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DNA repair and transcription process complex nucleic acid
structures. The mammalian cell can cross-utilize select compo-
nents of either pathway to respond to general or special situa-
tions arising in either path. These functions comprise activity
networks capable of addressing unique requirements for each
process. Here, we discuss examples of such networks that are
tailored to respond to the demands of both DNA repair and
transcription.

The mammalian genome encodes many damage-responsive
elements. It is established that p53, AP-1, and GADD45, for
example, among numerous other mammalian proteins, have
increased expression following DNA damage (reviewed in Ref.
1). It is not the goal here to examine the regulation of gene
expression in response to genome damage or stress; rather, the
goal is to note the role of proteins that act in both DNA tran-
scription and repair. Although a proteinmay have been studied
historically for DNA repair or transcription, the two pathways
share functions to enact complex cellular processes and may
reflect a common processing path.
In the course of our recent NIH-Nuclear Receptor Signaling

Atlas (NURSA) multi-investigator project, our own extensive
immunoprecipitation/MS study of coregulator complexes
involved in transcription and DNA repair revealed substantial
numbers of protein-protein interactions that occur between
these classes of molecules (2). From overall coverage that
extends into �40% of the proteome, we recovered �200 gene
products that are involved in DNA repair and �900 gene prod-
ucts that were annotated as transcriptional regulators by Gene
Ontology (GO) and NURSA consortia. In our study alone,
strong evidence from reciprocal co-immunoprecipitations sug-
gests that at least 2500 unique pairwise protein associations
bridge these major nuclear processes: DNA transcription and
DNA repair (2). Thus, this unbiased analysis indicated that pro-
teins long identified as “repair” or “transcription” proteins
showed tight interaction. In concert with interactions for pro-
teins previously found to participate in both transcription and
repair in small-scale studies, our evidence demonstrates that
cross-talk between these two networks clearly occurs at physi-
cal and functional levels. In the remainder of this minireview,
we summarize seven selected published examples that high-
light this conclusion.

Transcription-coupled Repair: CSA and CSB

Early evidence that transcription might be directly involved
with DNA repair came from studies of Cockayne syndrome
(CS)2 cells demonstrating that there is a prolonged delay in the
resumption of RNA synthesis after UVdamage inCS cells com-
pared with normal human cells (3, 4). CS cells show sensitivity
toUV light comparedwith normal human fibroblasts, although
they have normal nucleotide excision repair (NER) (5).
The resolution of this apparent inconsistency came from

observations that DNA repair occurs more rapidly in actively
transcribed genes (6). These observations gave rise to the con-
cept of global genomic repair (GGR) and transcription-coupled
repair (TCR). TCR occurs on the actively transcribed strand of
the genome (reviewed in Ref. 7). The human genes that are
needed for TCR were found to be defective in the two comple-
mentation groups of CS cells; without the CS factors (CSA and
CSB) that couple repair to transcription, repair of the tran-
scribed strand occurs at the slower rate of GGR (8, 9).
TCRdiffers from theNERofGGR in the initiation step and in

recognition of the DNA damage, with the prototypic damage
being the cyclobutane pyrimidine dimer resulting from UV
light. Models for TCR assume an arrested RNA polymerase II
(RNAPII) when transcription encounters a lesion. The hin-
drance of the massive transcription apparatus effectively pre-
cludes access of the repair proteins. Initiation of repair in TCR
depends on recruitment of the CSB protein, which binds to
RNAPII and recruits additional factors: CSA, p300, and
HMGN1. Transcription factor (TF) IIS associates with arrested
RNAPII, as shown by ChIP studies, and appears to stimulate
reverse translocation of RNAPII in the presence of CSB (7, 8).
CSA is a component of a ubiquitin ligase complex and may
promote remodeling of chromatin to assist “bubble” formation
(10). In combination with the infrastructure of NER proteins,
repair proceeds. However, XPC and XPE proteins, normally
required for lesion recognition and for creating a small bubble
at the site in NER, are not needed for TCR (11). Overall,
although TCR uses the CSA and CSB proteins not needed for
normal transcription, the process demonstrates a clear interde-
pendence of transcription and repair and highlights the use of
transcription proteins for maintenance of genome stability
(Fig. 1).

