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Mammalian cells exhibit a complex response to DNA damage. The tumor suppressor BRCA1 and associated
protein BARD1 are thought to play an important role in this response, and our previous work demonstrated
that this includes transient inhibition of the pre-mRNA 3� processing machinery. Here we provide evidence
that this inhibition involves proteasomal degradation of a component necessary for processing, RNA
polymerase II (RNAP II). We further show that RNAP IIO, the elongating form of the enzyme, is a specific in
vitro target of the BRCA1/BARD1 ubiquitin ligase activity. Significantly, siRNA-mediated knockdown of
BRCA1 and BARD1 resulted in stabilization of RNAP II after DNA damage. In addition, inhibition of 3�
cleavage induced by DNA damage was reverted in extracts of BRCA1-, BARD1-, or BRCA1/BARD1-depleted
cells. We also describe corresponding changes in the nuclear localization and/or accumulation of these factors
following DNA damage. Our results support a model in which a BRCA1/BARD1-containing complex
functions to initiate degradation of stalled RNAP IIO, inhibiting the coupled transcription-RNA processing
machinery and facilitating repair.
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The cellular response to DNA damage involves changes
in the properties of a number of nuclear proteins. One
example is provided by the product of the breast and
ovarian cancer susceptibility gene BRCA1 and the asso-
ciated protein BARD1 (for reviews, see Baer and Ludwig
2002; Jasin 2002; Venkitaraman 2002; Starita and Parvin
2003). The subnuclear location of the BRCA1/BARD1
complex and the phosphorylation state of BRCA1 have
been shown to change in response to DNA damage (e.g.,
Scully et al. 1997b). Although the functional significance
of these changes has not been fully elucidated, they
likely reflect proposed roles of BRCA1 in DNA repair
and/or in transcription and RNA processing (Baer and
Ludwig 2002; Jasin 2002; Venkitaraman 2002). Both pro-
teins are large and likely multifunctional, capable of in-
teracting with many other proteins. Additionally, both
BARD1 and BRCA1 contain N-terminal RING domains
that exhibit significant E3 ubiquitin (Ub) ligase activity
in the context of the BRCA1/BARD1 heterodimer
(Hashizume et al. 2001; Chen et al. 2002; Xia et al. 2003).

Moreover, this activity is disrupted by several breast can-
cer-associated mutations in BRCA1, suggesting a rela-
tionship between this function and breast cancer devel-
opment. The Ub ligase activity of BRCA1 has also been
shown to enhance cell survival following DNA damage
(Dong et al. 2003). BRCA1/BARD1 undergoes autoubiq-
uitination (Chen et al. 2002; Mallery et al. 2002), and is
reported to either monoubiquitinate (Chen et al. 2002;
Mallery et al. 2002; Xia et al. 2003; Starita et al. 2004) or
polyubiquitinate (Sato et al. 2004) potential substrates
in vitro.

mRNA transcription is transiently inhibited following
DNA damage (e.g., Mayne and Lehmann 1982; Mullen-
ders 1998) as part of the transcription-coupled repair
(TCR) response. TCR is a process in which DNA damage
is repaired more rapidly in transcriptionally active DNA
than in the genome as a whole (for review, see Svejstrup
2002). As part of this response, for example, after UV
irradiation, a fraction of the RNAP II largest subunit
(RNAP II LS) is phosphorylated, ubiquitinated, and de-
graded by the proteasome (for reviews, see van den Boom
et al. 2002; Muratani and Tansey 2003). The levels of
both RNAP IIO, the hyperphosphorylated form of the
enzyme that functions in transcription elongation, and
RNAP IIA, the hypophosphorylated form that engages
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promoters, decrease in response to UV light (Ratner et al.
1998; Luo et al. 2001; Lee et al. 2002; Woudstra et al.
2002). RNAP IIO is ubiquitinated and degraded by the
proteasome, while RNAP IIA appears to be depleted sim-
ply by phosphorylation and conversion to RNAP IIO
(McKay et al. 2001). BRCA1 has also been implicated in
TCR. In particular, BRCA1-deficient HCC1937 breast
carcinoma cells display a block to RNAP II transcription
at sites of DNA damage and an impaired ability to repair
such damage, and these defects can be ameliorated by
expression of exogenous BRCA1 (Abbott et al. 1999; Le
Page et al. 2000). Consistent with this, BRCA1 can be
found in a complex with proteins involved in the recog-
nition and repair of aberrant DNA structures (Wang et al.
2000). Moreover, both BRCA1 and BARD1 can associate
with the RNAP II holoenzyme, and this association
seems to change following DNA damage (Scully et al.
1997a; Chiba and Parvin 2001, 2002). Indeed, recent data
show that BRCA1 associates preferentially with RNAP
IIO, the elongating form of RNAP II that is ubiquitinated
and degraded during TCR (Krum et al. 2003).

Processing of mRNA precursors, and specifically 3�
end formation, is also affected by DNA damage. Specifi-
cally, pre-mRNA polyadenylation in cell extracts is
strongly but transiently inhibited following treatment of
cells with DNA damage-inducing agents (Kleiman and
Manley 2001). The polyadenylation reaction consists of
an endonucleolytic cleavage followed by synthesis of the
poly(A) tail, and requires numerous protein factors (for
review, see Zhao et al. 1999; Shatkin and Manley 2000).
Highlighting the link between transcription and RNA
processing, these factors include RNAP II, which plays a
strong stimulatory role in vitro (Hirose and Manley
1998). Regulation of 3� end formation can play signifi-
cant roles in cell growth control (e.g., Takagaki et al.
1996; Takagaki and Manley 1998; Chuvpilo et al. 1999)
and perhaps in disease, especially in tumor cells (for re-
view, see Scorilas 2002). Cleavage stimulation factor
(CstF) is one of the essential 3� processing factors. Ge-
netically modified chicken B cells deficient in CstF-64,
one of the CstF subunits, undergo cell cycle arrest and
apoptotic death (Takagaki and Manley 1998). Another
subunit, CstF-50, has been shown to interact with the
C-terminal domain of the RNAP II LS (CTD), likely fa-
cilitating the RNAP II-mediated activation of processing
(McCracken et al. 1997; Hirose and Manley 1998). More-
over, 3� processing can be repressed by direct interaction
between CstF-50 and the BARD1 subunit of the BRCA1/
BARD1 heterodimer (Kleiman and Manley 1999). The
DNA damage-induced inhibition of polyadenylation cor-
relates with increasing amounts of a BRCA1/BARD1/
CstF-containing complex, supporting the involvement of
BRCA1/BARD1 in the inhibition of 3� RNA processing
following DNA damage (Kleiman and Manley 2001).

