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ABSTRACT

Cockayne syndrome protein B (CSB) is a member of
the SNF2/SWI2 ATPase family and is essential for
transcription-coupled nucleotide excision DNA re-
pair (TC-NER). CSB also plays critical roles in tran-
scription regulation. CSB can hydrolyze ATP in a
DNA-dependent manner, alter protein-DNA contacts
and anneal DNA strands. How the different biochem-
ical activities of CSB are utilized in these cellular
processes have only begun to become clear in re-
cent years. Mutations in the gene encoding CSB ac-
count for majority of the Cockayne syndrome cases,
which result in extreme sun sensitivity, premature ag-
ing features and/or abnormalities in neurology and
development. Here, we summarize and integrate re-
cent biochemical, structural, single-molecule and so-
matic cell genetic studies that have advanced our
understanding of CSB. First, we review studies on
the mechanisms that regulate the different biochem-
ical activities of CSB. Next, we summarize how CSB
is targeted to regulate transcription under different
growth conditions. We then discuss recent advances
in our understanding of how CSB regulates transcrip-
tion mechanistically. Lastly, we summarize the vari-
ous roles that CSB plays in the different steps of TC-
NER, integrating the results of different studies and
proposing a model as to how CSB facilitates TC-NER.

INTRODUCTION

Cockayne syndrome protein B (CSB) was identified as an
essential component of the transcription-coupled branch of

nucleotide excision repair (TC-NER), a process that prefer-
entially removes transcription-blocking DNA lesions (1–7).
Without CSB, there is no preferential repair of lesions on
the transcribed DNA strand. Mutations in the gene encod-
ing the CSB protein account for the majority of Cockayne
syndrome cases, a devastating premature aging disorder
characterized by developmental and neurological defects as
well as severe sun sensitivity (8–10). Previous work demon-
strated that CSB is the first protein recruited to RNA poly-
merase II (RNA pol II) stalled at bulky DNA lesions, where
it is required to initiate TC-NER and recruit downstream
repair factors (11,12). How CSB mediates downstream re-
pair factor recruitment and how CSB’s chromatin remodel-
ing activity facilitates efficient repair and allows transcrip-
tion to resume post-repair was unknown. Recent studies
have provided mechanistic insights into how CSB and its
biochemical activities may facilitate TC-NER (13,14).

CSB is found in a complex containing RNA pol II, and
in vitro reconstitution assays as well as transcription profil-
ing analyses suggest that CSB also plays a role in general
transcription regulation (15–19). It was not until recently
that direct evidence revealed CSB regulates transcription as
an ATP-dependent chromatin remodeler (20). Additional
studies suggest that CSB’s function in transcription regula-
tion may underlie some of the neurological phenotypes of
Cockayne syndrome (21–23).

CSB is also required for the relief of oxidative stress. Cells
deficient in CSB are sensitive to oxidizing agents, accumu-
late more oxidative DNA lesions than CSB expressing cells,
and display increased levels of intracellular reactive oxy-
gen species (ROS) (24–27). Evidence for CSB in base ex-
cision repair (BER), the major repair pathway for oxidative
DNA damage, has been provided by a number of groups,
which report deficient repair of oxidative DNA lesions in
vitro (26,28–30). Moreover, CSB has been shown to inter-
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act with several proteins involved in BER (27,31,32) and
accumulates at sites of oxidative DNA damage (33). How-
ever, exactly how CSB participates in BER is unknown. It
is important to note that oxidative DNA damage caused
by exogenous or endogenous mechanism can also generate
substrates that could potentially be repaired by TC-NER
(34–36). Indeed, when considering the etiology of Cock-
ayne syndrome, the repair of damaged DNA resulting from
mechanisms other than UV irradiation may be more rele-
vant, as CS patients exhibit numerous complications that
cannot be attributed to sun exposure (8).

Here, we summarize recent findings on how CSB’s bio-
chemical activities are regulated and discuss how CSB may
use these different activities to accomplish its biological
functions in transcription regulation and TC-NER. The im-
portance of understanding how CSB functions within cells
is highlighted by the severity of Cockayne syndrome phe-
notypes. Ultimately, the results of these studies may lead to
therapeutic interventions for Cockayne syndrome patients.

