To repress phosphorylation of the CTD by TFIIH, B2 RNA must
build into complexes on promoter DNA along with Pol Il. (A) The time
course indicates the points at which general transcription factors, Pol

Il and B2 RNA (or B1 RNA) were added to reactions. B2 RNA was added
either before (point 1) or after (point 2) pre-initiation complex forma-
tion. Where indicated, complexes were treated with RNase 1 (10 U, NEB)
prior to adding TFIIE and TFIIH. (B) Model depicting that the presence of
B2 RNA at a promoter prevents phosphorylation of Ser5 residues on the
CTD by TFIIH.

a biotin. Kinase reactions were performed in a buffered solution
consisting of 10 mM Tris-HCI, 10 mM Hepes, 10% glycerol,
1 mM DTT, 4 mM MgCL, 50 mM KCI, 50 g/ml BSA at pH
7.9. When pre-initiation complexes were formed, the DNA tem-
plate (1 nM) was pre-incubated with TBP (3.5 nM) at 30°C for
5 min. TFIIB (10 nM), TFIIE (2nM), Pol II (13 nM) and ncRN A
(5 nM, when included) were incubated together in a separate tube
at 30°C for 5 min. The contents of these two tubes were mixed
and incubated at 30°C for 15 min to allow complexes to form. For
all kinase reactions, either ERK2 (1 wM final concentration) or
a mixture of TFIIE and TFIIH (9 nM TFIIE-34, 5 nM TFIIE-
56, 0.25 wl TFIIH) were incubated with other factors and/or
ncRNA at 30°C for at least 3 min prior to adding [y-**P]JATP
(30 wM, 12 pCi) and continuing the incubation for 20 min.
Samples were resolved by 5% SDS-PAGE and labeled Rpbl was

visualized using phosphorimagery.
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