These findings indicate a functional interplay between
BRCA1/BARD1, CstF, and RNAP II following DNA
damage. Here we provide unexpected insights into the
underlying mechanisms. We show that the UV-induced
inhibition of 3� processing results not only from the
BARD1–CstF interaction but also from proteasome-

mediated degradation of RNAP II. Extending these re-
sults, we show that RNAP IIO, but not RNAP IIA, can be
polyubiquitinated in vitro in a manner dependent upon
the Ub ligase activity of BRCA1/BARD1. Using siRNA-
mediated depletion of BRCA1 and BARD1 in human
cells, we find that both proteins are necessary for degra-
dation of RNAP II after DNA damage. We also deter-
mined that reduced expression of BARD1 and/or BRCA1
is sufficient to revert DNA damage-induced inhibition of
3� cleavage. We show that these functional interactions
correlate with transient changes in the nuclear localiza-
tion/accumulation of all these factors following UV ir-
radiation. Our results provide an explanation for the in-
hibition of transcription and 3� processing that occurs in
response to DNA damage and also identify RNAP IIO as
an enzymatic target of the BRCA1/BARD1 heterodimer.

Results

Role of the CTD of RNAP II in UV-induced inhibition
of 3� processing

We previously provided evidence that an interaction be-
tween the BRCA1/BARD1 complex and CstF regulates
UV-induced inhibition of mRNA 3� end formation
(Kleiman and Manley 2001). The simplest view of this
repression might be that BARD1 binding to CstF-50 in-
terferes with CstF function in cleavage, and indeed this
may be a significant aspect of the mechanism. However,
in light of the E3 ligase activity displayed by the BRCA1/
BARD1 heterodimer, we decided to test whether protea-
somal degradation might also be involved. To examine
this, we first added the proteasome inhibitor MG132 to
HeLa cells immediately after exposure to UV light, and
then prepared nuclear extracts (NEs) at different times
and assayed 3� endonucleolytic cleavage by addition of a
32P-labeled SV40 RNA substrate (see Materials and
Methods). Strikingly, we found that MG132 prevented
UV-induced inhibition of processing (Fig. 1A, top, cf.
lanes 1–5 and 6–10), suggesting that UV light induces
proteasomal degradation of a protein(s) required for 3�
end formation. These effects were not specific to the
SV40 RNA, as processing of an adenovirus RNA was
similarly affected (Fig. 1A, bottom). Although not done
exhaustively, Western blots with antibodies against sev-
eral of the general required factors for 3� processing
(CstF, CPSF, PAP) failed to reveal any change in abun-
dance of these proteins following UV treatment (data not
shown).

An intriguing candidate for the proteasome-targeted
protein is RNAP II. As described above, a fraction of the
cell’s RNAP IIO is ubiquitinated and degraded by the
proteasome in response to UV treatment, and RNAP II,
specifically the CTD, is necessary for efficient 3� cleav-
age in vitro (Hirose and Manley 1998). Thus it is possible
that degradation of RNAP II contributes to the inhibition
of processing. To examine the possible role of RNAP II in
UV-induced 3� processing inhibition, we first analyzed
the effects of CTD kinases inhibitors (H7 and DRB) on 3�
cleavage in vitro when added to cells immediately after
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UV treatment (Fig. 1B). The rationale for this was that
reducing the levels of RNAP IIO would in turn limit
UV-induced RNAP II destruction, and thus rescue pro-
cessing. Strikingly, H7 prevented UV-induced inhibition
of 3� cleavage (Fig. 1B, cf. lanes 4–5 and 9–10). Similar
results were obtained after treatment with DRB (data not
shown). Although, as expected, treatment of cells with
H7 alone decreased the amount of RNAP IIO compared
with nontreated samples (Fig. 1B, cf. lanes 11–14 and 1),
this did not have an effect on 3� processing, likely re-
flecting the fact that either RNAP IIA or RNAP IIO can
function in 3� processing (Hirose and Manley 1998). Con-
sistent with previous results (Bregman et al. 1995; Luo et
al. 2001; McKay et al. 2001), Western blot analysis re-
vealed that UV treatment decreased accumulation of
both RNAP IIO and RNAP IIA forms (Fig. 1B, cf. lanes
3–5 and 1). Significantly, treatment with both UV and
H7 reversed the decrease in the two RNAP II forms that
resulted from UV treatment alone (Fig. 1B, cf. lanes 8–10
and 3–5). Stabilization of RNAP IIO by H7 suggests that
ongoing transcription and/or CTD phosphorylation is
necessary for UV-induced degradation, consistent with
previous results (Luo et al. 2001).

The above results are consistent with the idea that
RNAP II plays a role in UV-induced inhibition of 3� pro-
cessing. To test directly the idea that RNAP II might
become limiting for 3� processing following DNA dam-
age, we next analyzed the effect of adding increasing
amounts of a recombinant GST-CTD fusion protein to
NEs prepared from cells exposed to UV light (Fig. 2A).
The cofactor creatine phosphate, which appears to
mimic the CTD in 3� processing (Hirose and Manley
1997, 1998), was omitted from reaction mixtures. Strik-
ingly, addition of increasing amounts of GST-CTD to
inhibited NEs (5 h post-UV treatment) effectively re-
stored 3� processing (Fig. 2A, lanes 5–8), while having no
effect on untreated extracts (Fig. 2A, lanes 1–4). Al-
though we showed previously that GST-CTD and RNAP
II function similarly in reconstituting 3� cleavage (Hirose

and Manley 1998), we also analyzed the effect of adding
increasing amounts of purified RNAP IIO to UV-inhib-
ited NEs. The results (Fig. 2B) show that RNAP IIO also
effectively restored 3� cleavage. Together, the results
support the idea that RNAP II becomes limiting in UV-
treated extract and that this contributes to the inhibition
of 3� processing. Consistent with this, the time course
over which RNAP II turnover is observed after DNA
damage (e.g., Ratner et al. 1998) is similar to the time
course of 3� cleavage inhibition (Kleiman and Manley
2001).

