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BRCA1 and Transcription

Focused Review Series: BRCA1 at 10 Years Since Discovery
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The BRCA1 tumor suppressor gene is expressed in all mammalian cells. Within these
cells, the BRCA1 protein product interacts with several seemingly distinct nuclear complexes.
Proteins within these complexes are potential targets for the E3-ubiquitin ligase activity
associated with BRCA1:BARD1 complexes. Recent breakthroughs have centered on
elucidating critical DNA repair and chromatin-remodeling functions associated with
BRCA1 activity. During both DNA replication and DNA repair, BRCA1 appears to serve
both adaptor and enzymatic functions. Roles include transient physical recruitment of
NBS1, γH2AX, FANCD2 and other proteins in specific repair associated complexes, and
enzymatic activity as an E3-ubiquitin ligase against a subset of these proteins. BRCA1 has
also been implicated as a regulator of transcription. It is in this second capacity that
progress has been much more difficult to assess. In particular, unambiguous adaptor and
enzymatic functions have yet to be demonstrated in transcriptional machinery. Addressing
the critical gap in our understanding of enzymatic targets of BRCA1 will be required for
significant future progress in this field. The following review puts forward a model for
BRCA1 interactions with the transcriptional complex in undamaged cells, and a potential
mechanism for substrate switching between transcription and DNA-repair complexes
following exposure of cells to proliferative or genotoxic stress. This model incorporates
recent evidence that BRCA1 interacts predominantly with hyper-phosphorylated, enzymatically active, RNA polymerase II (RNAPII) in undamaged cells. The model proposes
that BRCA1 binds processive RNA polymerase as part of a genome surveillance function,
upstream of critical roles in DNA repair.
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BRCA1 is a tumor suppressor protein first identified from germline mutations linked
to familial breast and ovarian cancer in humans.1 Most of the BRCA1 mutations observed
in cancer result in truncated or aberrant BRCA1 protein products unable to form stable
complexes with verified BRCA1 interacting proteins. Thus, BRCA1 disease results from
absence, or severely diminished expression, of functional BRCA1 protein.2-4 An expanding
array of studies link BRCA1-deficiency to radiation hypersensitivity, defective
double-strand break repair, defective homology-based repair, and defective S and G2/M
checkpoint control (reviewed in refs. 5–8 and references therein). These studies also demonstrate that loss of BRCA1 is linked to genetic instability and eventual loss of other tumor
suppressor genes. Specifically, wild type p53 function appears incompatible with proliferation in BRCA1-defective cells and mutation or elimination of p53 function is a reliable
indicator of BRCA1 status in these tumors (see refs. 9,10 and others). This result is
supported by animal studies in which removal of p53 can restore proliferative capacity in
BRCA1-defective mice (see refs. 11,15 and others).
Alterations in the stability of DNA repair machinery and chromatin structure appear
to be the defining defects leading to genomic instability in BCRA1 associated disease. Key
to these activities, BRCA1 acts both downstream and upstream of critical regulators of
genotoxic stress including ATM, ATR, NBS1 and γH2AX, FANCD2 and others.8-16
These interactions form elements of a BRCA1-associated repair/surveillance (BASC)
complex and generally require phosphorylation of the BRCA1 protein by ATM/ATR
family kinases, and/or by chk2.17-18 Mutations in a number BRCA1 associated proteins
lead to DNA-repair phenotypes that partially overlap with phenotypes found in BRCA1
deficient cells: ATM,19 chk2 ,20-22 Fanconi anemia,8 H2AX.23-25
In contrast, a large percentage of BRCA1 is unphosphorylated or hypo-phosphorylated
in undamaged and G0/G1 cells26 and the majority of this unphosphorylated BRCA1 associates with transcriptional complexes.27,28 The BRCA1-associated transcriptional (BAT)
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apparatus. Identification of in vivo targets for BRCA1 E3 ligase
activity will clearly be an area of intense interest. In vitro assays have
demonstrated that purified BRCA1: BARD complex enhances RNA
synthesis when mixed with partially purified components of RNA
polymerase.52
A distinct, but not mutually exclusive, model would suggest that
BRCA1 interacts with elements of the RNAPII holoenzyme linked
to post-promoter activities of the complex. Evidence for this model
include interactions of BRCA1 with the elongation factor
NELF-B/COBRA139 and the CstF-50 component of the polyadenylation complex.60,61 Consistent with this new model, we
recently showed that BRCA1 proteins from several species interacted
with phosphorylated RNAPII and preferentially bound to
hyper-phosphorylated RNAPII, typically associated with highly
processive active transcriptional units.28 We provided evidence that
