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Abstract

Cockayne syndrome (CS) is a premature aging disorder characterized by developmental defects, 

multisystem progressive degeneration, and sensitivity to ultraviolet light. CS is divided into two 

primary complementation groups, A and B, with the CSA and CSB proteins presumably 

functioning in DNA repair and transcription. Using laser microirradiation and confocal 

microscopy, we characterized the nature and regulation of the CS protein response to oxidative 

DNA damage, double-strand breaks (DSBs), angelicin monoadducts, and trioxsalen interstrand 

crosslinks (ICLs). Our data indicate that CSB recruitment is influenced by the type of DNA 

damage, and is most rapid and robust as follows: ICLs > DSBs > monoadducts > oxidative 

lesions. Transcription inhibition reduced accumulation of CSB at sites of monoadducts and ICLs, 

but did not affect recruitment to (although slightly affected retention at) oxidative damage. 

Inhibition of histone deacetylation altered the dynamics of CSB assembly, suggesting a role for 

chromatin status in the response to DNA damage, whereas the proteasome inhibitor MG132 had 

no effect. The C-terminus of CSB, and in particular its ubiquitin-binding domain, were critical to 

recruitment, while the N-terminus and a functional ATPase domain played a minor role at best in 

facilitating protein accumulation. Although the absence of CSA had no effect on CSB recruitment, 

CSA itself localized at sites of ICLs, DSBs and monoadducts, but not oxidative lesions. Our 

results reveal molecular components of the CS protein response and point to a major involvement 

of complex lesions in the pathology of CS.
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Introduction

Cockayne syndrome (CS) is a premature aging disorder that is inherited in an autosomal 

recessive manner 1-3. The prevalence of CS is 2-3 per one million live births. As 

predominant clinical features, CS patients display developmental failure, such as loss of 
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body weight and short stature; severe multisystem progressive degeneration, including 

microcephaly, hearing loss and nervous system defects; and also marked photosensitivity. 

The various pathologies, which can vary in severity depending on the nature of the mutation 

and presumably other genetic and nongenetic factors, give rise to premature aging features 

and eventually lead to a shorter life span, which is why CS is often referred to as a 

segmental progeria.

CS is comprised of two major complementation groups: CSA and CSB 4, 5. Roughly two-

thirds of the patients have mutations in the CSB gene 6. CS is subdivided into three primary 

subtypes [type I (moderate), II (severe) and III (mild)] according to the extent and onset of 

the disease 7. The phenotypes of CSA or CSB patients largely overlap, although the disease 

severity seems to be disparate. In particular, over half of the CSB (ERCC6) mutations (56%) 

cause the most severe forms of CS, namely type II, as well as the pediatric disorder cerebro-

oculo-facio-skeletal (COFS), whereas CSA (ERCC8) mutations (75%) appear to be primarily 

involved in CS type I, which is a more moderate form of the disease, although the onset of 

symptoms still arise in early childhood.

The 396 amino acid (44 kDa) CSA protein consists almost entirely of WD40 repeat motifs, 

seven in total, which are typically involved in coordinating interactions among multiprotein 

complexes 4, 8. CSA, which itself harbors no known enzymatic activity, appears to be a 

component of a predicted ubiquitin E3 ligase complex comprised of CUL4, RBX1 and 

DDB1 9. The CSB protein of 1493 amino acids (168 kDa) is a member of the SWI2/SNF2 

family of chromatin remodelers, and harbors conserved motifs for ATP binding and 

hydrolysis in the central portion of the polypeptide 10. Consistently, CSB is a DNA-

dependent ATPase, with potential roles in chromatin reorganization. Notably, the N- and C-

terminal regions of CSB are less well defined structurally and functionally, although they 

are thought to impart enzymatic and protein interaction specificity. Evidence indicates that 

the biological contributions of CSA and CSB are likely in transcription regulation and/or 

DNA repair.

Early work indicated that CSA and CSB participate in transcription-coupled nucleotide 

excision repair (TC-NER). In particular, CS patient cells display (i) hypersensitivity to 

ultraviolet(UV) light, which induces bulky DNA adducts, namely cyclobutane pyrimidine 

dimers (CPD) and pyrimidine (6-4) pyrimidone photoproducts, and (ii) failure to recover 

RNA synthesis following irradiation 11. In TC-NER, arrest of RNA polymerase II (RNAPII) 

at the site of the blocking lesion (e.g., a UV photoproduct) results in a biochemical response 

that involves CS protein recruitment, followed by assembly of NER factors, such as the 

nuclease complex ERCC1/XPF 12. Repair is subsequently carried out, before restoration of 

RNA transcription. Studies have documented that CSA- and CSB-deficient cells exhibit a 

lack of preferential repair of CPDs in actively transcribed genes, consistent with a failed TC-

NER response 13, 14. TC-NER appears to also extend to bulky adducts generated by 

cisplatin, a compound capable of forming both intrastrand and interstrand DNA 

crosslinks 15.

In addition to the defects reported in the repair of helix-distorting, transcription-blocking 

lesions, work has revealed functions of CSA and CSB in the response to oxidative DNA 
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damage. For example, studies have found, at least in some cases, that CS mutant cells are 

hypersensitive to oxidizing agents, such as γ-irradiation, paraquat and potassium 

bromate 16-18, and accumulate oxidative base lesions, including 8-oxoguanine and 

formamidopyrimidines 19, 20. Moreover, the CSB protein has been shown to communicate 

with the base excision repair (BER) pathway, a major system for coping with oxidative 

lesions, via functional interactions with the DNA glycosylases NEIL1 21 and NEIL2 22, and 

the apurinic/apyrimidinic endonuclease APE1 23. Whether the contribution of CSB to BER 

is transcription-associated or is part of a general genome response is presently under debate.

Besides functions in NER- and BER-related pathways, studies have identified roles for the 

CS proteins in the repair of complex lesions, such as DNA interstrand crosslinks (ICLs) and 

double-strand breaks (DSBs). In particular, deficiencies in CSA or CSB result in 

hypersensitivity to crosslinking agents, such as cisplatin, mitomycin C (MMC) or 

psoralen/UVA 24-27. In addition, reporter assays with MMC or cisplatin ICL substrates 

found that CSB-deficient cells exhibit decreased reactivation activity, indicative of failed 

DNA damage removal 25, 28. Moreover, our data indicate that CSB coordinates the 

resolution of ICLs, possibly in a transcription-associated repair mechanism involving an 

interaction with the 5′-3′ exonuclease SNM1A 24. Finally, it has recently been shown that 

CSB modulates the resolution of DSBs via homologous recombination, possibly in a 

transcription-associated process that engages RAD51C and RAD52, and checkpoint 

activation 29, 30. Studies suggest that the accumulation of DNA damage in CS cells may 

promote mitochondrial dysfunction via a hyperactive PARP1 response 31.