NER: XPB and XPD, Components of TFIIH

NER deals with bulky adducts in the genome. Primary obser-
vations by Cleaver in the 1960s (reviewed in Ref. 12) linked
deficiency of NER to the disease xeroderma pigmentosum (XP)
and carcinogenesis. Understanding the complex NER pathway
in mammals came decades later, awaiting the merger of inde-
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pendent lines of studies involving yeast mutants deficient in
repair (reviewed in Refs. 13 and 14), categorization of XP
patients into complementation groups that indicated distinct
genetic defects (reviewed in Ref. 15), and rodent cell systems
with high DNA transformation efficiency (reviewed in Ref. 16).
Unexpectedly, when mammalian genes responsible for the
defects inXPwere identified, two of themwere found to be core
components of the initiating TFIIH: XPB andXPD (17). Both of
these proteins are helicases; XPB proceeds 3�–5�, andXPDpro-
ceeds 5�–3�, unwinding the DNA duplex in an ATP-dependent
process. At the site of the DNA adduct, XPB and XPD relax the
DNA enough for repair to proceed. TheXPDhelicase activity is
required for NER but is dispensable for transcription (18). The
other subunits of TFIIH also appear to be utilized for NER.
These observations demonstrate that major components of the
transcription machinery are specifically required for normal
genome maintenance and repair.

Non-homologous End Joining and Regulation of
Transcription: DNA-dependent Protein Kinase, Ku70,
Ku86, and Topoisomerase II�

In contrast to the observations demonstrating that compo-
nents of transcription act in NER, components of DNA repair
also have been shown to be active in transcription. Non-homol-
ogous end joining (NHEJ) is a repair response for DNA double-
strand breaks (DSBs) that leads to rejoining of DNA strand
ends.Defects inNHEJ also produce immunedeficiency second-
ary to failure of V(D)J recombination. NHEJ utilizes the DNA-
dependent protein kinase (DNA-PK) catalytic subunit and pro-
teins Ku70 and Ku86, along with other proteins, including
XRCC4 (x-ray repair cross-complementing component 4)/
ligase 4 (reviewed in Refs. 19–21). DNA-PK is a very abundant
nuclear protein in all cell types, and its kinase activity is stimu-
lated 500-fold by DSBs (22).
DNA-PK has also been implicated in the regulation of tran-

scription. We noted a requirement for DNA-PK phosphoryla-
tion of the progesterone receptor during transcription at a pro-
gesterone-regulated promoter (23), and additional similar
evidence has since been reported (24–26). Transcription at
endocrine nuclear receptor-binding sites has been shown to
require DNA topoisomerase II� (topoII�) and Ku70/Ku86 in
addition to DNA-PK (27). topoII� alters the linking number
(excess turns of the duplex over the helical structure) of the

DNA in units of two, reducing supercoiling via double-strand
cleavage and religation, and has been speculated to have a num-
ber of roles, including genome stability (28). The function of
topoII� in regulation of transcription may be relaxation of the
supercoil structure at the promoter, facilitating RNAPII access
to the site. topoII� is required for transcription of several addi-
tional genes investigated, including the androgen receptor, ret-
inoic acid receptor, and thyroid receptor genes (27). Because
topoII� catalyzes incision and resealing, XRCC4/ligase 4 are
not required, as would be the case in DSB repair. Thus, tran-
scription initiation differs significantly from NHEJ while using
core components of the NHEJ/DSB repair path. These findings
demonstrate that proteins known to be required for NHEJ are
required for transcription

ADP-ribosylation in Transcription and Repair:
Poly(ADP-ribose) Polymerase

Poly(ADP-ribose) polymerase (PARP) is a DNA repair
enzyme that was identified almost 50 years ago (29). In humans,
there are 18 genes in the family, with PARP-1 being the proto-
type and most abundant (30). In response to DNA damage,
PARP-1 catalyzes attachment of ADP-ribose moieties from
NAD� substrate to proteins in polymers up to a length of 200
bases (“PARylation”). PARP-1 is a nuclear protein present at
high concentrations in cells (up to 2 million copies/cell) and
attaches to and is stimulated 500-fold by DNA termini or cru-
ciforms (30–33). DNAdamage causes PARP-1 to bind to either
DNA single-strand breaks or DSBs via its zinc finger motifs,
where it may act as a sensor or signal molecule to recruit repair
proteins and also PARylate proteins after undergoing extensive
post-translational modification (PTM) (34, 35).
Despite the attention to DNA damage, it had been suspected

for some time that the function of PARP-1 might not be
restricted to DNA repair (36). During the past decade, numer-
ous interactionswith other proteins, includingDNA-PK, topoi-
somerases, core histones, histone H1, NF-�B, and p53, have
indicated roles for PARP-1 function in chromatin structure,
inflammation, and transcription. PARP proteins modulate
chromatin structure by PARylation of histones (37). In partic-
ular, the association of PARP-1 and DNA-PK suggests a regu-
latory interaction; PARP can stimulate DNA-PK activity via
PARylation, and PARP can be phosphorylated by DNA-PK
(38).