unphosphorylated BRCA1 associated with the most processive polymerase complexes within cells and that the catalytic subunit (p220)
within these complexes was hyper-phosphorylated. Following exposure of cells to DNA damaging agents, BRCA1 was shown to detach
from these elongating RNAPII complexes 60,61 and subsequently
associates with sites of DNA damage.28 These results suggest that
BRCA1 is specifically associated with processive RNAPII complexes
in preference to promoter bound or prepromoter transcriptional
complexes in undamaged cells.
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complex appears to contain, and potentially require, prior association
of several proteins with implicated roles in activated/processive transcription, including: RNA helicase A,29,30 and transcriptional
enhancers NUPIF and the p-TEFb.31 BRCA1 does not appear to be
a target of p-TEFb/cdk9 kinase activity, but the p220 enzymatic
subunit of RNAPII appears to be heavily labeled by both cdk9 and
cdk7, a component of TFIIH, prior to BRCA1 binding. Interestingly,
BAT associated RNAPII is highly processive and may include a large
fraction of processive RNAPII in some cell types.28,32,33 Binding of
BRCA1 to the core RNAPII complex appears to involve hRPB2 and
hRPB10a34 and association of RNApolII with p-TEFb.31 All these
features suggest that BRCA1 associates with a major post promoter
form of RNAPII. Excellent reviews covering evidence that BRCA1
plays a role in transcriptional activation/coactivation can be
found.33,47,48
Genetic and biochemical data have supported roles for BRCA1 in
homologous recombination and other types of DNA repair,35-37
chromatin remodeling,38,39 X-inactivation,40 and as an E3-ubiquitin
ligase.41-44 Intact ATM and/or ATR signaling appears essential for
many aspects of these chromatin associated and repair functions.45
While there is strong biochemical data for roles of BRCA1 in transcription, ATM/ATR and other modifiers of BRCA1 function have not
been shown be to positively regulate these functions and cellular
responses to genotoxic stress may actually block interactions of
BRCA1 with transcriptional machinery.46 This chapter will discuss
the roles of BRCA1 in transcription and DNA repair, and will
attempt to link the two areas together in one model.
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Binding of the transcriptional machinery by the C-terminus of
BRCA1 (BRCA1-CTD) was the first biochemical activity ascribed
to the BRCA1 protein.49,50 Since that report, a series of experiments
have demonstrated that the C-terminus of human BRCA1 (amino
acids 1528–1863) can be used to recruit RNA polymerase II
(RNAPII) to synthetic reporters leading to widely held view that
BRCA1 plays some role in transcriptional activation (reviewed in
refs. 47 and 51). However, direct evidence that intact BRCA1 binds
to promoter regions of genes is lacking.
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DIRECT EVIDENCE THAT BRCA1 BINDS COMPONENTS
OF THE TRANSCRIPTIONAL APPARATUS
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Yeast-two hybrid and coprecipitation experiments originally
supported the assignment of BRCA1 as a binding partner for
RNAPII.27,49,50 This interaction appears to involve one or more
proteins associated with the core polymerase complex.34 Initial studies
provided evidence that the acidic C-terminus of BRCA1 was sufficient
to mediate such interactions,27 and may do so by binding RNA
helicase A.29,34 More recently, it has been shown that other regions
of BRCA1 may also contribute in contacts with RNAPII subunits.52
Previous models of BRCA1 function(s) in transcription are poorly
defined, but favor regulation of various preinitiation steps, including,
but not limited to: recruitment of RNAPII to promoters, transcriptional activation53,54 transcriptional coactivation33,55 and transcriptional inhibition.56-59 It is clear that the BRCA1 protein bound to
RNAPII is present as a dimmer with BARD1 suggesting that the
complex is capable of acting as a fully active E3-ubiquitin ligase,52
however no published evidence exists to suggest that BRCA1 is capable
of transferring ubiquitin to any component of the transcriptional
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For several years now, BRCA1 has been commonly described as a
transcriptional activator or coactivator. Given the general lack of
evidence that BRCA associates with gene promoters, or promoter
bound RNAPII, these terms should be reconsidered. The general
notion that BRCA1 acts as a transcriptional activator/coactivator
evolved following early reports that the acidic C-terminus of the
BRCA1 protein (particularly amino acids 1528–1863) provided
modest levels of transcriptional activation activity when engineered
into a DNA binding complex using the so called Gal4-UAS
assays.49,50 Subsequently, direct binding of BRCA1 to components
of RNAPII complex 27 loosely supported this view. Recently, engineered overexpression of BRCA1 in cells has been used in combination
with cDNA array expression analysis to identify potential transcriptional targets of BRCA1-mediated transcriptional activation62-65 and