The combination of high resolution live-cell imaging and the ability to generate localized 

DNA damage within the nucleus has helped to reveal important insights into the 

involvement of proteins in the DNA damage response. For example, established confocal 

microscopy/microirradiation systems have uncovered that CSB accumulates at sites of UV 

photoproducts, ICLs and oxidative DNA damage 24, 32. Exploiting an in-house technology 

that integrates laser microirradiation and confocal microscopy, we aimed to define the 

elements that regulate CSA or CSB recruitment and retention at sites of enriched localized 

DNA damage, with a current emphasis on CSB.

Results

System for introducing localized DNA damage & monitoring protein responses

Over the past several years, we have developed a platform that integrates laser 

microirradiation and confocal microscopy to introduce targeted DNA damage and visualize 

protein recruitment/retention 24, 33-36. Our technology uses a 365 nm laser, which depending 

on the power employed and the activatable agent included in the culture medium, has the 

capacity to introduce mainly oxidative DNA damage or more complex lesions. In particular, 

we have described previously that “low” laser alone (1.7%) can activate a response by CSB, 

where recruitment is abrogated by the addition of the anti-oxidant N-acetylcysteine (NAC) 

to the medium 24. These results indicate that the major lesions created at 1.7% laser alone 

consist of predominantly oxidative modifications. In addition, our recent work found that 

CSB is recruited to sites of trioxsalen + 1.7% laser, and that this response is not affected by 

the addition of NAC, indicating that the predominant modification under these conditions is 
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the trioxsalen-induced ICL species 24. Finally, prior work using angelicin + 2.2% laser - a 

trioxsalen analog designed to generate only monoadducts and not ICLs - was found to 

promote recruitment of a number of NER proteins, including the recognition factors XPA 

and XPC, consistent with the major DNA product being a bulky, helix-distorting substrate 

for the pathway 36.

To more thoroughly define the nature of the DNA damage created under our treatment 

conditions (see below), we visualized YFP-tagged XRCC1, γH2AX and 53BP1 

accumulation within the nucleus of laser microirradiated cells (Figure 1), thereby assessing 

markers for oxidative damage, complex lesions and DSBs, respectively. Our studies 

revealed a robust recruitment of the BER-related protein XRCC1 at 1.7 and 2.2% laser 

alone, consistent with the formation of oxidative DNA damage (Figure 1A). Moreover, 

exposure of cells to NAC prior to microirradiation greatly suppressed the XRCC1 response 

(Figure 1A), supporting the prior evidence that the major lesions under this treatment 

condition are oxidative modifications 24. γH2AX foci were observed at sites of angelicin + 

laser, trioxsalen + laser and high laser alone (5.5%), but not low laser alone (1.7 or 2.2%), 

consistent with the three former situations generating complex lesions, such as bulky 

monoadducts, ICLs and DSBs, respectively (Figure 1B). 53BP1 accumulation was detected 

at sites of high laser alone, consistent with prior studies suggesting the production of DNA 

DSBs in this scenario 37, and trioxsalen + laser (Figure 1B), implying the creation of DSBs 

or a specific role for 53BP1 in the response to ICLs 38. Thus, in light of the current findings, 

we expect the five different treatment conditions employed herein to produce or enrich for 

the following types of DNA damage: 1.7% or 2.2% laser alone = oxidative DNA damage 

(base lesions & single-strand breaks); 5.5% laser alone = complex lesions, such as DSBs; 

angelicin + 2.2% laser = bulky monoadducts; and trioxsalen + 1.7% laser = ICLs.

Response profile of CSB is determined by the nature of the DNA damage

To characterize the recruitment and retention of the CS proteins to localized DNA damage 

in live cells, we initially focused on the response of CSB to the different treatment scenarios 

outlined above, following transfection of pCSB-GFP into HeLa cells (Figure 2). Our studies 

reveal that CSB-GPF (confirmed to be functionally active by complementation of the UV 

irradiation sensitivity of CS1AN CSB mutant cells; Figure S1) responds to the lower laser 

doses (1.7% and 2.2%) in a similar manner, consistent with these two conditions generating 

a comparable spectrum of DNA alterations, likely oxidative damage. In the situation 

involving 5.5% laser exposure, which generates a detectable level of γH2AX or 53BP1 foci, 

presumed to represent DNA DSBs or other complex lesions (see above), the CSB response 

was comparatively more rapid and robust, particularly within the first 2 min after DNA 

damage induction. In conditions involving angelicin + 2.2% laser, CSB accumulated to a 

much greater degree relative to the 2.2% laser alone. Of all the treatment conditions, the 

recruitment of CSB was most rapid and pronounced to sites of trioxsalen/1.7% laser-induced 

ICLs, although the dispersement from the damage was also more swift. Collectively, the 

data indicate that the different treatment conditions generate distinct DNA damage profiles, 

and that the nature of the damage influences the kinetics and degree of CSB recruitment, 

with more complex lesions, such as ICLs, DSBs and bulky monoadducts, promoting a more 

robust, and often more rapid, response than simple oxidative modifications (Figure 2B).
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Western blot analysis revealed that in our transient-transfection experiments using HeLa 

cells, GFP-CSB was expressed at roughly 48-fold higher levels than the endogenous CSB 

protein (Figure S2A). To reduce concerns about (i) the potential complication of the high 

level of the transiently-expressed protein and (ii) the potential interference of the 

endogenous protein on the response kinetics, we examined GFP-CSB recruitment in a 

stably-complemented CS1AN CSB-deficient cell line (Figure S2B, C). This cell line 

expressed the GFP-CSB fusion protein at levels comparable to what is seen for the 

endogenous protein in HeLa cells (Figure S2A). Recruitment studies using the five DNA 

damage scenarios revealed a response profile for CSB in the complemented cell line that is 

similar, although varying to differing degrees in intensity and kinetics, to that observed in 

the transient HeLa cell experiments (compare Figure S2B, C with Figure 2).