Figure 2. RNAP II reverse the inhibitory effect of DNA damage
on 3� processing. (A) Activation of cleavage by the addition of
GST-CTD. NEs active (0-h UV treatment) and inactive (5-h UV
treatment) for 3� cleavage were preincubated with no addition
(lanes 1,2,5,6) or with increasing amounts (100 and 200 ng) of
recombinant GST-CTD (lanes 3,4,7,8). The cleavage reactions
were performed in the absence (lanes 1,3–5,7,8) or presence
(lanes 2,6) of creatine phosphate. Positions of pre-mRNA and
the 5� and 3� cleavage products are indicated. (B) Activation of
cleavage by the addition of RNAP IIO. NEs inactive (5-h UV
treatment) for 3� cleavage were preincubated with no addition
(lane 1) or with increasing amounts (25, 50, and 100 ng) of pu-
rified RNAP IIO (lanes 2–4). Positions of pre-mRNA and the 5�

and 3� cleavage products are indicated.

Figure 1. Role of protein turnover and RNAP II
phosphorylation in UV-induced inhibition of 3� pro-
cessing. (A) An inhibitor of the proteasome rescues
UV-induced inhibition of 3� cleavage. HeLa cells
were treated with UV irradiation and allowed to re-
cover in the presence (lanes 1–5) or absence (lanes
6–10) of the proteasomal inhibitor MG132 for the
times indicated. NEs prepared from these cells were
used in cleavage reactions with an SV40 late (top) or
adenovirus L3 (bottom) pre-mRNA. Positions of pre-
mRNA and the 5� and 3� cleavage products are indi-
cated. (B) The CTD-kinase inhibitor H7 blocks UV-
induced inhibition of 3� cleavage. HeLa cells were
treated with UV irradiation and allowed to recover
in the absence (lanes 1–5) or presence (lanes 6–10) of
H7 for the times indicated. Cells were also treated
with H7 only (lanes 11–14). NEs prepared from these
cells were used in 3� cleavage reactions as above.

Positions of the SV40 pre-mRNA and 5� and 3� cleavage products are indicated. RNAP IIO, RNAP IIA, and actin protein levels in NEs
from treated cells were monitored by Western blotting. Proteins were detected by immunoblotting with antibodies against a non-
phosphorylated CTD epitope of RNAP II LS (8WG16) and actin.
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The BRCA1/BARD1 heterodimer ubiquitinates RNAP
IIO but not RNAP IIA in vitro

The above results implicate proteasome-mediated degra-
dation of RNAP IIO in UV-induced inhibition of 3� pro-
cessing. Given the involvement of BRCA1/BARD1 in
this process, an intriguing possibility is that BRCA1/
BARD1 targets RNAP IIO for destruction by providing
an E3 ligase activity necessary for polyubiquitination of
RNAP IIO. To examine this hypothesis, we first purified
a heterodimeric complex (�BRCA1/BARD1-wt) com-
prised of truncated BRCA1 (residues 1–304) and full-
length BARD1 from bacterial cells and incubated it with
purified RNAP IIO (SDS-PAGE of RNAP II proteins and
the truncated BRCA1/BARD1 complex used in these ex-
periments is shown in Fig. 3F and the proteins are de-
picted schematically in Fig. 3G), along with E1, its cog-
nate E2 (UbcH5c), and His-HA-tagged Ub (see Materials
and Methods). The reaction products were then analyzed
by Western blotting with an anti-RNAP II LS antibody
(Fig. 3A, top panel), as well as an anti-Ub antibody (Fig.
3A, lower panel) to measure total, nonspecific ubiquiti-
nation. As indicated by the low mobility species in Fig-
ure 3A, lane 3, RNAP IIO LS was ubiquitinated in the
complete reaction. The very high molecular weight of
these species indicates the addition of multiple Ub

monomers, presumably in the form of polyubiquitin.
The ubiquitination observed (both specific and nonspe-
cific) was completely dependent on the presence of re-
combinant �BRCA1/BARD1 (Fig. 3A, lane 2), and the
tumor-associated BRCA1 mutation C61G, which dis-
rupts the RING domain, abolished both total ubiquiti-
nation and the RNAP IIO modification (Fig. 3A, lane 4).
Kinetic analysis showed a slight reduction in unmodified
RNAP IIO by 40 min, concomitant with an accumula-
tion of the high-molecular-weight species (Fig. 3B, upper
panel). The nonspecific ubiquitination activity displayed
similar kinetics (Fig. 3B, lower panel). Significantly, a
complex consisting of full-length BRCA1 and BARD1,
purified from insect cells coinfected with recombinant
baculoviruses (Wu-Baer et al. 2003), also polyubiquiti-
nated RNAP IIO LS (Fig. 3C).

RNAP IIO, but not RNAP IIA, is specifically ubiquiti-
nated and degraded following DNA damage (see Intro-
duction). To determine whether the enzymatic activity
of BRCA1/BARD1 is specific for RNAP IIO, we com-
pared the ability of RNAP IIO and RNAP IIA to serve as
substrates in the in vitro ubiquitination assay. Strik-
ingly, while �BRCA1/BARD1 again catalyzed the ubiq-
uitination of RNAP IIO LS, a corresponding modification
of RNAP IIA LS was not detected (Fig. 3D, upper panel,
cf. lanes 2 and 5). Nonspecific ubiquitination was not