REGULATION OF CSB’S BIOCHEMICAL ACTIVITY

CSB belongs to the SNF2/SWI2 family of ATP-dependent
chromatin remodelers, and these proteins use ATP as en-
ergy to alter DNA-histone and/or DNA-protein contacts
(37–39). CSB has demonstrated DNA- and nucleosome-
stimulated ATP hydrolysis activities as well as DNA strand
annealing and exchange activities (40–42). Importantly,
CSB has been shown to alter nucleosome structure in an
ATP-dependent manner (13,43). Here, we will review the
recent advances in our understanding of the regulation of
ATP-dependent chromatin remodeling by CSB.

The N-terminal region of CSB couples ATP hydrolysis to
chromatin remodeling

Using quantitative restriction enzyme accessibility assays,
Cho et al. (2013) found that CSB exposes nucleosomal
DNA in an ATP-dependent manner but does so with a max-
imal rate ten-times slower than that of the human remodel-
ing complex ACF (13). Deletion of the first 454 amino acids
abolishes CSB’s remodeling activity despite the fact that
CSB�1–454 (CSB�N) maintains its DNA- and nucleosome-
stimulated ATP hydrolysis activity (Figure 1) (13). Further
deletion analysis of the N-terminal region demonstrated
that amino acids 245–365 are critical to couple ATP hydrol-
ysis to chromatin remodeling, as CSB�245–365 (CSB�N1)
is devoid of any ATP-dependent chromatin remodeling ac-
tivity, although it still is a robust DNA- and nucleosome-
stimulated ATPase (Figure 1) (13). This region, termed the
N1 region, is rich in basic amino acids without any recog-
nizable motifs.

NAP1-like histone chaperones interact with CSB and poten-
tiate the ATP-dependent chromatin remodeling activity of
CSB

To understand how CSB’s remodeling activity is regulated,
Cho et al. (2013) identified the NAP1-like histone chap-
erones, NAP1L1 and NAP1L4, as new CSB binding pro-
teins (13). These two proteins bind to CSB both in vitro

and in cells, and the N1 region of CSB is critical for this
interaction (13). Of great interest, NAP1L1 and NAP1L4
substantially increase CSB’s remodeling activity to a maxi-
mal site-exposure rate constant similar to that of ACF (13).
Somatic cell genetics further demonstrated that chromatin
remodeling by CSB and NAP1L4 is critical for the com-
pletion of TC-NER. It was shown that CSB�N1 fails to
completely rescue the UV sensitivity of CSB functional null
cells; however, overexpressing NAP1L4 in the presence of
CSB�N1 fully complements the UV sensitivity (13). Inter-
estingly, down-regulation of NAP1L2, the brain specific iso-
form of the NAP1-like proteins, is associated with neurode-
generative diseases, suggesting a biological significance to
the CSB–NAP1L interactions in relation to Cockayne syn-
drome (44).

How do NAP1-like histone chaperones facilitate nu-
cleosome remodeling by CSB? Lee et al. studied how
CSB/NAP1L1 interact with DNA and remodel nucleo-
somes using single-molecule approaches, including protein
induced fluorescence enhancement (PIFE) and fluorescence
resonance energy transfer (FRET) (45). PIFE assays uti-
lize a fluorophore attached to the DNA as a reporter of a
protein binding on the DNA, and the intensity of a fluo-
rophore is enhanced upon binding of a protein in the vicin-
ity of the fluorophore (46). FRET is based on the excitation
of a donor fluorophore and its concomitant energy transfer
to a neighboring acceptor fluorophore, and the efficiency
of this transfer is converted to an approximate distance be-
tween the two dyes.