Transcription inhibition differentially affects CSB response to distinct forms of DNA 
damage

Since we had previously shown that the CSB protein response to trioxsalen ICLs is 

suppressed by the addition of the RNAPII inhibitor, α-amanitin, to the medium 24, we 

examined here the effects of RNAPII transcription inhibition on recruitment of CSB to 

oxidative DNA damage (or 1.7% laser alone from hereon) and angelicin monoadducts. As 

shown in Figure 3, treatment of HeLa cells with α-amanitin prior to microirradiation 

significantly reduced CSB-GFP accumulation at localized DNA monoadducts, as would be 

expected for a prototypical TC-NER response that is initiated by RNAPII arrest at a 

blocking lesion. As for oxidative DNA damage, our studies indicate that the initial phase of 

CSB recruitment (i.e., the first ∼5 min) is not affected by RNAPII inhibition, although the 

total accumulation and retention of CSB appears to be dampened (Figure 3). In particular, 

the relative fluorescence intensity (RFI) values comparing untreated and α-amanitin treated 

cells reached statistical significance (set as p < 0.05) at 30 sec for angelicin monoadducts, 

but not until 20 min for oxidative lesions. Collectively, our data indicate that bulky 

monoadducts and DNA ICLs engage the CSB pathway in a transcription-associated manner, 

whereas initial CSB recruitment to oxidative DNA damage does not require active RNAPII 

transcription. However, the organization and retention of CSB at sites of oxidative DNA 

damage (i.e., at the later stages after damage induction) does appear to involve active 

RNAPII machinery.

Histone acetylation status, but not the proteasome mediated-degradation pathway, 
modulates the CSB response

Since CSB has been shown to associate with chromatin and participate in chromatin 

remodeling 39-42, we examined whether the status of histone acetylation would affect the 

recruitment or persistence of CSB at sites of DNA damage. Towards this end, following 

pCSB-GFP plasmid transfection into HeLa cells, but prior to laser microirradiation, cells 

were pre-treated with a histone deacetylase (HDAC) inhibitor, either sodium butyrate (NaB) 

or trichostatin A (TSA); these inhibitors prevent histone deacetylation, resulting in 

chromosome relaxation. We observed that CSB-GFP exhibited a trend towards increased 

accumulation at localized oxidative DNA damage in cells treated with either HDAC 

inhibitor, as compared to the untreated control cells (Figure 4). As for ICLs, we observed an 

interesting phenomenon where in the presence of either NaB or TSA, the initial burst of 
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CSB-GFP recruitment (30 sec to 1 min), which is seen in the absence of the HDAC 

inhibitor, is lost; however, the overall accumulation and retention of CSB (5 min and later) 

is greater in the presence of NaB or TSA relative to the untreated control (Figure 4). These 

studies reveal that open chromatin by-and-large results in an apparent increase in 

accumulation of CSB at sites of localized DNA damage (potentially due to the increased 

accessibility of DNA), although an open chromatin state may reduce the need for rapid 

recruitment of CSB in situations involving complex lesions, such as DNA ICLs, possibly 

reflecting a specialized role for CSB in chromatin remodeling. We also found that 

pretreatment of HeLa cells with the proteasome inhibitor MG132 did not observably alter 

the CSB response to either oxidative DNA damage or DNA ICLs (Figure S3), suggesting 

that CSB recruitment and retention are not obviously influenced by proteasome-mediated 

degradation.

The terminal regions of CSB direct its response to DNA damage

As noted earlier, the central portion of the CSB protein harbors a conserved SWI2/SNF2 

helicase-like ATPase domain (Figure 5A, yellow bar). The N- and C-terminal portions of 

CSB, however, are less well defined, both in terms of their structural and functional 

properties; although there are reports that they may regulate chromatin association and the 

remodeling activities of the protein 40. To determine the contribution(s) of the different 

regions of CSB to the DNA damage response, we created three different constructs that 

express GFP-tagged CSB fragments: N-CSB (amino acids 1-507), M-CSB (455-1009) and 

C-CSB (1010-1493) (Figure 5A).

Following transfection of the different GFP-tagged constructs into HeLa cells, we initially 

observed a distinct intracellular localization pattern for each protein fragment that is worthy 

of comment (Figure 5B). In particular, unlike full-length CSB (CSB WT), which is 

specifically localized to the nucleus, with nucleolar enrichment; N-CSB-GFP showed 

strictly pan-nuclear staining, without nucleolar enhancement; M-CSB-GFP showed a broad 

distribution throughout the cell, including in the cytoplasm, with noticeable nucleolar 

exclusion; and C-CSB-GFP exhibited a pattern more similar to CSB WT, although with 

perhaps a slightly reduced nucleolar concentration. These data suggest that the N- and C-

terminal ends of CSB regulate localization to the nucleus, with the C-terminal portion 

perhaps harboring the strongest signals for nucleolar targeting, though confirmation of these 

conclusions is currently underway.

Regarding the response of the various CSB fragments to either oxidative DNA damage 

(1.7% laser alone), angelicin monoadducts or trioxsalen ICLs, we found that in all situations 

the C-CSB-GFP protein was most similar to CSB WT, although with slight variation in total 

accumulation, particularly in the latter two conditions (Figure 5C-E; Figure S4). The N-

CSB-GFP protein also showed a broad response to DNA damage induction, yet in all 

scenarios, the response was significantly reduced in comparison to CSB WT or C-CSB-

GFP. Strikingly, the M-CSB-GFP protein did not respond to any DNA damage condition, 

indicating that the ATPase domain on its own is not involved in substrate recognition or 

repair protein complex assembly, molecular events that are apparently mediated by the 

terminal portions of the CSB, particularly its C-terminus.
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Ubiquitin-binding domain (UBD), but not ATPase function, is critical to CSB response to 
DNA damage

As shown above, M-CSB, which contains the ATPase domain, does not respond to DNA 

damage. To explicitly evaluate the contribution of the ATPase function of CSB in 

recruitment, we created an ATPase mutant construct, where we site-specifically introduced a 

Walker A motif mutation (CSBK538A) known to inactivate the ATPase function 43. 

Interestingly, we note that full-length CSBK538A was mainly localized in the nucleoplasm, 

with less accumulation in the nucleolus as compared to CSB WT (compare Figure 2A and 

6A), perhaps implicating the ATPase activity in regulating the intracellular distribution of 

the protein. Nevertheless, recruitment of CSBK538A to oxidative lesions, angelicin 

monoadducts or trioxsalen ICLs was effectively identical to CSB WT (Figure 6A), 

indicating that the ATPase function of CSB is not essential for protein assembly at sites of 

DNA damage.