Figure 3. RNAP IIO but not RNAP IIA is
ubiquitinated by BRCA1/BARD1. (A)
RNAP IIO was incubated with E1, E2, His-
HA-Ub, and a purified heterodimer com-
prised of truncated BRCA1 and full-length
BARD1 (�BRCA1/BARD1-wt) as indicated
(lanes 1–3,5). Lane 4 shows a reaction con-
taining the mutant heterodimer �BRCA1/
BARD1-C61G. Reactions were terminated
and proteins were separated by SDS-PAGE
and analyzed by immunoblotting with
anti-RNAP II LS and anti-Ub antibodies in
the top and lower panels, respectively. Po-
sitions of the RNAP IIO and RNAP IIA
forms are indicated on the left, and the
polyubiquitinated forms of RNAP IIO and
molecular-weight markers are indicated
on the right. (B) Kinetics of RNAP IIO
ubiquitination by �BRCA1/BARD1-wt.
Ubiquitination reactions were performed
and analyzed as in A, except that the in-
cubation times were as indicated. (C)
Ubiquitination of RNAP IIO with a het-
erodimeric complex comprised of full-
length BRCA1 and BARD1. Reactions were performed and analyzed as in A. (D) �BRCA1/BARD1-wt stimulates polyubiquitination
of RNAP IIO but not RNAP IIA. Ubiquitination reactions were performed as above except in presence of either RNAP IIO or RNAP
IIA. (E) �BRCA1/BARD1 does not stimulate ubiquitination of either GST-CTD or phosphorylated GST-CTD. Ubiquitination reactions
were done with nonphosphorylated (lanes 1–3) or in vitro phosphorylated (lanes 4–6) GST-CTD as in panel A. Positions of the
nonphosphorylated and phosphorylated GST-CTD proteins are indicated on the left. (F) Concentration and purity of RNAP IIO and
RNAP IIA (lanes1,2; only the largest subunits are shown), GST-CTD and pGST-CTD (lanes 3,4), and the heterodimeric complexes
comprised of full-length BARD1 and truncated wild-type and C61G BRCA1 (lanes 5,6) were monitored by silver or Coomassie blue
staining following SDS-PAGE. Positions of the three largest RNAP II subunits (IIa, IIo, and IIc) are indicated on the left, and positions
of molecular-weight markers are indicated on the right. (G) Schematic diagrams of BRCA1 (1863 amino acids) and BARD1 (777 amino
acids) showing the N-terminal RING domains (BRCA1 23–76, BARD1 49–100), the ankyrin repeats (BARD1 427–525), and C-terminal
BRCT domains.
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reduced in these reactions by RNAP IIA, indicating that
the RNAP IIA used was not inhibitory (Fig. 3D, lower
panel). Thus, the BRCA1/BARD1 heterodimer specifi-
cally catalyzes polyubiquitination of RNAP IIO, the
form of RNAP II that is preferentially targeted for Ub-
mediated proteolysis during the response to UV damage.

To address further the specificity of the BRCA1/
BARD1-mediated ubiquitination of RNAP IIO, we inves-
tigated whether phosphorylated and unphosphorylated
GST-CTD fusion proteins were targets for in vitro ubiq-
uitination. We found that neither protein was detectably
modified, although nonspecific ubiquitination activity
was again not affected (Fig. 3E). These results are consis-
tent with previous studies that identified non-CTD ly-
sines in RNAP IIO LS as targets for ubiquitination after
UV irradiation in vivo (Ratner et el. 1998). The inactivity
of the two forms of GST-CTD, as well as of RNAP IIA, is
significant because it both highlights the specificity with
which BRCA1/BARD1 targets RNAP IIO in vitro, and
also reinforces the possible in vivo significance of our
results.

RNAi-mediated knockdown of BRCA1 and BARD1
stabilizes RNAP II following DNA damage

We next sought to determine whether the ability of the
BRCA1/BARD1 heterodimer to specifically polyubiqui-
tinate RNAP IIO in vitro reflects its activity in vivo.
Specifically, are BRCA1 and/or BARD1 necessary for
UV-induced degradation of RNAP II? To investigate this,
we used siRNAs to knockdown expression of BRCA1,
BARD1, or both in HeLa cells, and then determined the
effect of these treatments on RNAP II stability following
exposure to UV light. Cells were treated with siRNAs for
48 h, exposed to UV light, and allowed to recover for 2 h.
NEs were then prepared and analyzed by Western blot-
ting (Fig. 4A; see Materials and Methods). In the presence
of a control siRNA (Fig. 4A, lanes 1,2), accumulation of
neither BRCA1 nor BARD1 was affected by UV, al-
though the electrophoretic mobility of BRCA1 was re-

duced, indicative of damage-induced phosphorylation
(Scully et al. 1997b). RNAP II accumulation was mea-
sured by two anti-CTD antibodies, N-20, which detects
both RNAP IIO and RNAP IIA LS, and H5, which detects
primarily the Ser 2-phosphorylated, elongating form of
the enzyme. Consistent with previous results and with
our data shown above, UV treatment significantly re-
duced accumulation of both RNAP II isoforms, and this
was unaffected by control siRNAs (Fig. 4A; data not
shown). (Note that UV-induced degradation of RNAP IIO
appeared somewhat greater when measured with H5,
likely because H5 specifically recognizes the elongating
form of RNAP II that would be targeted following UV.)
Treatment of cells with BRCA1 siRNA resulted in sub-
stantial depletion of BRCA1 (50%–60%), both before and
after UV treatment (Fig. 4A, lanes 3,4), and the BARD1
siRNA had similar effects on BARD1 expression (Fig. 4A,
lanes 5,6). BRCA1 siRNA also reduced BARD1 accumu-
lation, although to a lesser extent than BRCA1, and
BARD1 siRNA had a similar effect on BRCA1, consis-
tent with the idea that the two polypeptides stabilize
each other (Hashizume et al. 2001). While siRNA-medi-
ated depletion of either BRCA1 alone (Fig. 4A, lane 4) or
BARD1 alone (Fig. 4A, lane 6) did not have a significant
effect on RNAP II degradation following UV, a striking
response was elicited by treating cells with both siRNAs
simultaneously (Fig. 4A, lanes 7,8). Both BRCA1 and
BARD1 accumulation was greatly reduced (by ∼90%) and
more significantly, both isoforms of RNAP II were fully
stabilized following UV, as observed with both N-20 and
H5 antibodies. These results indicate that the BRCA1/
BARD1 heterodimer is necessary for UV-induced de-
struction of RNAP II.