Lee et al. found that CSB interacts with DNA in two prin-
ciple ways: a rapid simple binding as revealed by PIFE and
occasional gross DNA distortion detected by FRET (45).
PIFE results indicated that CSB binds DNA at internal sites
and ends without preference, in the presence or absence of
ATP. In contrast to the rapid, simple DNA binding, ATP
hydrolysis by CSB reduced the propensity of CSB to dis-
tort DNA. The latter result is similar to Beerens et al., in
which scanning force microscopy (SFM) demonstrated that
a shortening of contour length of a singly-nicked, circu-
lar DNA occurred upon CSB binding (47). The shortening
of contour length presumably resulted from the wrapping
of DNA on CSB. Similar to the gross changes observed
by FRET, ATP hydrolysis by CSB reduced the frequency
of this DNA wrapping event. However, the shortening of
DNA contour length upon CSB binding observed by SFM
was dependent on ATP binding, while the gross changes in
DNA conformation detected by FRET is independent of
ATP binding (45,47). Whether the difference between these
two studies is due to the nature of the DNA used or if these
are the same event remains to be determined.

Incubating CSB with NAP1L1 first, before mixing with
DNA, induced rare and brief PIFE and no FRET events
(45). Furthermore, PIFE events generated by premixing
CSB with NAP1L1 contained well-defined borders in the
fluorescence traces (with better defined DNA bound versus
unbound states), in strong contrast to CSB alone, indicat-
ing NAP1L1 decreases CSB’s interaction with naked DNA.
NAP1L1 on its own did not generate PIFE or FRET. Di-
rect visualization of CSB-DNA interactions, by incubating
Cy3-labeled CSB with immobilized DNA, revealed increas-
ing Cy3 signals on DNA over time, indicating that multiple
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Figure 1. Schematics of the human CSB/ERCC6 and its yeast homologs, Rhp26 and Rad26. ATPase domains are in gray. Leucine latch motifs (LL) are
in purple and acidic rich regions are in blue. NLS, putative nuclear localization signal. UBD, ubiquitin binding domain.

CSB molecules bind to a single DNA fragment. Similar to
the PIFE results, inclusion of NAP1L1 reduced the number
of CSB-DNA interactions, resulting in well-defined DNA
bound vs. unbound states. Together, these results suggest
that CSB may multimerize on DNA and that NAP1L1 de-
creases this tendency (45).

FRET was also used to monitor remodeling events in real
time using mononucleosomes labeled on both DNA and hi-
stone H2A (45). CSB alone or CSB and NAP1L1 were in-
cubated with immobilized mononucleosomes, and remod-
eling was initiated by adding ATP. Like the human ACF
remodeling complex, nucleosome remodeling by CSB or by
CSB plus NAP1L1 contains three distinct phases: activa-
tion, translocation, and pausing, with the activation step
being rate limiting (45,48). Interestingly, the translocation
steps induced by CSB and ACF both have a rate of about
two base pairs per second. The major difference is that CSB
has higher tendency to pause between two translocation
events. Pre-incubating CSB with NAP1L1 increases the ac-
tivation rate of CSB and decreases the number of paus-
ing events during remodeling. Moreover, the distribution of
FRET values created by CSB when NAP1L1 is present is
narrower than with CSB alone, consistent with results from
bulk experiments revealing that CSB creates more homoge-
nous remodeled products when in complex with NAP1L1
(13,45).

Similarities and differences between CSB and the S. pombe
homolog Rhp26

While the ATPase domains of CSB and its S. pombe ho-
molog, Rhp26, are highly conserved, the flanking N- and
C-terminal regions, which are suggested to regulate CSB’s
enzymatic activity, are shorter and less conserved in Rhp26
(Figure 1) (49). In contrast to CSB, Rhp26 on its own has
little remodeling activity (50). The N-terminal regions of
each protein also function as auto-repressive modules for
ATPase activity (50). However, the N-terminal region of
CSB (amino acids 1–454) is also essential for the recog-
nition of UV-induced DNA lesion-stalled transcription as

well as ATP-dependent chromatin remodeling activity (13).
Wang et al. identified a conserved ‘leucine latch’ motif in the
N-terminus of Rhp26, and this short helix serves to lock
Rhp26 in an inactive state (Figure 1) (50). It would be of
interest to determine if ATP hydrolysis by Rhp26 unlocks
this inactive state, similar to its human homolog CSB (51).
Notably, while the N-terminal region of Rhp26 negatively
regulates the remodeling activity of Rhp26, this region is
dispensable for Rhp26 function in protecting cells from UV-
irradiation, as Rhp26�N fully complements the UV sensi-
tivity of �Rhp26, in contrast to its human homolog CSB
(13,50). These observations suggest that the highly regu-
lated CSB-chromatin interaction mechanism that is used in
mammals is dispensable in Schizosaccharomyces pombe.