Prior amino acid sequence analysis of CSB identified a CUE or ubiquitin-binding associated 

domain, termed the UBD, in the C-terminus of CSB (residues 1400 to 1428), which has the 

ability to bind mono- or poly-ubiquitin substrates; in addition, mutation analysis revealed its 

importance in TC-NER following UV irradiation 44. To determine if the UBD influences 

CSB recruitment to DNA damage, we created an UBD mutant expression construct (CSB 

UBDmut), where L1427L1428→G1427G1428 mutations were introduced into the full-length 

protein. First, it is noteworthy that the CSB UBDmut displays a more diffuse intracellular 

distribution in comparison to CSB WT, including localization in the cytoplasm, as well as 

reduced accumulation in the nucleolus (Figure 6B). Second, and quite strikingly, we did not 

detect a response of CSB UBDmut to any of the DNA damage scenarios, i.e., oxidative DNA 

damage, angelicin monoadducts or trioxsalen ICLs (Figure 6B). These observations imply 

that ubiquitin binding by CSB may not only regulate intracellular localization, but may be a 

critical molecular component for assembly of the protein at sites of DNA damage and repair.

CSA does not regulate CSB recruitment to DNA damage

To explore for a potential link between the CSA and CSB proteins, we determined whether 

CSA status influences the recruitment of CSB to localized DNA damage. In particular, CSB-

GFP was expressed in CSA-deficient (CSA(-)) or CSA-corrected (CSA(+)) CS3BE cells 

(Figure 7A), and then monitored for accumulation at oxidative damage, angelicin 

monoadducts or trioxsalen ICLs. These studies revealed that the absence of CSA has no 

discernable effect on CSB recruitment to any of the DNA damage scenarios (Figure 7B-D), 

in line with prior studies that demonstrated that CSB operates upstream of CSA in the UV 

DNA damage response 45, 46.

CSA detectably recruits to complex lesions, not oxidative DNA damage

Since there are mixed reports about the coordination between CSA and CSB 47, 48, we used 

the same microirradiation/confocal microscopy strategy to begin to define the potential 

participation of GFP-tagged CSA in the various DNA damage responses. As described 

above for the CSB-GFP construct, we first determined the functionality of the GFP-tagged 

CSA fusion protein. In particular, we created two CSA constructs that expressed the protein 

either as an N- or C-terminal GFP-tag fusion, and monitored intracellular localization in 
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HeLa cells. The N-terminal GFP-CSA did localize to the nucleoplasm (but not the 

nucleolus), but was more prominently distributed to the cyctoplasm (Figure S5A). 

Conversely, the C-terminal GFP-CSA was primarily detected in the nucleoplasm, as would 

be expected for CSA based on prior reports 46, 49-51, with little nucleolar localization (Figure 

S5A). Consistent with C-terminal GFP-CSA retaining normal folding and activity, we found 

that the fusion protein corrected the UV sensitivity of CS3BE CSA mutant cells (Figure 

S5B).

Using the C-terminal CSA-GFP expression system, we examined, following transfection of 

the construct into HeLa cells, the recruitment of CSA to the four major DNA damage 

scenarios: 1.7% laser alone, 5.5% laser alone, angelicin + laser, and trioxsalen + laser. We 

found quantitatively measureable responses of CSA to the three latter conditions involving 

the more complex lesions (albeit to a lesser degree and more diffuse than seen for CSB), but 

no quantitative response to the low dose 1.7% laser exposure (Figure 8A). As with CSB (see 

earlier), we examined CSA-GFP recruitment in a stably-complemented CS3BE CSA-

deficient cell line (Figure S5C), and observed similar results, although with some variability 

in signal intensity and kinetics, to what was seen in the HeLa cell experiments (Figure 8B). 

Collectively, our studies imply a prominent role for CSA in the repair response to bulky 

monoadducts, DSBs and ICLs, but not simple oxidative DNA lesions.

Discussion

There has been some debate over the years regarding the involvement of the CS proteins in 

DNA repair. The early evidence of UV irradiation sensitivity, failed recovery of RNA 

synthesis following UV light exposure, and reduced excision of UV photoproducts from 

actively transcribed regions of the genome, established the paradigm that the CS proteins 

participate in a process termed TC-NER. However, it is recognized that UV light is not 

responsible for the major clinical phenotypes of CS patients, particularly the developmental 

abnormalities and neurological defects. As such, the search for potential causative DNA 

lesions in CS was put into motion. One possible candidate was determined to be the 

cyclopurines, which are bulky oxidative base modifications that can be removed via a TC-

NER mechanism, and have been shown to accumulate in CSB-deficient cells 52, 53. In 

addition, work has suggested roles for the CS proteins in general oxidative stress resistance 

and damage processing, arguing that CSA and CSB function more broadly in coping with 

common endogenous DNA lesions. To better define the major DNA substrates of the CS 

proteins, and the elements that regulate their functional responses, we exploited an 

established laser microirradiation/confocal microscopy set-up that is capable of monitoring 

protein recruitment to and retention at enriched sites of DNA damage. Our studies found 

that: (i) CSB accumulates most rapidly and robustly at sites of ICLs, although its persistence 

is less sustained compared with other lesions; (ii) DSBs elicit a CSB response similar to that 

of ICLs, yet the initial recruitment phase is less pronounced and dispersement is more 

gradual; and (iii) the CSB reaction to monoadducts or oxidative DNA damage is similar in 

its kinetic profile, though quantitatively greater for the former. We also report on CSA 

assembly in live cells at more complex DNA lesions, such as ICLs, DSBs and monoadducts, 

but not at oxidative DNA modifications.
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In TC-NER, transcription is required for efficient assembly of participating proteins at the 

site of DNA damage, since the response is initiated by stalling of an elongating RNAPII at a 

genomic obstruction 54. Consistent with ICLs being recognized, at least in part, via a 

transcription-associated repair mechanism, we found that α-amanitin, an RNAPII inhibitor, 

significantly reduced CSB accumulation at trioxsalen DNA crosslinks 24. Recent studies 

have also indicated that DSBs may be processed in a CSB-facilitated mechanism that 

involves active transcription 29. We report herein that RNAPII inhibition similarly impairs 

CSB recruitment to angelicin monoadducts, a phenomenon that might be predicted for these 

bulky modifications, and is generally consistent with prior experiments demonstrating that 

α-amanitin reduces TC-NER protein (e.g., CSB and SMARCA5) accumulation at UV 

photoproducts 55. Notably, we did not observe an effect of α-amanitin treatment on the early 

recruitment phase of CSB to sites of oxidative DNA damage, although there was a slight, 

albeit significant, reduction in total protein accumulation/retention after 20 min. Thus, our 

results suggest that oxidative lesions are not initially identified as part of a transcription-

associated repair response involving CSB, although CSB may function in some fashion later 

during the process.