provided additional, yet not specific, support for a role in classic
transcriptional activation. Since no “promoter-associated” DNAbinding activity has ever been demonstrated for BRCA1, more
recent work on BRCA1 effects on activation of transcription have
suggested that BRCA1 acts as a coactivator of transcription. This
allowed continued reference to the original hypothesis that BRCA1
could act to recruit RNA polymerase to specific mammalian promoters by binding to specific transcription factors (reviewed in ref. 66).
However, to date, there is no direct evidence that BRCA1 interacts,
directly or indirectly, with the promoter region of any of the genes
proposed to be directly regulated by BRCA1.
Several lines of evidence have now emerged which call into question
the ability of BRCA1 to act as an endogenous recruiter of RNAPII
to promoters.28 First and foremost, we found that full-length
BRCA1 proteins, or the naturally occurring ∆11 splice variants, do
not activate transcription in yeast or mammalian one-hybrid
assays.28,46 Secondly, one-hybrid transcriptional activation activity
of BRCA1-CTDs is poorly conserved and correlates, in part, with
negative charge. Negative charge is known to give problematic false
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potential transcriptional targets,71 suggesting that normal tissues
with “elevated” BRCA1 expression are not responding with expression
of cell cycle arrest markers. On the contrary, normal expression of
BRCA1 is always highest in proliferating cells, both in the embryo,
and in adult mammary tissue.74,82,83 Evidence that BRCA1 acts as a
transcriptional activator (in the classic sense) is thus limited.
Perhaps the best evidence for a role of BRCA1 as a transcriptional
coactivator centers on interactions with p53, a known transcription
factor previously shown to interact with BRCA1. BRCA1 interacts
with p53 via the C-terminal BRCT domains of BRCA1.84,86
Evidence for alterations of p53 responsive gene expression have been
demonstrated in cells expressing exogenous BRCA1.15 However,
these studies are also complicated by reliance on overexpression of
BRCA1 as indicated by stabilization of nuclear p53 to levels indicative of genotoxic response.85 The complexities associated with identifying transcriptional targets of BRCA1 may be daunting, but there
is room to hope. RNA expression profiling of BRCA1-null mice
have shown very few differences in p53 response genes. However,
14-3-3σ has been shown to be downregulated in BRCA1-null embryos
and restoration of expression requires both wild type BRCA1 and
p5387 Clearly, approaches, which take advantage of engineered mice,
and conditionally null cells, will have great utility in sorting through
potential targets. Analysis of coexpression in embryonic or adult
tissues at times of high BRCA1 expression may also prove valuable.71
Ultimately, demonstration of direct interaction of BRCA1 with each
of these factors while bound to arrested transcriptional complexes
will be required for demonstration of specific coactivator function.
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OVEREXPRESSING AND UNDEREXPRESSING CELLS
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positives within the GAL4-UAS assay.67,69 Third, closely related
BRCA1-CTDs from mouse and cow lack significant one-hybrid
transcriptional activation activity when tested in multiple cell types
and under multiple conditions.28,46 Fourth, in-frame fusion of the
mouse CTD onto portions of the human CTD sequence severely
dissipate CTD-associated one-hybrid activity.28 Fifth, in vivo,
BRCA1 proteins from multiple species interact specifically with
hyper-phosphorylated (IIO) RNAPII, widely considered to represent
post-promoter forms of the pol II complex.28 Sixth, in vivo, BRCA1
proteins fail to interact with hypo-phosphorylated (IIA) forms of
RNAPII that would be expected in preinitiation states of the transcriptional apparatus.28
Importantly, in vivo, BRCA1 interacts specifically with a very
large percentage of the catalytically active RNAPII while binding to
a very small percentage of the total RNAPII found in cells, suggesting
that BRCA1 interacts preferentially with post-promoter (late) forms
of the transcriptional machinery.28 We observed that full-length
BRCA1 from mouse and bovine species also copurified with a large
percentage of hyper-phosphorylated (IIO) RNAPII found in cycling
epithelial cells. This distinction, based on fractionation of the
endogenous proteins, suggested that a major role of BRCA1 in
undamaged cells is directed toward post-initiation functions of RNAPII.
These results provide evidence that BRCA1 is not a transcriptional
activator per se, and suggest that roles in transcriptional regulation
would likely involve post-initiation functions, or aspects of genomic
surveillance, that are linked to RNAPII transcriptional machinery.
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A SWITCH MODEL TO EXPLAIN THE TRAFFICKING OF BRCA1
BETWEEN RNAPII COMPLEXES AND SITES OF CHROMATIN
REPAIR