The C-terminal regions of both CSB and Rhp26 func-
tion as positive regulatory regions, regardless of the de-
tailed mechanism (Figure 1) (50,51). Like CSB, the C-
terminal region positively regulates Rhp26’s ATPase activ-
ity, as Rhp26�C resulted in decreased ATPase activity (50).
However, CSB contains a ubiquitin-binding domain (UBD)
in its C-terminal region, which is absent in its yeast ho-
mologs (Figure 1). This domain is suggested to be criti-
cal for CSB function in TC-NER as well as transcription
(52,53) and is likely specific to CSB’s role in multicellular
organism development.

CSB IN TRANSCRIPTION REGULATION

Initial involvement of CSB in transcription regulation came
from several lines of evidence. Assays using intact and per-
meabilized cells revealed that transcription elongation is
reduced in CSB cells and that this defect can be comple-
mented by extracts from normal cells (15). This study sup-
ported the hypothesis that Cockayne syndrome may in fact
be a transcription syndrome in addition to a repair syn-
drome, and differences in the extent of gene expression de-
fects might account for differences in the severity of Cock-
ayne syndrome (54–57).

A role for CSB in transcription was further supported
by in vitro reconstitution assays with purified components,
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which revealed that CSB can interact with RNA pol II in
isolation and as part of an elongation complex, and that
CSB can directly stimulate transcription elongation rates
(16,17). Biochemical purification of CSB from whole cell ex-
tracts ultimately demonstrated that CSB is indeed part of a
large complex (>700 kDa) that contains RNA pol II (18).

CSB in transcription regulation during replicative cell growth

Transcription profiling studies supported the notion that
CSB participates in transcription regulation during normal
cell growth and further revealed that this function of CSB is
unlikely general but rather gene-specific (19,58). These ex-
pression studies implicated CSB in the regulation of genes
involved in chromatin structure maintenance and remod-
eling as well as a variety of metabolic processes. Together,
these findings supported the hypothesis that CSB’s role in
regulating transcription may play a more significant role in
the pathology of Cockayne syndrome than previously ap-
preciated.

Deep sequencing of anti-CSB chromatin immunoprecipi-
tated (ChIP-seq) DNA produced the first genome-wide map
of CSB occupancy sites in cells during replicative growth
(20). This study revealed that CSB is significantly enriched
at promoters and enhancers, suggesting that CSB may func-
tion in transcription initiation, in addition to its previously
demonstrated role in transcription elongation (17,18). Mo-
tif analysis of CSB-occupied sites revealed that CSB is en-
riched at sites containing the 12-O-tetradecanoylphorbol-
13-acetate (TPA) response element (TRE), which contains
the binding motif for activator protein 1 (AP-1). AP-1 is a
family of bZIP transcription factors, which include Jun and
Fos family members, and these proteins play critical roles
in responding to environmental stimuli. CSB was shown
to interact with c-Jun and this interaction was found to
be critical for CSB recruitment to TRE-containing sites.
Side-by side comparisons of wild-type CSB and a chro-
matin remodeling-deficient CSB derivative (CSB�N1, Fig-
ure 1) revealed that CSB regulates nucleosome positioning
around its binding sites and alters the expression of nearby
genes (20). Therefore, this study provided the first direct
evidence for a function of CSB in regulating transcription
through its ATP-dependent chromatin remodeling activity
(Figure 2). Nonetheless, not all genes near CSB-occupancy
sites were dependent upon CSB’s remodeling activity, al-
though gene expression was clearly impacted by CSB loss
(Figure 2). Taken together, these observations demonstrate
that CSB has both chromatin remodeling-dependent and –
independent functions in transcription regulation (20). The
remodeling independent function suggests that CSB may
act as a scaffold to recruit transcriptional regulators (blue,
Figure 2), similar to that of its function of recruiting repair
factors in TC-NER (13). Combining tandem affinity purifi-
cation (TAP) with mass spectrometry, Nicolai et al. identi-
fied 33 novel CSB interacting partners. These proteins in-
clude the SWI/SNF-related SMARCA family of proteins,
the transcriptional activator MTA2, and the transcriptional
repressors HDAC1 and GATA2A/B (59). Therefore, CSB
may coordinate its own activity with other remodelers, his-
tone modifying enzymes and transcription factors to regu-
late chromatin structure for transcriptional regulation.