In our analysis, we have examined arbitrarily at least 8 cells per each recruitment/retention 

response, and have looked at over 400 live cell profiles (299 for CSB, 102 for CSA). In none 

of the individual cases have we seen any gross deviation in the response kinetics of CSA or 

CSB to a specific DNA damage form. As such, there is no evidence that either CSA or CSB 

react in a cell cycle-specific manner, implying that transcription-associated repair occurs via 

a preserved mechanism during the different cell cycle phases. Additionally, we found that 

CSB recruitment was generally increased to localized DNA damage in the presence of 

HDAC inhibitors, which produce an open chromatin state by preventing histone 

deacetylation. This finding is in itself perhaps not surprising, as it may simply imply that in 

situations of open chromatin there is more DNA accessible for CSB binding and assembly. 

What was noteworthy in our studies is the observation that the initial burst of CSB 

accumulation at ICLs was suppressed upon HDAC inhibition. This finding may suggest that 

CSB is needed to facilitate chromatin remodeling at sites of complex lesions 56, such as 

ICLs; whereas in situations of pre-existing open chromatin, such as with HDAC inhibitors, 

there is no longer a requirement for CSB remodeling activity. However, we cannot entirely 

exclude potential indirect effects of these small molecules on the CSB response due to 

broader consequences on gene transcription. Another notable result from our analysis was 

that the proteasome inhibitor MG132 had no effect on CSB recruitment to oxidative lesions 

or DNA ICLs. Prior studies have suggested that CSB is ubiquintinated, possibly by BRCA1 

or the CSA-DDB1-CUL4-RBX1 complex 57, 58, and subsequently targeted for degradation 

by the proteasome; yet our studies do not support a model involving proteasome-mediated 

degradation of CSB as part of the DNA damage response.

Our CSB domain analysis clearly indicates that the N- and C-terminal portions of CSB, 

particularly the latter, mediate its recruitment to sites of DNA damage. Indeed, the M-CSB 

fragment, which spans the central SWI2/SNF2 DNA-dependent ATPase domain, did not 

respond to any of the DNA damage scenarios. Thus, the generally non-conserved ends of 

CSB either facilitate DNA binding, or more likely, participate in molecular interactions that 

are integral to the DNA damage response and complex assembly. We also found that 
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mutation of an essential residue for the ATPase activity of CSB (K538A) did not alter the 

recruitment of the protein to oxidative DNA lesions, angelicin monoadducts or trioxsalen 

ICLs, indicating that targeted accumulation of CSB does not require enzymatic activity. Our 

finding is generally consistent with the observation that a CSB ATPase mutant protein 

detectably localized to sites of DSBs 29 and associated with chromatin normally following 

treatment of cells with the genotoxin etoposide 30. Moreover, prior reconstitution studies 

found that assembly of the TC-NER complex, involving proteins such as TFIIH, XPA, RPA, 

XPG, XPF and CSB, was independent of ATP 59. However, Lake et al. reported that a 

functional ATPase domain was needed for efficient chromatin association of CSB following 

UV irradiation 40, an observation that was substantiated by Batenburg et al. 30. Thus, it 

appears that the precise nature of the DNA damage or the associated chromatin 

modifications may dictate the need for a functional ATPase domain during the recruitment 

phase.

While our studies indicate that the ATPase function of CSB is not critical for its initial 

assembly at sites of DNA damage, it is important to emphasize that our experimental 

approach does not evaluate the contribution of this activity to the actual downstream repair 

events (i.e., complex assembly and substrate excision). Indeed, a CSB ATPase mutant 

protein poorly complements the UV light sensitivity of CS cells, indicating that this 

functionality plays a pivotal role in DNA damage removal 43, 60. Furthermore, the ATPase 

activity of CSB has been reported to be vital for the assembly of NER or homologous 

recombination proteins needed to execute resolution of DNA photoproducts or DSBs 29, 45. 

That said, additional work has suggested that, while the ATPase activity of CSB may be 

important to TC-NER and DSB repair, this enzymatic function does not influence the 

processing of the oxidative base lesion 8-oxoguanine 61. Future work will need to more 

thoroughly assess the biological significance of both the ATPase activity and the reported 

ATP-independent functions of CSB, including its ability to stimulate BER protein activities 

in vitro 22.

Significantly, we found that mutation of the UBD within the C-terminal portion of CSB 

essentially abolished protein recruitment to oxidative DNA lesions, angelicin monoadducts 

or trioxsalen ICLs. This observation points to ubiquitination at the DNA damage site as 

being key to the CSB protein response. Consistent with this domain operating in TC-NER, 

prior analysis found that mutation of the UBD in CSB impaired its complementation 

efficiency for UV light sensitivity and RNA synthesis recovery following UV irradiation 44. 

This previous work, which primarily examined intranuclear mobility following UV 

irradiation, and not “site-specific” accumulation, however, suggested that a UBD mutant of 

CSB assembles normally at UV photoproducts, but becomes trapped (or generally 

immobile) at the site of DNA damage, thereby interfering with the TC-NER response 44. 