©

20

04

La

nd

es

Bio

BRCA1 expression cassettes have been created to study a diverse
array of BRCA1 functions and as potential therapeutic vectors.
While obviously necessary within the context of a developing field,
studies based on this class of reagents must be carefully considered
based on knowledge available at present. Foremost, endogenous
BRCA1 proteins are expressed at very low levels and are tightly regulated during the cell cycle or in response to genotoxic stress.70,71
Peak steady-state levels of mRNA and protein occur at the G1/S
transition72,75 and protein levels are reduced during M-phase.
Control of expression requires transcriptional regulation by wild
type p53,76 and rescue of wild type BRCA1 function by gene therapy
requires continuous expression of the rescuing allele from the
endogenous promoter.77,78 Because expression of BRCA1 from constitutive promoters results in expression of genes not normally associated
with BRCA1 expressing cells in vivo,71 the utility of constitutive
BRCA1 expression cassettes is a necessary but controversial aspect of
many studies on BRCA1 function.
So what is to be made of the evidence that BRCA1 expression can
induce cell cycle inhibitory factors? Exogenous BRCA1 in mammalian
cells is associated with increased transcription of several stressresponse genes including p21waf1/cip1,79 p2780 and GADD4562 and
decreased transcription of other genes, including certain estrogen
receptor regulated genes.56 The GADD45 response to BRCA1 in
particular is p53 dependent 81 and the p21 response appears indirect
as well. Both BRCA1 overexpressing and underexpressing cells show
evidence of cell cycle arrest mediated by p21. In BRCA1-null cells,
this phenotype is partially alleviated by loss of p53 expression, suggesting activation of various checkpoint functions.15 Examination of
the expression of BRCA1 mRNA in mammalian embryos shows no
overlap with p21 or GADD45 expression, two of the better studied
530