CSB in transcription regulation during oxidative stress

CSB has also been suggested to play a role in transcrip-
tion regulation in response to oxidative stress (58). Kyng
et al. conducted microarray analysis following H2O2 treat-
ment in CSB-null or CSB ATPase mutant cell lines and,
compared to wild type, found expression changes in 122 out
of 6912 genes examined, including genes important for the
stress response, transcription, translation, signal transduc-
tion, and the cell cycle (58). Lake et al. examined CSB oc-
cupancy at a genome-wide level after treatment with mena-
dione, which induces oxidative stress (24). It was found that
CSB occupancy was altered, with a significant increase at
promoters from 2% in unstressed cells to 11% in cells ex-
periencing oxidative stress, suggesting that CSB may regu-
late transcription initiation to mount a response to oxida-
tive stress.

Motif analysis revealed that sites bound by CSB during
oxidative stress are enriched for TREs, as in non-stressed
cells, and that the percentage of CSB-bound TREs did not
change (Figure 2) (24). However, binding motifs for the
transcriptional regulator CCCTC-binding factor (CTCF)
were substantially enriched upon oxidative stress, with an
increase from 1% in non-stressed cells to 11% in oxidatively
stressed cells. CTCF is involved in transcription regulation
and is a key player in regulating long-range chromatin in-
teractions (60,61). In vitro protein-interaction studies using
purified proteins revealed that CSB and CTCF directly in-
teract. Additionally, it was found that this interaction is en-
hanced in cells by oxidative stress (24). Using CTCF knock-
down, it was found that the CTCF protein is needed to re-
cruit CSB to sites containing the CTCF binding motif upon
oxidative stress. Intriguingly, this was also found to be true
for other stress-induced CSB occupied loci that do not con-
tain the CTCF binding motif, suggesting that CTCF may
also recruit CSB to sites that are near a CTCF binding mo-
tif, in addition to sites containing the CTCF motif. Recip-
rocally, CSB was found to increase CTCF-DNA interac-
tion, both in vitro and in cells. Together, these results sup-
port the hypothesis that CSB may work with CTCF to or-
ganize 3-dimensional chromatin structure to efficiently reg-
ulate a transcriptional response to oxidative stress (Figure
2) (24). How CSB’s enzymatic and protein-recruitment ac-
tivities contribute to this process remains to be determined.

Given that CSB is proposed to function in oxidative DNA
damage repair, it is also possible that the interaction of CSB
and CTCF may facilitate the formation of DNA repair hubs
in the 3D chromatin space to efficiently remove oxidative
DNA damage. It will be of great interest to determine the
extent to which CSB is enriched at sites of oxidative DNA
lesions by analyzing DNA mutation signatures associated
with CSB-ChIPed DNA from cells exposed to oxidative
stress.

CSB in transcription regulation in response to UV irradiation

Over thirty-five years ago, it was reported that RNA synthe-
sis fails to recover after UV irradiation in cells from Cock-
ayne syndrome patients (3). This was initially thought to be
the consequence of a block in transcription elongation re-
sulting from defective TC-NER. However, that model was
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challenged by experiments using in vitro transcription sys-
tems with nuclear extracts prepared from UV-irradiated or
mock-irradiated normal human and Cockayne syndrome
cells (62). From this study, it was found that there was a
global defect in transcription initiation in Cockayne syn-
drome cells. This defect was associated with a loss of the
hypophosphorylated, transcription-initiating form of RNA
pol II and a concomitant increase in the hyperphosphory-
lated, transcription-elongating form of RNA pol II. Subse-
quent experiments using ChIP-qPCR confirmed the defect
in transcription initiation and further revealed a decrease in
the recruitment of RNA pol II to the promoters of certain
genes (63).