To characterize further the BRCA1/BARD1-dependent
degradation of RNAP II, we repeated the above experi-
ments but added MG132 to the cells immediately after
UV exposure (Fig. 4B). This prevented degradation of
RNAP II not only in the control siRNA-treated cells but
also in all the BRCA1 and/or BARD1 siRNA-treated
cells, confirming that the observed degradation was me-

Figure 4. siRNA knockdown of both BRCA1/
BARD1 expression abolishes UV-induced degrada-
tion of RNAP II. (A) Protein levels of BRCA1,
BARD1, actin, and RNAP II in NEs prepared from
cells subjected to control (cont), BRCA1, BARD1,
and BRCA1/BARD1 siRNA and UV irradiation.
Nonirradiated and UV-irradiated samples were pre-
pared 48 h after the addition of the siRNAs. Irradi-
ated cells were allowed to recover 2 h after exposure
to UV doses of 10 Jm−2. Panels depict blots using
antibodies against BRCA1, BARD1, RNAP IIO (H5),
RNAP II (N-20), and actin. Protein concentrations
were equalized by immunostaining with antibodies
against actin. The actin and the RNAP II blots cor-
respond to the same gel. The positions of each pro-
tein are indicated in the corresponding panel. (B) An

inhibitor of the proteasome prevents UV-induced degradation but not ubiquitination of RNAP II in siRNA-treated cells. siRNA-treated
cells were irradiated with UV and allowed to recover in the presence of the proteasomal inhibitor MG132 for 2 h. BRCA1, BARD1,
RNAP II, RNAP IIO, and actin protein levels in NEs from these cells were analyzed by Western blot as above.
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diated by the proteasome. With degradation blocked, we
were also able to observe apparent ubiquitinated forms of
RNAP IIO, which were detected as a high-molecular-
weight smear that migrates above the RNAP IIO LS. In-
triguingly, the BRCA1/BARD1 double knockdown that
fully stabilized RNAP II did not detectably affect its
ubiquitination. These results are consistent with the
possibility that RNAP IIO is targeted for ubiquitination
in vivo by more than one E3 ligase, as previously sug-
gested (Mitsui and Sharp 1999; see also Discussion). Al-
though our data indicate that only RNAP IIO is ubiqui-
tinated by BRCA1/BARD1 in vitro (Fig. 3), these experi-
ments do not rule out the possibility that RNAP IIA
could also be a target in vivo. Nevertheless, our results
establish that the BRCA1/BARD1 heterodimer is neces-
sary for UV-induced proteasomal degradation of RNAP II.

RNAi-mediated knockdown of BRCA1 and BARD1
rescues UV-induced inhibition of polyadenylation

We next wished to determine whether depletion of
BRCA1 and/or BARD1 was sufficient to rescue UV-
induced inhibition of 3� processing. To this end, HeLa
cells were treated with control, BRCA1, and/or BARD1
siRNAs as described above, and NEs were prepared be-
fore or after 2-h UV treatment. Western blot analysis
indicated effects on BARD1, BRCA1, and RNAP II essen-
tially identical to those shown in Figure 4A. The NEs
were then used to monitor 3� cleavage of the SV40 pre-
mRNA substrate as described above (Fig. 5A). Strikingly,
3� processing was rescued not only in NEs from the
double knockdown cells (Fig. 5A, lanes 7,8), which sta-
bilized RNAP II, but also in both of the single knock-
downs (Fig. 5A, lanes 3–6), which did not prevent RNAP
II degradation.

The above results strongly suggest that depletion of
BRCA1/BARD1 was by itself sufficient to prevent UV-

induced inhibition of 3� processing. To confirm this, we
repeated the experiment in Figure 5A, except that we
determined the effect of adding purified BRCA1/BARD1
heterodimers to the NEs (Fig. 5B). In the absence of added
protein, results essentially identical to those shown in
Figure 5A were obtained (lanes 1–8). Addition of full-
length BRCA1/BARD1 to the NEs, however, had signifi-
cant but extract-dependent effects (Fig. 5B, lanes 9–16).
When added to the NEs from control siRNA-treated
cells, the BRCA1/BARD1 complex inhibited 3� cleavage
even in the absence of UV treatment (Fig. 5B, cf. lanes 1
and 9). This is consistent with our initial finding that
addition of BARD1 to HeLa NE inhibited 3� processing
by its interaction with CstF-50 (Kleiman and Manley
1999). A different pattern was seen when the het-
erodimer was added to the NEs from either the BRCA1
or BARD1 siRNA-treated cells (Fig. 5B, lanes 11–14). In
both cases, added BRCA1/BARD1 did not significantly
decrease cleavage in the NEs from non-UV-treated cells
(Fig. 5B, cf. lanes 3 and 11 and lanes 5 and 13). Signifi-
cantly however it restored cleavage inhibition to the ex-
tracts from the UV-treated cells (Fig. 5B, cf. lanes 4 and
12 and lanes 6 and 14), providing evidence that these
extracts were resistant to UV-induced inhibition of pro-
cessing due to reduced levels of BRCA1/BARD1. The
inability of the exogenously added complex to inhibit
processing in the NEs from non-UV-treated cells likely
reflects the reduced levels of endogenous BRCA1/
BARD1, such that the total concentration was insuffi-
cient to block cleavage. Consistent with this, addition of
BRCA1/BARD1 to the NEs from cells treated with both
BRCA1 and BARD1 siRNAs, which resulted in more
complete depletion of the two proteins (see above), was
without significant effect (Fig. 5B, lanes 15,16). Addition
of a heterodimer consisting of truncated forms of BRCA1
and BARD1, which lacked the CstF-50 interaction do-
main in BARD1 (Kleiman and Manley 1999), did not sig-

Figure 5. siRNA knockdown of both
BRCA1/BARD1 abolishes the UV-induced
inhibition of polyadenylation. (A) NEs
were prepared from cells subjected to con-
trol, BRCA1, BARD1, and BRCA1/BARD1
siRNA treatment, and then used in cleav-
age reactions with the SV40 late substrate
RNA. Positions of pre-mRNA and the 5�

and 3� cleavage products are indicated. (B)
NEs were prepared and used in processing
reactions as in A. Reactions contained no
addition (lanes 1–8), 10 ng full-length
BRCA1/BARD1 (lanes 9–16), or 7 ng trun-
cated BRCA1 (1–304)/BARD1 (1–202)
complex (lanes 17–24).
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nificantly affect processing in any of the NEs (Fig. 5B,
lanes 17–24).