FIGURE 1. DNA transcription and repair as an overlapping process. The parallel lines represent the DNA helix with breaks indicated. A given DNA repair
process is indicated above the line. Multiple-use proteins are noted below the repair response. Non-transcription repair is to the left of the promoter; the
promoter region is represented by the shaded box, and transcription is indicated to the right. RPA, replication protein A; HRR, homologous recombination
repair; LigIV, ligase 4; RNAPolII, RNA polymerase II; Ac, acetylated. TFIIH is the transcription preinitiation complex, and TFIIS is the transcription elongation
complex.
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PARP-1 enables transcription at promoter sites for estrogen-
responsive genes (27). It appears that PARP-1 is part of a core-
pressor complex with nucleolin, nucleophosmin, and Hsp70 in
the non-induced state but is also part of a coactivator complex
when the ligand is present (27, 39). ChIP studies indicate a
general role for PARP-1 in all transcription, as analysis by
genomic microarrays demonstrated that PARP-1 binds to 90%
of RNAPII promoters (40). However, it appears that only
�3–4% of the transcriptome is regulated directly by PARP-1,
primarily positively (41).
Given the very high concentration of PARP-1 as a nuclear

protein and its utilization of NAD� as a cofactor, PARP-1
appears to be a major regulator of NAD� levels in the cell.
PARP-1 regulates the activity of the histone deacetylase SIRT1
by NAD� pool management (42); PARP-1 and SIRT1 are in
competition for the available NAD�. In addition, PARP-2
directly affects transcription of SIRT1 as a negative regulator of
the SIRT1 promoter (43). Overall, it appears that the PARP-1
and SIRT proteins may counter-regulate both by manipulation
of NAD� pool size and direct promoter modification and by
possible bidirectional regulatory ADP-ribosylation.
The findings show that PARP-1, a “repair protein,” is a pri-

mary factor in transcription and PTM of proteins. PARP-1 also
might control transcription indirectly by modification of chro-
matin structure and is a central actor in energy metabolism by
regulation of NAD� levels and sirtuin transcription.

Orphan Nuclear Receptors: NR4A

The NR4A orphan nuclear receptors are transcriptional
coregulators that do not have known ligands and are constitu-
tively active (44, 45). The NR4A group participates in genome
stability, and its members are tumor suppressors (45). Isolation
of proteins interacting with NR4A shows that DNA-PK is asso-
ciated but does not apparently influence the transcriptional
activity of NR4A (46). However, phosphorylation by DNA-PK
is required for NR4A action inDNA repair. NR4A expression is
increased with DNA damage (DSBs) and NR4A localizes to
nuclear foci along with numerous repair proteins, dependent
on PARP-1 (46). Depletion of NR4A produces increased DSBs
after cellular DNA strand breaks caused by inhibition of topo-
isomerase I (46). However, the DNA-binding domain of NR4A,
required for transcription, is not required for DSB response.
These findings demonstrate that the NR4A nuclear receptors
(transcriptional coregulators) are required for normal DSB
repair and must be modified by both DNA-PK and PARP-1 for
activation and localization in the DNA repair process.

Protein Acetylation: Tip60

Histone acetylases (HATs) comprise components of histone-
remodeling complexes that acetylate histones at specific sites to
regulate transcription (reviewed in Refs. 47 and 48). This action
constitutes a complex code for regulation of gene activation.
Acetylation of histones also occurs after DNA damage, perhaps
to allow access or recruit DNA repair enzymes, serving a signal-
ing function (49, 50).
HAT activities have been demonstrated to target proteins

other than histones. As an example, the HAT Tip60, an HIV-1
Tat-interactive protein, has a wide range of activities (51, 52).