Recent studies have suggested that the inability to reac-
tivate transcription in Cockayne syndrome cells after UV
irradiation may be due, in part, to an inability to relieve
general transcriptional repression induced by UV irradia-
tion (53,64). Kristensen et al. searched for common fac-
tor binding motifs near the promoters of a collection of
UV-repressed genes and found that these genes contained
binding sites for activating transcription factor 3 (ATF3), a
transcriptional repressor that is activated in response to cel-
lular stress (64–66). In CSB wild-type cells, ATF3 mRNA
and protein levels increase and peak ∼8 h after UV irradi-
ation, which corresponds with maximal repression of genes
whose promoters are bound by ATF3 (64). Between approx-
imately 12 and 24 h after UV irradiation, ATF3 levels de-
crease and ATF3 is removed from bound promoters, and
this correlates with recruitment of RNA pol II as well as
transcription resumption (Figure 2) (64). In CSB-deficient

cells, however, the ATF3 protein and ATF3 occupancy at its
target promoters remain high (64). This work suggested that
CSB might be required to remove ATF3 from its target pro-
moters to allow transcription resumption (Figure 2), and
this hypothesis was subsequently tested (53). It was found
that CSB collaborates with Cockayne syndrome protein A
(CSA) to promote the ubiquitination and degradation of
ATF3, thereby allowing transcription to resume (Figure 2).
CSA is a WD-40 repeat-containing protein that is part of an
E3-ubiquitin ligase complex along with DNA damage bind-
ing protein 1 (DDB1) and Cullin 4A (CUL4A) (64,67,68).
Like CSB, mutations within CSA can also lead to Cock-
ayne syndrome (69). Importantly, using an ATP-deficient
CSB derivative (Q678E), these studies revealed that ATP
hydrolysis by CSB is not necessary for recruitment of CSB
to ATF3-occupied sites or ATF3 ubiquitination; however,
ATP hydrolysis was necessary for recruitment of the pro-
teasomal machinery and subsequent ATF3 turnover. It will
be of great interest to determine if the chromatin remodel-
ing deficient CSB derivative, CSB�N1, can support ATF3
degradation, to examine the role that CSB may play in re-
organizing the epigenetic landscape for the resumption of
transcription initiation after UV-induced genotoxic stress.

It is, however, important to note that while CSB’s role in
ATF3 release may contribute to transcription recovery af-
ter UV irradiation, it is unlikely to be the only mechanism.
ATF3 is also induced by other genotoxins, such as ioniz-
ing radiation and alkylating agents, yet CSB null cells do
not show the same level of sensitivity to these genotoxins as
they do to UV irradiation (66,70–72).
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By sequencing nascent transcripts after UV irradiation,
Williamson et al., discovered that a short, non-coding RNA
generated from the activating signal cointegrator 1 complex
subunit 3 (ASCC3) is preferentially synthesized after UV ir-
radiation (73). The ASCC3 protein produced from the full-
length ASCC3 mRNA is a 3′-5′ DNA helicase that partic-
ipates in the repair of alkylated DNA (74). This ASCC3
protein interacts with both CSB and RNA pol II (75). In-
triguingly, the short, non-coding isoform, like CSB, is re-
quired for transcription resumption after UV irradiation
(73). Moreover, the short and long RNA isoforms have an-
tagonistic functions in the response to UV irradiation (73).
Whether CSB-dependent and ASCC3-dependent transcrip-
tion restart after UV irradiation are mechanistically related
or represent two independent pathways remains to be deter-
mined.