Taken together, the above results indicate that UV-
induced inhibition of 3� processing can be rescued by
stabilizing RNAP II and/or by reducing the concentra-
tion of the BRCA1/BARD1 heterodimer. BRCA1/BARD1
thus can block polyadenylation both by direct inhibitory
interaction with the 3� processing machinery, as shown
previously (Kleiman and Manley 1999; 2001), and/or by
causing proteasomal degradation of RNAP II. These may
reflect redundant mechanisms to achieve the same re-
sult.

The nuclear distribution of BRCA1/BARD1, RNAP II,
and polyadenylation factors changes after
DNA damage

The cell nucleus contains distinct structural and func-
tional domains, and their internal organization can vary
in response to a variety of stimuli (for review, see
Lamond and Spector 2003). For example, BRCA1/BARD1
can be found within discrete nuclear foci in S and G2
phase cells (Jin et al. 1997; Scully et al. 1997b), while
RNAP II localizes to 20–50 discrete subnuclear domains
as well as in a diffuse nucleoplasmic pattern (Bregman et
al. 1996). CstF distributes diffusely throughout the
nucleus as well, but also concentrates in a few small foci
(cleavage bodies) (Schul et al. 1996). Upon DNA damage
of S-phase cells, BRCA1/BARD1 disperses from its
nuclear foci and associates with distinct nuclear struc-
tures that contain replicating DNA as well as the PCNA
replication protein (Scully et al. 1997b).

To examine the possible relationship between UV-in-
duced inhibition of 3� processing and the subcellular lo-
calization of the factors involved, we examined the
nuclear distribution of these factors following UV irra-
diation by indirect immunofluorescence. Specifically,
we analyzed both HeLa (data not shown) and MCF7

(Fig. 6) cells using antibodies that recognize BARD1,
BRCA1, RNAP IIO, and subunits of the CPSF and CstF
complexes (results with CPSF not shown). The results
indicate that between 2 and 5 h after UV treatment not
only was BRCA1/BARD1 dispersed from nuclear foci,
but RNAP IIO and CstF also appeared to change their
distribution. This was apparent more as a decrease in
overall staining than as a relocalization to other discrete
sites, which could reflect a more diffuse localization
and/or turnover (i.e., of RNAP IIO). Significantly, these
changes were reversible, because by 10 h after UV treat-
ment the proteins displayed the patterns observed in un-
treated cells. These dynamic changes were not typical of
all nuclear proteins, since the localization/abundance of
two other RNA processing factors, SC35 and SRm300,
was not affected by UV treatment (Fig. 6; results with
SRm300 not shown). The timing of these events closely
correlated with the observed inhibition of 3� cleavage
(Kleiman and Manley 2001), suggesting that the changes
in nuclear distribution/accumulation and the inhibition
of processing are different manifestations of the same
cellular response.

Discussion

We showed previously that the polyadenylation machin-
ery is strongly but transiently inhibited following DNA
damage, reflecting formation of a complex containing
both BRCA1/BARD1 and CstF (Kleiman and Manley
1999, 2001). In this study, we analyzed the mechanism(s)
of this inhibition, and provided evidence that degrada-
tion of RNAP IIO is a critical factor. Extending these
results, we found that the large subunit of RNAP IIO, but
not of RNAP IIA, is a specific in vitro target of the
BRCA1/BARD1 E3 Ub ligase activity. Using siRNA-
mediated depletion of BRCA1 and BARD1, we showed
that efficient depletion of both proteins prevented deg-
radation of RNAP II after DNA damage, while inhibition

Figure 6. UV treatment transiently disperses BRCA1/
BARD1 nuclear foci, RNAP IIO dots, and cleavage bod-
ies, but not SC35 speckles. Asynchronous MCF7 cells
were treated with UV and were fixed in 2% formalde-
hyde after the UV treatment at the times indicated.
Fixed cells were immunostained with a BRCA1 mAb
(MS110), BARD1 polyclonal antibody (669D), CstF-64
mAb, RNAP IIO LS mAb (H5), and an SC35 mAb. Im-
munostaining with monoclonal or polyclonal antibod-
ies was visualized by using a goat anti-mouse or anti-
rabbit IgG-fluorescein, respectively.
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of 3� cleavage was even more sensitive to levels of
BRCA1/BARD1. These functional changes were found to
correlate with alterations in nuclear organization and
localization of the relevant factors. Our results thus in-
dicate that BRCA1/BARD1 plays a significant role in
targeting RNAP IIO for degradation following DNA
damage, and that this could be sufficient to explain
the UV-induced inhibition of 3� processing. However,
BRCA1/BARD1 also represses the 3� processing machin-
ery by its interaction with CstF-50 (Kleiman and Manley
1999), suggesting the existence of another, possibly re-
dundant, mechanism to explain the inhibitory effect of
UV irradiation.

Based on our results, we propose a model whereby
BRCA1/BARD1 serves to help coordinate a ubiquitous
response to DNA damage by a mechanism that includes
interactions with RNAP II and components of the poly-
adenylation machinery. Following DNA damage, elon-
gating RNAP IIO is stalled, causing premature termina-
tion or arrest of transcription. DNA lesions themselves
could stall RNAP II, or arrest could occur via an inter-
action between components of the RNAP II holoenzyme
and elements of the replication/repair machinery (for re-
views, see van den Boom et al. 2002; Muratani and Tan-
sey 2003). In any event, we suggest that BRCA1/BARD1-
containing complexes are recruited to sites of DNA dam-
age on active genes by interaction with RNAP IIO (see
Chiba and Parvin 2001, 2002; Krum et al. 2003), resulting
in BRCA/BARD1-mediated ubiquitination of RNAP IIO
LS and inhibition of transcription by degradation/inacti-
vation of RNAP IIO. These events would also inhibit the
3� mRNA processing machinery, both by the BARD1/
CstF-50 interaction and/or by RNAP IIO degradation.
This mechanism allows for both the clearance of the
damaged region for DNA repair and the elimination of
prematurely terminated transcripts that could produce
truncated, potentially deleterious, proteins.