Moreover, a recent report by Wei et al. found that a C-terminal deletion mutant of CSB, 

which lacks the UBD, detectably assembled at DSBs, although quantitation of the efficiency 

of recruitment was not provided and visibly appears less than full-length CSB 29. While the 

reason behind the apparent discrepancies may stem from the nature of the DNA lesion or the 

experimental approach, the compilation of the results identify binding of an ubiquitinated 

substrate by CSB as an important component of the repair response.
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Importantly, previous work has supported a prominent role for ubiquitination during 

transcription and the TC-NER response 62. Indeed, Schwertman et al. found several NER-

related proteins, including CSB, DDB2, XPC, RNAPII and UVSSA (a protein defective in 

UV sensitive syndrome group A), to be major components of the UV light-induced 

ubiquitination network 63. Besides CSB being a target of ubiquitin-ligases, and itself being 

able to bind mono- and poly-ubiquitin chains, reports have indicated that the ubiquitination 

status of RNAPII changes upon DNA damage induction and presumably transcription 

stalling 64. Thus, it is reasonable to speculate that it is this molecular alteration of RNAPII 

that contributes to CSB recruitment. However, future work will need to be conducted to 

identify the precise ubiquitin-ligase and ubiquitination target that mediate CSB protein 

assembly at sites of DNA damage. Importantly, the E3 ubiquitin-protein ligase does not 

appear to be the CSA-DDB1-CUL4-RBX1 complex, as we found the CSB response to be 

normal in CSA-deficient cells.

We report that CSA accumulates at sites of localized DNA damage in live cells, although 

the overall accumulation of CSA was quantitatively less than seen for CSB. Prior 

experiments also described a low level of recruitment of GFP-tagged CSA to sites of 

microirradiation in living cell nuclei 65. In our more comprehensive profiling, CSA was 

found to recruit only to the more complex lesions, i.e., ICLs, DSBs and DNA monoadducts, 

and not to oxidative DNA damage, supporting a role for the protein in the first three DNA 

repair responses. Considering the results in toto, and in light of the fact that CSA and CSB 

mutations give rise to similar clinical phenotypes, it is tempting to conclude that more 

complex DNA lesions, which perhaps have a greater propensity to interfere with 

transcription, are the major pathogenic substrates of the CS protein response, as opposed to 

simple oxidative damage.

Materials and methods

Synthetic oligonucleotides

All primer oligonucleotides were purchased from Integrated DNA Technologies (Coralville, 

IA) and are described in Table S1.

Plasmid constructs

Total RNA was prepared from SH-SY5Y cells using TRIzol (Life Technologies, Grand 

Island, NY), and first-strand cDNA was generated using high-capacity cDNA reverse 

transcription kit (Life Technologies). To create untagged, or N-terminal or C-terminal GFP-

tagged, CSA expression plasmids, the CSA coding region was amplified from the above 

cDNA material by PrimeSTAR Max DNA polymerase according to the manufacturer's 

instruction (TaKaRa, Shiga, Japan) using a primer set of: CSA pcDNA Fw/CSA pcDNA Rv, 

CSA N-GFP Fw/CSA N-GFP Rv, or CSA C-GFP Fw/CSA C-GFP Rv. The PCR products 

were digested accordingly and subcloned into the XhoI and KpnI restriction sites of 

pcDNA3.1(-) (Life Technologies), pEGFP-C1 with linker 1 24, or pAcGFP-N1 (Clontech, 

Mountain View, CA) to create pcDNA-CSA, pEGFP-CSA, or pCSA-AcGFP, respectively. 

To create GFP-tagged N-CSB, M-CSB or C-CSB plasmids, the appropriate truncated CSB 

coding region was amplified from pCSB-GFP 24 by PrimeSTAR Max DNA polymerase and 
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a primer set of N-CSB Fw/N-CSB Rv, M-CSB Fw/M-CSB Rv, or C-CSB Fw/C-CSB Rv, 

respectively. The PCR products were digested and subcloned into the XhoI and BamHI 

restriction sites of pEGFP with linker 1 to create pGFP-N-CSB, pGFP-M-CSB and pGFP-C-

CSB. The nucleotide sequences of independent clones were confirmed at Eurofins 

Genomics (Huntsville, AL). The pXRCC1-EYFP expression construct has been described 

previously 35, 66.

Site-directed mutagenesis

The specific nucleotide changes corresponding to CSBK538A or UBD mutant 

L1427L1428→G1427G1428 (UBDmut) were introduced into pCSB-GFP using PfuUltra II 

Fusion HS DNA Polymerase (Agilent Technologies, , Santa Clara, CA) and the primer set of 

CSB K538A Fw/CSB K538A Rv or CSB LL1427,8GG Fw/CSB LL1427,8GG Rv, 

respectively. After digestion with DpnI (TaKaRa) to remove the template plasmid, the PCR-

amplified DNA was transformed into NEB 5-alpha High Efficiency Competent E. coli (New 

England Biolabs, Ipswich, MA), and the sequences of selected clones were confirmed as 

above.

Laser microirradiation and confocal imaging

Recruitment/retention studies were performed on a set-up involving a Nikon Eclipse 

TE2000-E microscope integrated with an UltraVIEW VoX 3D imaging system 

(PerkinElmer, Waltham, MA), and a NL100 nitrogen laser (Stanford Research Systems, 

Sunny Vale, CA) adjusted via MicroPoint ablation technology (Photonics Instruments, St. 

Charles, IL) to generate a wavelength of 365 nm. The basic methodology (i.e., sample 

preparation) for assessing protein responses has been described previously24, 33-36. Where 

indicated, cells were grown in the presence of 40 μM angelicin or 6 μM trioxsalen for 30 

min prior to microirradiation. The other specific pretreatment conditions are specified in 

each figure legend, but in brief, were as follows: 50 mM NAC for 30 min, 5 μM TSA for 6 

hr, 10 mM NaB for 6 hr, 10 μM MG132 for 2 hr, or 10 μM α-amanitin for 8 hr. Data were 

analyzed and reported as RFI of the fluorescent-tagged protein at the microirradiated area 

relative to unirradiated (background) parts of the nucleus, with the specific cell numbers 

being provided in the relevant figure legend.

Cell line construction and maintenance

HeLa cells were grown in normal culture media: high glucose Dulbecco's Modified Eagle 

Medium (DMEM) with 10% fetal bovine serum and 1% penicillin/streptomycin. To 

generate cell lines stably harboring either a vector control or a CSA expression system, the 

SV40-transformed CSA-deficient CS3BE cell line (Coriell Institute, Camden, NJ)67 was 

transfected with pcDNA-CSA or pCSA-AcGFP (or the corresponding empty vector) using 

JetPrime reagent (Polyplus-transfection, Illkirch, France) for 24 hr. Cell lines harboring 

either a vector control or a CSB expression system were similarly created by stably 

integrating pGFP or pCSB-GFP into the SV40-transformed CSB-deficient CS1AN cell line 

(Coriell Institute)5. In brief, transfected cells were cultured for two days in normal media, 

before being placed in media containing 400 μg/mL geneticin for a week. Individual 

geneticin-resistant colonies were isolated by limited dilution, and were periodically checked 
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by western blotting to measure CSA or CSB protein expression. Stable cell lines were 

maintained in normal culture media with 200 pg/mL geneticin. All cell lines were grown in 

a cell culture incubator maintained at 5% CO2 and 37°C.