REGULATION OF TC-NER BY CSB

CSB is critical for multiple steps of the TC-NER pro-
cess. Lake et al. (2010) demonstrated that ATP hydroly-
sis by CSB is essential for CSB to become associated with
UV-induced DNA lesion stalled RNA pol II, the critical
first step of transcription-coupled DNA repair (51). How-
ever, chromatin remodeling by CSB is dispensable for this
step, since the ATPase-proficient, yet remodeling-deficient
CSB�N1 mutant is capable of stably associating with chro-
matin at sites of lesion-stalled transcription after UV irra-
diation (13). Chromatin immunoprecipitation experiments
followed by western blot analyses revealed that representa-
tive factors of the nucleotide excision repair machinery, the
transcription elongation complex, and the CSA-ubiquitin
ligase complex are recruited to UV-induced DNA lesion-
stalled RNA pol II in the presence of the chromatin remod-
eling deficient CSB�N1, arguing against the notion that the
function of chromatin remodeling by CSB in TC-NER is
to create access for factor binding (13). These observations,
along with the work of Fousteri et al., indicate that CSB
likely recruits factors for repair and transcription resump-
tion through protein-protein interaction (11). Given that
chromatin remodeling by CSB is required for steps after the
recruitment of the TC-NER machinery, chromatin remod-
eling by CSB likely regulates the chromatin landscape for
more efficient DNA repair and/or transcription resumption
(13). NAP1-like proteins are also expected to contribute to
these activities, as their overexpression in the presence of
CSB�N1 fully rescues the UV sensitivity resulting from the
loss of CSB (13).

CSB without its last 273 amino acids (CSBdel) failed to
complement the UV sensitivity of the CSB-deficient cell
line CS1AN-sv (52). This mutant protein can interact with
RNA polymerase II after UV irradiation and can recruit
necessary NER factors; however, the DNA incision step of
TC-NER is compromised in the CSBdel background (52).
A ubiquitin binding domain (UBD) lies within the last 273
amino acids (Figure 1), and a CSB protein with point mu-
tations that disrupt ubiquitin binding (LL to GG) also fails
to fully complement the UV sensitivity of CS1AN-sv cells,
although the effect on cell survival and RNA recovery is less
severe than CSBdel. These observations reveal that ubiquitin

binding by CSB is important for CSB function in TC-NER
(52).

ATP hydrolysis by CSB is important for the initiation of
TC-NER, however, the exact role of CSB in this process and
how this protein recognizes and interacts with RNA pol
II arrested at DNA lesions is unknown. The electron cry-
omicroscopy (cryo-EM) structure from Xu et al. revealed
that the S. cerevisiae CSB ortholog, Rad26, binds DNA
upstream of the RNA pol II elongation complex, making
contacts with the upstream DNA duplex region and single-
stranded DNA in the upstream fork of the transcription
bubble (Figure 3) (14). Interestingly, Rad26 caused an 80◦
bend in the upstream duplex DNA, perhaps creating novel
interaction surfaces to facilitate repair factor recruitment
(Figure 3) (14). This DNA distortion observed by cryo-EM
might be related to the DNA distortion previously observed
by FRET and SFM (45,47).

By modeling this Rad26 structure with the Snf2 remod-
eler bound to nucleosomes, Xu et al. proposed a model
whereby Rad26 pulls the DNA template strand away from
RNA pol II by translocating on the DNA duplex. This
would lead to annealing the strands of the transcription
bubble, consistent with the observed strand annealing ac-
tivity of CSB (42), and promote the forward movement
of RNA pol II (14). This work also supports a model
in which CSB promotes transcription elongation by pre-
venting backtracking and promoting forward movement of
RNA pol II when it encounters a non-bulky transcription-
stalling signal. However, CSB would fail to promote for-
ward RNA pol II movement in the presence of bulky
transcription-blocking lesions (14).