Although the identity of the repair protein(s) that me-
diate(s) the damage-induced association between stalled
RNAP IIO and the DNA repair machinery during TCR is
not known, one candidate is PCNA. The association of
PCNA with certain DNA repair proteins after UV treat-
ment is dependent upon TCR (Balajee et al. 1998). PCNA
also colocalizes with BRCA1/BARD1 at possible sites of
DNA damage (Scully et al. 1997b; Wang et al. 2000) and,
like BARD1, interacts with CstF-50 (Kleiman and Man-
ley 1999). Furthermore, both CstF-50 and BRCA1/
BARD1 can associate with the RNAP II holoenzyme
(Scully et al. 1997a; McCracken et al. 1997; Chiba and
Parvin 2002). Alternatively, BRCA1 by itself might sig-
nal sites of DNA damage, since BRCA1 can interact di-
rectly with DNA (Paull et al. 2001).

UV-induced ubiquitination and turnover of RNAP IIO
is now well documented in both yeast (Beaudenon et al.
1999; Woudstra et al. 2002) and mammals (Bregman et
al. 1996; Ratner et al. 1998; McKay et al. 2001; Luo et al.
2001). However, a number of key questions remain re-
garding, for example, its relationship to TCR (e.g., Lom-
mel et al. 2000), how ubiquitous the process is in the
DNA damage response, and, especially in mammals, the

identities of the signaling factors. Woudstra et al. (2002)
suggested that yeast cells may respond to RNAP II
stalled following DNA damage in one of two ways. If the
lesion is repaired rapidly, then RNAP II reengages and
continues transcription, but if the damage persists,
RNAP IIO is ubiquitinated and degraded. This is an at-
tractive model because it offers an explanation for cer-
tain results suggesting that elongating RNAP II might
not always be degraded at sites of DNA damage (Torna-
letti et al. 1999).

Whether a similar situation occurs in mammalian
cells is unclear, and there are significant differences in
the response to DNA damage in the two systems. Most
importantly in the current context, true orthologs of
BRCA1 and BARD1 have not been identified in yeast
(Baer and Ludwig 2002). Instead, UV-induced ubiquitina-
tion of RNAP II is brought about in yeast by Rsp5, a
HECT domain E3 ligase (Huibregtse et al. 1997; Beaude-
non et al. 1999). Interestingly, Rsp5 has also been impli-
cated in the regulation of RNA processing in yeast (Neu-
mann at al. 2003). It may be that Rpf1/Nedd4, a possible
human homolog of Rsp5, participates in RNAP II ubiq-
uitination, as it was shown to bind RNAP II in cell ex-
tracts and to ubiquitinate yeast RNAP II LS (Beaudenon
et al. 1999). However, unlike our studies with BRCA1/
BARD1, these experiments revealed no preference for
ubiquitination of the RNAP IIO relative to the RNAP IIA
isoform of RNAP II, which would appear inconsistent
with the situation in vivo. It is possible that Rpf1/Nedd4
is responsible for the UV-induced ubiquitination of
RNAP II we observed in the BRCA1/BARD1 double
knockdown cells. Consistent with this, Mitsui and
Sharp (1999) suggested that RNAP IIO is targeted for
ubiquitination in vivo by more than one E3 ligase. It is
not unprecedented that a single protein can be targeted
by multiple E3 ligases. For example, p53 can be targeted
in vitro and destabilized in vivo by several E3s (Dornan
et al. 2004 and references therein). Also, BRCA1 itself
can be polyubiquitinated in a manner independent of its
own enzymatic activity, presumably by the action of
other cellular E3 ligases (Choudhury et al. 2004).

In addition to providing insights into the BARD1-
mediated inhibition of 3� processing induced by DNA
damage, our results have identified RNAP IIO as a po-
tentially important target of the BRCA1/BARD1 E3 li-
gase activity. Although multiple studies have now
shown that the BRCA1/BARD1 heterodimer, and spe-
cifically its N-terminal RING domains, possesses E3 li-
gase activity, only the autoubiquitination reaction has
been well characterized (Chen et al. 2002). The nature of
BRCA1/BARD1 autoubiquitination is unusual. It was
initially suggested to involve the formation of polyubiq-
uitin chains linked through Ub residues other than the
canonical K48 (Chen et al. 2002; Xia et al. 2003) and
more recently to occur via an unusual linkage involving
K6 (Wu-Baer et al. 2003; Nishikawa et al. 2004). Signifi-
cantly, this modification does not appear to target
BRCA1/BARD1 for degradation and instead may en-
hance its stability and/or activity (Nishikawa et al.
2004). It will be important in the future to determine
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whether BRCA1/BARD1 forms K6-linked polyubiquitin
chains on heterologous substrates (e.g., RNAP IIO), and
whether K6-linked chains can target certain substrates
for degradation. Given the uncertainties surrounding the
nature and function of BRCA1/BARD1-catalyzed poly-
ubiquitination, we must also entertain the possibility
that the specific modification of RNAP IIO LS we have
described here might have a function other than or in
addition to signaling turnover of RNAP IIO, or might
bring about RNAP II degradation indirectly, for example,
by recruiting another E3 ligase. Nevertheless, by demon-
strating that the BRCA1/BARD1 heterodimer is essen-
tial for UV-induced degradation of RNAP II and for in-
hibition of 3� mRNA processing, our data establish a
significant functional interaction between components
of the transcription, 3� processing and DNA repair ma-
chineries.

Materials and methods

Tissue culture methods

Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM)-10% fetal bovine serum (FBS). 80% confluent cultures
were exposed to UV, incubated with the indicated drugs, and
then harvested at the stated times. Cells were treated as indi-
cated with 2 µM MG132 (Sigma), 50 µM H7 (1-[5-isoquinoline-
sulfonyl]-2-methylpiperazine; Sigma), and 50 µM DRB (5,6-
Dichloro-1-�-D-ribofuranosylbenzimi dazole; Calbiochem). UV
doses of 10 Jm−2 were delivered in a single pulse using a Stra-
talinker (Stratagene). Prior to pulsing, medium was removed
and replaced with medium containing the indicated drugs im-
mediately after treatment.