Immunostaining

After microirradiation, cells were incubated at 37°C for 10 min and fixed immediately with 

10% formaldehyde in phosphate-buffered saline (PBS) at room temperature for 15 min. 

Fixed cells were permeabilized with 0.3% Triton X-100, 1% bovine serum albumin, 100 

mM glycine and 0.2 mg/mL ethylenediaminetetraacetic acid in PBS on ice for 10 min. The 

cells were subsequently digested with RNase A at 37°C. Cells were blocked with Block 

ACE (DS Pharma. Biomedical Co., Osaka, Japan) in PBS for 1 hr at room temperature. For 

immunofluorescence staining, cells were incubated simultaneously for 90 min at room 

temperature with primary antibodies rabbit γH2AX (sc-101696, Santa Cruz Biotechnology, 

Dallas, TX) and mouse 53BP1 (612523, BD Transduction Laboratories, San Jose, CA), 

washed with PBS-T (PBS + 0.05% Tween20) three times, and incubated for 60 min at room 

temperature with Alexa Fluor 647 donkey anti-rabbit and Alexa Fluor 488 donkey anti-

mouse IgG (A-31573 or A-21202, Thermo Fisher Scientific Inc., Waltham, MA). After 

washing twice with PBS-T and then PBS, coverslips were mounted onto glass slides using 

Vectashield mounting medium containing 4′-diamino-2-phenylindole (Vector Laboratories, 

Burlingame, CA), and subsequently visualized to detect the different DNA damage markers.

Western blotting

Western blotting was performed using standard procedures and the following primary 

antibodies: anti-GFP (ab6556), anti-CSA (ab137033) and anti-CSB (ab66598) from Abcam 

(Cambridge, MA), and anti-GAPDH (MAB374; Millipore, Billerica, MA). Secondary HRP-

conjugated antibodies and ECL prime (GE Healthcare Bio-Sciences, Pittsburgh, PA) or 

SuperSignal West Femto Chemiluminescent Substrate (Thermo Fisher Scientific Inc.) were 

used to visualize proteins on a ChemiDoc XRS+ system (Bio-Rad Laboratories, Hercules, 

CA). Digitized images were obtained, quantified and processed with ImageLab version 5.1 

(Bio-Rad Laboratories).

Statistical analysis

Statistical analysis was performed using Prism software (GraphPad Software, Inc., La Jolla, 

CA), and each method of statistical analysis is specified in the relevant figure legend. P < 

0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BER the base excision repair

CS Cockayne syndrome

CPD cyclobutane pyrimidine dimers

DSB double-strand breaks

GFP green fluorescent protein

HDAC histone deacetylase

ICLs interstrand crosslinks

PBS phosphate-buffered saline

RFI relative fluorescence intensity

RNAPII RNA polymerase II

TC-NER transcription-coupled DNA nucleotide excision repair
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UBD ubiquitin-binding domain

UV ultraviolet
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Research Highlights

The dynamics of CSB recruitment to sites of DNA damage are determined by the nature 

of the modification, with more pronounced accumulation being observed at complex 

lesions.

CSB recruitment to complex lesions, but not oxidative DNA damage, is largely 

dependent on active RNAPII transcription.

Histone acetylation, and thus chromatin status, but not the proteasome pathway, affects 

the CSB protein DNA damage response.

The C-terminus of CSB, particularly its ubiquitin-binding domain, but not its ATPase 

activity, facilitates recruitment to DNA damage.

While CSA does not regulate the CSB response, CSA accumulates at complex lesions, 

but not oxidative damage, pointing to complex DNA modifications as pathogenic in 

Cockayne syndrome.
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Figure 1. 
DNA damage marker profile at the different localized treatment scenarios. (A) XRCC1 

recruitment to localized DNA damage, with or without NAC treatment. (Top) pXRCC1-

EYFP was transfected into HeLa cells, and the indicated region (yellow box) was laser 

irradiated as specified: 1.7 or 2.2% laser alone. Shown are representative images of 

unirradiated cells (Pre), and the XRCC1 response at 0.5, 1, 3, and 5 min post-laser 

irradiation. Bar; 10 μm. (Bottom) Quantification of the XRCC1 response to localized DNA 

damage in the presence or absence of NAC. The graph reports the RFI of YFP-tagged 

XRCC1 at the microirradiated area relative to unirradiated (background) parts of the 

nucleus. Each data point is derived from a total of at least 8 independent cells, from three 

independent experiments. Error bars indicate SEM. (B) Accumulation of γH2AX and 53BP1 

under specific DNA damage scenarios. The indicated region (yellow box) in HeLa cells was 

laser irradiated as specified: 1.7%, 2.2% or 5.5% laser alone, or angelicin + laser (2.2%) or 

trioxsalen + laser (1.7%). Cells were fixed at 10 min post-laser irradiation and stained for 

γH2AX, 53BP1 and DAPI. Shown are representative immunofluorescence images of 

γH2AX and 53BP1. Bar; 10 μm.
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Figure 2. 
CSB accumulation at sites of DNA damage is influenced by the nature of the modification. 

(A) CSB recruitment and retention at localized DNA damage. pCSB-GFP was transfected 

into HeLa cells, and the indicated region (yellow box) was laser irradiated as specified: 

1.7%, 2.2% or 5.5% laser, or angelicin + laser (2.2%) or trioxsalen + laser (1.7%). Shown 

are representative images of unirradiated cells (Pre), and the CSB response at 0.5, 1, 5, 10 

and 30 min post-laser irradiation. Bar; 10 μm. (B) Quantification of the CSB response to 

localized DNA damage. The graph reports the RFI of CSB-GFP at the microirradiated area 

relative to unirradiated (background) parts of the nucleus. Each data point is derived from a 

total of at least 12 independent cells, from three independent experiments. Error bars 

indicate SEM.
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Figure 3. 
CSB recruitment to complex lesions, but not oxidative damage, is dependent on 

transcription. (A) CSB recruitment and retention at localized DNA damage following α-

amanitin treatment. Scenarios included 1.7% laser alone or angelicin + laser, and the yellow 

box indicates the region of microirradiation. Shown are representative images of 

unirradiated cells (Pre), and the CSB response at 0.5, 1, 5, 10 and 30 min post-laser 

irradiation. Bar; 10 μm. (B) Quantification of the CSB response to site-specific DNA 

damage. See Figure 2B legend for further details, with each data point being derived from 8 

independent cells from at least two experiments. Error bars indicate SEM. Data were 

analyzed using repeated measures two-way ANOVA followed by post hoc Bonferroni' test. 