We would like to propose a model to account for CSB’s
function in different steps of TC-NER, based on the col-
lective work from the human and yeast homologs. CSB
uses ATP hydrolysis to undergo a conformational change
to probe chromatin for lesion-stalled RNA pol II (Fig-
ure 3) (14,51). Once discovered, the N-terminal, substrate-
recognition domain would bind to the lesion-stalled RNA
pol II complex. The association of CSB with lesion stalled
transcription would lead to an 80◦ DNA bend. The CSB-
chromatin association and resulting DNA conformation
would be reinforced by interaction between chromatin and
the C-terminal region of CSB, which is necessary for stable
chromatin association (Figure 3) (14,51). Once stably asso-
ciated, CSB would function as a scaffold, creating a plat-
form to recruit factors needed to repair DNA and resume
transcription (Figure 3) (11,14). This model is supported
by the observations that the remodeling deficient CSB�N1
protein is correctly recruited to DNA lesion-stalled RNA
pol II and can initiate the recruitment of additional protein
factors necessary for DNA repair (13). Subsequently, CSB
would facilitate DNA incision by NER factors through its
Ub-binding domain (UBD) (52). Removal of RNA pol II is
not a prerequisite for the incision events, as strand excision
can occur in a cell-free repair system with a stalled poly-
merase covering the DNA lesion (76).

Genome-wide studies have revealed that repair of
transcription blocking lesions occurs as waves along
gene bodies in the 5′-3′ direction (77,78). Importantly,
by controlling these transcriptional waves with the re-
versible transcription elongation inhibitor 5,6-dicholor-1-
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Figure 3. Model for how CSB integrates into different steps of TC-NER. The association of CSB with RNA pol II stalled at a bulky DNA lesion (red
X) is stabilized. This step requires the DNA/nucleosome stimulated ATP hydrolysis activity of CSB. CSB interacts with both RNA pol II and duplex
DNA upstream of RNA pol II as well as single-stranded DNA within the upstream fork of the transcription bubble. CSB generates an 80-degree bend
in the upstream DNA and provides an interaction surface for recruiting additional TC-NER factors. CSB facilitates this step through protein-protein
interactions, but not through its ATP-dependent chromatin remodeling activity. The C-terminal Ub-binding domain (dark green oval) of CSB is needed
for efficient DNA incision. Dual incisions (arrows) happen in the presence of RNA polymerase II, which is subsequently removed to permit the remaining
steps of the repair processes.

�-D-ribofuranosybenzimidazole (DRB), Chiou et al. have
provided strong evidence that a single transcription elonga-
tion complex does not progress along a template to engage
multiple lesions, but rather dissociates from the template af-
ter the dual incisions. RNA pol II dissociation would expose
the 3′ hydroxyl generated by the incision event to promote
new DNA synthesis and ligation (78). RNA Pol II removal
might be promoted by CSB translocation, by the helicase
activity of XPB or XPD, or simply by instability created by
fragment removal (Figure 3). Using in vitro reconstituted
assays, Selby and Sancar did not observe CSB-mediated re-
moval of lesion-stalled RNA pol II from DNA (40). How-
ever, given that NAP1L1 synergizes with CSB in chromatin
remodeling (13), it would be of great interest to determine if
the combined activities of CSB and NAP1L1 could perform
this task. Additionally, whether the chromatin remodeling
activity of CSB is used to create an epigenetic landscape
that permits more efficient DNA repair or to facilitate tran-
scription resumption after repair remains to be determined.
Future studies examining the structure of the remodeling-
deficient CSB�N1-RNA pol II elongation complex (EC)
will provide insights into the functions of ATP hydrolysis
by CSB in TC-NER.

CONCLUSIONS

Over the recent years, we have learned much about how
the biochemical activities of CSB are tightly regulated and
are used to facilitate TC-NER and transcription regulation;
however, there is still much to be learned. For example, given

that the chromatin remodeling activity of CSB is crucial for
efficient TC-NER, are there different requirements of CSB
(or are additional proteins needed) for TC-NER at nucleo-
some dense as compared to nucleosome-free regions? Does
the enzymatic activity of CSB in any way influence RNA
pol II stalled at bulky DNA lesions to permit DNA repair?
Does CSB play a role in resetting the epigenetic landscape
after TC-NER for transcription resumption? Does CSB-
dependent ubiquitinylation account for transcription regu-
lation beyond ATF3? To what extent does CSB organize the
three-dimensional chromatin structure to orchestrate DNA
repair and transcription regulation during oxidative stress
relief ? Additional studies using structural, genomic and in
vitro reconstituted systems will shed new light on these and
other outstanding questions in the coming years.
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