Figure 1 presents a general model describing the mechanical basis
for the BRCA1 movement between processive RNAPII in undamaged
cells, and components of the DNA repair complex following exposure
to DNA, or chromatin, damaging agents. The model indicates that
that BRCA1 binds to various phosphorylated proteins via its BRCT
domains. This region of BRCA1 thus forms a phospho-protein
binding module. Substrate selection is modified first by differential
phosphorylation of the substrates (NBS1, H2AX, FANCD2 etc),
but also requires modulation of binding affinity by phosphorylation
of BRCA1 itself. Phosphorylation during S-phase by chk2 and ATR
kinases lead to specific target selection, and distinct or additional
targets may be recognized following ATM kinase activation.
Phosphorylation by ATM/ATR also reduces contacts with phosphorylated RNAPII, allowing dissociation from sites of transcription
and diffusion to sites of DNA/chromatin repair. Dissociation from
RNAPII may assist but is not required for polymerase stalling, however, the proximity of active transcription complexes to expressed
regions of the genome allows for increased repair activity of the
transcribed strand, known as transcription coupled repair.
Following genotoxic stress, BRCA1 becomes phosphorylated by
ATM/ATR family kinases and dissociates from processive RNAPII
complexes.28 Subsequently, phospho-BRCA1 associates with sites of
DNA repair.26,88 This separation of phosphorylated BRCA1 from
active sites of transcription can be visualized directly in pachytene
spermatocytes where phosphorylated BRCA1 decorates the transcriptionally silent XY body in an ATM/ATR dependent fashion.40 In
normal testes, the XY bivalent is decorated by ATR and an array of
phosphorylated targets, including γH2AX and BRCA1, which are
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proximity of the most sensitive regions of chromatin, those associated
with transcription of active genes in any particular cell. Activation of
the various genotoxic stress pathways (replicative stress, double stand
breaks, and oxidative stress) have been shown to lead to BRCA1
phosphorylation and redistribution within the cell to sites of active
repair. This model potentially accounts for cellular specificity of
BRCA1 associated disease because individual cell types express differing amounts of BRCA1 and express different clusters of genes.
Reduced or modest levels of BRCA1 in mammary, ovarian or
prostate cells (known to be sites of tumor formation in BRCA1
mutation carriers), could predispose these tissues to genome instability
phenotypes. In contrast, other proliferative tissues (notably thymus
and spleen) express much higher levels of BRCA1 and may receive
more protection from this type of disease.
The model shows that substrate recognition is governed by a
phospho-peptide binding function within the BRCT domain of
BRCA1 and that substrate selection is governed by the phosphorylation state of BRCA1, especially in the region of SQ clusters that are
targets of ATM/ATR activity during response to replicative or genotoxic stress. The rational is to have DNA repair machinery, such as
BRCA1, in close proximity to actively transcribed regions of the
genome which are presumably the most critical in any given cell
type.
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Figure 1. BRCA1 movement between processive RNAPII and the DNA repair
complex is regulated by checkpoint and genotoxic stress-responsive kinases.
BRCA1 binds to various phosphorylated proteins via its BRCT domains
which comprise a phospho-protein binding module. Substrate selection is
modified first by differential phosphorylation of the substrates and requires
modulation of binding affinity by phosphorylation of BRCA1 itself.
Phosphorylation of BRCA1 by ATM, ATR and potentially other kinases
reduces contacts with phosphorylated RNAPII, allowing diffusion to sites of
DNA/chromatin repair. RING, ring finger domain containing the E3 ligase
domain; NLS, nuclear localization signal; SQ, clusters of serine glutamine
pairs that are substrates for DNA-PK family kinases including ATM and ATR;
BRCT, a domain containing tandem-BRCT motifs and shown to be a region
of phospho-protein binding. Other symbols include: P, phosphate; arrows
indicate recognition sites for chk2, ATM and ATR kinases. Other kinase
recognition sites are not specified, but could play roles in target selection
and protein stability/turnover.
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