Tip60 is a component of the chromatin-remodeling complex
Nu4A and a member of the MYST protein family and acts as a
transcriptional coregulator. HAT proteins can acetylate
nuclear receptors (47, 53, 54), and Tip60 directly acetylates the
androgen receptor, enhancing transcription (55). Thus, Tip60
acts to regulate transcription indirectly as a regulator of chro-
matin structure and directly as a transcriptional coactivator for
specific promoters.
HATs as a class of enzymes also act in genome repair and

stability. Tip60 is known to have specific functions in the DNA
damage response; it acetylates ATM (ataxia telangiectasia
mutated) prior to ATM autophosphorylation, and the acetyla-
tion is a required step for the checkpoint and repair functions of
ATM (56, 57). This finding demonstrates a direct role in DNA
repair for Tip60. We found that Tip60 acts in the repair of
interstrand cross-linking (ICL) and that depletion of Tip60
leads to cellular sensitivity to DNA-cross-linking agents.More-
over, Tip60 can promote apoptosis after ICL damage (58, 59). A
possible basis for the role in ICL repair might be that Tip60
modulates chromatin structure in the region of DSBs, a func-
tion apparently required for ICL repair (52). These findings
show that Tip60, a HAT, is active in chromatin remodeling and
protein acetylation, regulating transcription, but is also
required for DNA repair and normal genome stability.

Tumor Suppressors: BRCA1 and BRCA2

The breast tumor suppressor genes BRCA1 and BRCA2 do
not have simple, precisely identified functions but appear to act
in genome stability, DNA repair, and regulation of transcrip-
tion and chromatin structure (60–63). We found that cells
depleted of BRCA1 or BRCA2 demonstrate genome instability,
even without DNA damage (64, 65). BRCA1 and BRCA2 are
transcriptional coregulators, and genomic studies have defined
promoter binding (66, 67). Because BRCA1 and BRCA2 are
tumor suppressors, it may be postulated that increased tran-
scriptional activity of oncogenes is one basis for carcinogenic
effects following mutations causing loss of function of the
BRCA1 or BRCA2 protein. BRCA2 is also negatively regulated
by PARP, suggesting anothermechanismwhereby PARPmight
influence transcription (68).
BRCA1 associates with numerous DNA repair proteins, as

shown by the BASC (BRCA1-associated genome surveillance
complex) complex, identified by co-immunoprecipitation (69).
We also have identified protein interactions of BRCA1 and
BRCA2 by mass spectroscopy, defining a set of interactive pro-
teins,minimal endogenousmodules (2). Together, these results
support roles in DNA repair and genome stability for BRCA1
and BRCA2. Indeed, the BRCA2 gene is part of the Fanconi
anemia pathway and has been identified as the FANCD1 gene
(70). BRCA1 also acts in the ICL repair response, functioning
downstream of the FANCD2-FANCI ubiquitinated dimer (71,
72). These findings demonstrate that the BRCA proteins have
protean primary roles in transcriptional regulation and inDNA
repair and genome stability.

Summary and Perspective

From the foregoing examples of systems acting in both tran-
scription and genome repair, several points stand out. First, it
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appears artificial to separate DNA repair and transcription.
Rather, they are processes that deal with similar or identical
nucleic acid structures and shared mechanisms. These pro-
cesses might be better thought of as activity networks than
pathways. For such networks, somemembers will be promiscu-
ous and act in other networks. Such second network activity
may not require certain functions of the protein needed for the
first network. For example, the action of NR4A in DNA repair
versus its action in transcription requires differential PTM.
Second, components of modular protein assemblies may act

selectively inmore than one process of transcription or genome
repair. For example, Tip60 can act as a chromatin-remodeling
agent or as a protein acetylase, with ATM as the target. For
other processes such as NER, substitutions may occur in the
protein modules, such as with the XPD function that is needed
for the repair activity of TFIIH, but not for transcription.
Third, for modular protein assemblies, specialized proteins

may allow the network to execute a select function, as in the
case of theCSA andCSB proteins enablingNER components to
support TCR activity. In such a circumstance, the specialized
pathway protein may eliminate the need for some of the origi-
nal network components, as, for example, XPC and XPE not
being needed for TCR.
Finally, regulation of energy metabolism and transcriptional

elements appear to be closely linked. PARP-1 is a node in both
processes, interacting with and likely counter-regulating sir-
tuins and DNA-PK. At the same time, PARP-1 acts selectively
in transcription and broadly in PTMof proteins to enable DNA
repair and transcription.
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