Immunostaining and confocal microscopy

Coverslips with attached HeLa or MCF7 cells were rinsed once
in phosphate-buffered saline (PBS) and incubated with 4% para-
formaldehyde in PBS (pH 7.4) for 15 min at room temperature.
After fixation, cells were rinsed three times for 10 min each
time with PBS and permeabilized with 0.2% Triton X-100 plus
1% FBS in PBS for 5 min on ice. Cells subsequently were rinsed
three times for 10 min each time in PBS/1% FBS. Fixed cells
were incubated in the appropriate concentration of the appro-
priate primary antibody diluted in PBS/1% FBS for 1 h at room
temperature. The following antibodies were used: BRCA1 mAb
(MS110), BARD1 polyclonal antibody (669D), CstF-64 mAb
(Kleiman and Manley 2001), RNAP IIO mAb (H5, Covance),
SC35 mAb, and SRm 300 polyclonal antibody (kindly provided
by Dr. Susan McCracken, University of Toronto, Toronto,
Canada). Subsequently, cells were washed three times for
10 min each time in PBS/1% FBS and incubated with secondary
antibodies diluted in PBS/1% FBS for 1 h. Labeled goat anti-
mouse IgG and goat anti-rabbit IgG antibodies (Molecular
Probes) were used. Finally cells were washed four times for
10 min each time in PBS and rinsed in water. Coverslips were
mounted in one drop of mounting media (Polysciences Inc.).

NE preparation and immunoblotting analysis

After drug treatment, NEs were prepared from HeLa cells as
described (Kleiman and Manley 2001). Sixty micrograms of the
NEs were analyzed by immunoblotting with mAbs targeted

against RNAP II (8WG16, Covance, and N-20, Santa Cruz),
RNAP IIO (H5; Covance), BRCA1 (C-20, Santa Cruz), BARD1
(H-300, Santa Cruz), and actin (A 2066; Sigma).

3� cleavage assays
32P-labelled pre-mRNA substrates were prepared as described
(Kleiman and Manley 1999). Protein concentrations of the ex-
tracts were equalized by Bradford reaction (Bio-Rad) or by im-
munostaining with an �-actin antibody. Cleavage assays with
NEs (5 µL) were carried out in reaction mixtures containing
0.2–0.5 ng labeled RNA, 250 ng tRNA, 0.25 U RNasin (Pro-
mega), 9.6 mM HEPES-NaOH (pH 7.9), 9.6% glycerol, 24 mM
(NH4)2SO4, 0.24 mM DTT, 2.5% polyvinyl alcohol, 0.24 mM
PMSF, 2 mM EDTA, and with or without 20 mM creatine phos-
phate as indicated. For the L3 pre-mRNA, the cleavage reaction
was performed in the presence of 1 mM MgCl2 and 1 mM 3�

dATP. NE and added recombinant proteins were pre-incubated
for 15 min at 30°C, after which the pre-mRNA was added and
incubation continued for an additional 90 min. The in vitro
phosphorylation of GST-CTD and purification and separation of
the two RNAP II isoforms (IIA and IIO) from NE pellets was
performed as described (Hirose and Manley 1998). Full-length
and truncated BRCA1/BARD1 (BRCA1 1–304, BARD1 1–202)
complexes were purified from SF9 insect cells coinfected with
recombinant baculoviruses as described (Wu-Baer et al. 2003).
RNA products were isolated and fractionated on 5% polyacryl-
amide, 8.3 M urea gels.

Ubiquitination assays

Purification and separation of the two RNAP II isoforms (IIA
and IIO) from NE pellets was done as described (Hirose and
Manley 1998). Heterodimeric complexes comprised of full-
length BARD1 and truncated BRCA1 (�BRCA1/BARD1-wt and
�BRCA1/BARD1-C61G) were generated by cotransfecting
Escherichia coli cells with an expression plasmid (BARD1/
pET28a) that encodes BARD1 with an N-terminal extension of
40 residues containing the 6xHis tag and a plasmid that encodes
an untagged N-terminal segment of BRCA1 (residues 1–304)
with either the wild-type BRCA1 sequence (BR304*-wt/pET14b)
or harboring the C61G missense mutation (BR304*C61G/
pET14b). The heterodimeric complexes were then purified from
bacterial lysates by affinity chromatography on Ni-NTA aga-
rose beads (Qiagen) as described (Wu-Baer et al. 2003). Full-
length BRCA1/BARD1 (BRCA1/BARD1-wt) was isolated from
Sf9 insect cells as described (Wu-Baer et al. 2003). E2-conjugat-
ing enzyme (His-UbcH5c) and His-HA-Ub were expressed in
E. coli and purified by Ni-NTA affinity chromatography as de-
scribed (Wu-Baer et al. 2003). In vitro ubiquitination assays were
carried out using purified recombinant proteins and purified
RNAP IIA and RNAP IIO. Ubiquitination reaction mixtures
contained 50 mM Tris-Cl (pH 7.5), 5 mM MgCl2, 2 mM NaF,
10 nM okadaic acid, 2 mM ATP, 0.6 mM DTT, 5 µg of His-HA-
Ub, 30 ng of rabbit E1 (Affinity Research Products), 0.2 µg of
His-UbcH5c, and purified BRCA1/BARD1 heterodimer (an
amount containing 20 ng of the BRCA1 subunit) and 100 ng of
either RNAP IIO or RNAP IIA as indicated. After incubation for
40 min at 37°C, reactions were terminated with 5× SDS buffer,
separated by SDS-PAGE, and analyzed by immunoblotting with
a Ub-specific monoclonal antibody (P4D1, Santa Cruz) and a
RNAP II-specific polyclonal antibody (N20, Santa Cruz).

siRNA knckdown of BRCA1 and BARD1 expression
in HeLa cells

The siRNA specific for human BRCA1 (NNGGAACCUGUC
UCCACAAAGUU) (Bruun et al. 2003) and human BARD1
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(NNCAGUAACAUGUCCGAUGAAUU) (Choudhury et al.
2004) were synthesized by Dharmacon RNA Technologies. The
control RNA duplex used as nonsilencing siRNA was also ob-
tained from Dharmacon. HeLa cells were gown in a 10-cm plate
in complete DMEM. At 60% confluence, the cells were trans-
fected with 240 pmol of siRNA and 60 µL of Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. After cul-
turing the cells for additional 18 h, the transfection procedure
was repeated, and the cells were harvested for analysis 48 h after
the initial transfection. Before harvesting, a fraction of the cells
was exposed to UV and incubated for 2 h with the indicated
drugs. NEs were prepared as described above and analyzed by
Western blot and used in 3� cleavage reactions. For the double
knockdown cells, the first transfection was with BRCA1 RNAi
and the second one with BARD1 RNAi.
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