1.7% laser alone, p = 0.014 at 20 min. Angelicin + laser, p < 0.05 between 30 sec and 30 

min.
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Figure 4. 
The status of histone acetylation affects the CSB protein DNA damage response. (A) CSB 

recruitment and retention at localized DNA damage following treatment with TSA or NaB. 

Scenarios included 1.7% laser alone or trioxsalen + laser, and the yellow box indicates the 

region of microirradiation. Shown are representative images of unirradiated cells (Pre), and 

the CSB response at 0.5, 1, 5, 10 and 30 min post-laser irradiation. Bar; 10 μm. (B) 

Quantification of the CSB response to localized DNA damage with HDAC inhibitors. Each 

data point (RFI) is derived from 10 independent cells, from at least three independent 

experiments. Error bars indicate SEM. Data of 1.7% laser alone was analyzed relative to 

TSA or NaB supplementation using repeated measures two-way ANOVA: with or without 

TSA, p=0.070, or NaB, p = 0.6015. Data of trioxsalen + laser relative to conditions that 

include TSA or NaB was analyzed using repeated measures two-way ANOVA followed by 

post hoc Bonferroni' test: for TSA, p < 0.0001 at 30 sec-1min and p < 0.05 after 5 min; for 

NaB, p < 0.05 between 30 sec-1 min.
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Figure 5. 
C-terminus of CSB, and to lesser extent its N-terminus, regulate recruitment to DNA 

damage. (A) Schematic of the domain structure of CSB, and N-terminally GFP-tagged CSB 

fragments used in this study. Fragments include N-CSB (red, amino acids 1-507), M-CSB 

(green, 455-1009) and C-CSB (purple, 1010-1493). Regions of interest in CSB are: red: 

acidic region (356-394), green: glycine rich region (442-450), grey: two putative nuclear 

localization signals (467-481, 1038-1055), orange: nucleotide binding fold (1134-1138), 

blue: UBD (1400-1428). The ATPase domain is identified as the light yellow central portion 

of the protein. (B) Localization pattern and protein expression of N-CSB, M-CSB or C-CSB 

in HeLa cells. (Left) Shown are representative images of GFP-tagged CSB WT (full-length 

CSB), N-CSB, M-CSB or C-CSB in HeLa cells. Bar; 10 μm. (Right) Shown is expression of 

CSB proteins as determined by western blot analysis of whole cell extracts prepared from 

HeLa cells transfected with pCSB-GFP, pGFP-N-CSB, pGFP-M-CSB or pGFP-C-CSB. (C-

E) Quantification of the response of CSB fragments to (C) laser alone, (D) angelicin + laser 

or (E) trioxsalen + laser. The graphs shown report the RFI of GFP-tagged proteins at the 

microirradiated area relative to unirradiated background. Each data point for WT CSB, N-

CSB, M-CSB and C-CSB is derived from at least 10 independent cells, from at least three 

independent experiments. Error bars indicate SEM.
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Figure 6. 
UBD of CSB, but not its ATPase activity, facilitates recruitment to localized DNA damage. 

(A) CSB recruitment and retention at localized DNA damage. pCSB-GFPK538A was 

transfected into HeLa cells, and the indicated region (yellow box) was laser irradiated under 

the conditions specified. (Upper) Shown are representative images of unirradiated cells 

(Pre), and the CSB response at 0.5, 1, 5, 10 and 30 min post-laser irradiation. (Bottom) 

Quantification of CSBK538A response to localized DNA damage for laser (1.7%), angelicin 

+ laser or trioxsalen + laser. Each data point (RFI) is derived from at least 8 independent 

cells, from three independent experiments. Error bars indicate SEM. (B) CSB UBD mutant 

does not respond to site-specific DNA damage. Shown are representative images of 
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unirradiated cells (Pre), and the response of GFP-CSB UBDmut at 0.5, 1, 5, 10 and 30 min 

post-laser irradiation. Bar; 10 μm.
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Figure 7. 
CSA does not regulate CSB recruitment to DNA damage. (A) (Left) Expression of CSA 

protein in CSA-corrected (CSA(+)) or CSA-deficient (CSA(-)) cells. Western blot images of 

the indicated whole cell extracts are shown for CSA and GAPDH (loading control). (Right) 

UV sensitivity of CSA(+) and CSA(-) cells. Cell viability 6 days after UVC irradiation (0, 5, 

or 10 J/m2) was determined by using a hemocytometer. Reported is the ratio of the cell 

count determined at the indicated UVC dose in comparison to the untreated control sample. 

Each data point represents the combined results from three independent experiments. Error 

bars indicate SD. (B-D) CSA-independent recruitment and retention of CSB at localized 

DNA damage. CSA(+) or CSA(-) cells were transfected with pCSB-GFP, and the indicated 

region (yellow box) was laser irradiated: (B) laser alone, (C) angelicin + laser, (D) trioxsalen 

+ laser. Shown are representative images of unirradiated cells (Pre), and the CSB response at 

0.5, 1, 5, 10 and 15 min post-laser irradiation. Bar; 10 μm.
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Figure 8. 
CSA accumulation is seen at more complex DNA damage, but not oxidative lesions. CSA 

recruitment and retention at localized DNA damage in (A) HeLa cells following transient 

transfection of pCSA-GFP or (B) a CSA-GFP stably expressing CSA-deficient CS3BE cell 

line. (Left) Shown are representative images of unirradiated cells (Pre), and the CSA-GFP 

response at 0.5, 1, 5, 10 and 15 min post-laser irradiation. The indicated region (yellow box) 

was laser irradiated under the specified conditions: 1.7% laser, 5.5% laser, angelicin + laser 

or trioxsalen + laser. Bar; 10 μm. (Right) Quantification of the CSA response to localized 

DNA damage. The graph reports the RFI of CSA-GFP at the microirradiated area relative to 

unirradiated background. Each data point is derived from at least 10 independent cells, from 

at least two independent experiments. Error bars indicate SEM.
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