
Micro-irradiation tools to visualize base excision repair and 
single-strand break repair

Natalie R. Gassman and Samuel H. Wilson*

Genome Integrity and Structural Biology Laboratory, NIEHS, National Institutes of Health, 111 
T.W. Alexander Drive, Research Triangle Park, NC 27709, USA.

Abstract

Microscopy and micro-irradiation imaging techniques have significantly advanced our knowledge 

of DNA damage tolerance and the assembly of DNA repair proteins at the sites of damage. While 

these tools have been extensively applied to the study of nucleotide excision repair and double-

strand break repair, their application to the repair of oxidatively-induced base lesions and single-

strand breaks is just beginning to yield new insights. This review will focus on examining micro-

irradiation techniques reported to create base lesions and single-strand breaks; these lesions are 

considered to be primarily addressed by proteins involved in the base excision repair (BER) 

pathway. By examining conditions for generating these DNA lesions and reviewing information 

on the assembly and dissociation of repair complexes at the induced lesion sites, we hope to 

promote further investigations into BER and to stimulate further development and enhancement of 

these techniques for the study of BER.
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1. Introduction

Genomic DNA is attacked by a number of endogenous and exogenous agents that create 

base damage and both single- and double-strand breaks. These heterogeneous DNA 

damaged substrates require highly coordinated repair mechanisms to ensure genomic 

integrity and cell survival. DNA repair proteins sense damage sites, signal the recruitment of 

specific repair proteins, and initiate repair. Numerous biochemical and biophysical studies 

over the past 50 years have provided insight into the mechanism by which DNA damage is 

sensed and repaired; however, a temporal description of the assembly of DNA repair 

proteins at the sites of damage is lacking. The diversity of DNA lesions and DNA repair 

pathways, some with overlapping substrate specificities, has left a number of open questions 

about how the repair proteins assemble/disassemble to coordinate their activities to 

efficiently repair disparate DNA lesions.

Fluorescent microscopy has emerged as a powerful technique to visualize the response of 

DNA repair proteins to damage. Detection of damaged-induced DNA repair foci from 

globally applied agents, such as ultraviolet light (UV-A, 320-400 nm), ionizing radiation, 

hydrogen peroxide (H2O2), or chemotherapeutics, has been reported using 

immunofluorescent detection or fluorescently-tagged proteins of interest. These techniques 

have identified key players in DNA repair pathways, and the responses of repair proteins 

after damage to be quantified. While these techniques have provided detailed information 

about the kinetics of recruitment or the order of assembly for nucleotide excision repair 

(NER) and double strand break (DSB) repair (1, 2), information is still lacking for single 

strand break (SSB) and base excision repair (BER) pathways. Also, the global nature of the 

damaging agent does not allow for a synchronized start to damage initiation or for cellular 

compartment specific applications.

Fortunately, the past 20 years has seen significant advancement of laser micro-irradiation 

techniques. Since 1993 when Limoli and Ward demonstrated that UV light can induce 

strand breaks on bromodeoxyuridine (BrdU)-sensitized DNA (3), a number of groups have 

leveraged this technique and expanded the use of microlaser technology to examine the 

recruitment, kinetics, and specificity of DNA repair proteins at sites of laser-induced DNA 

damage (4-9). The coupling of laser scanning confocal microscopes and damage-inducing 

laser wavelengths has created improved tools for inducing base lesions and strand breaks, 

while allowing the immediate visualization of the repair complex response (4, 6, 9).
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The fields most impacted by the advances in micro-irradiation have been NER and DSB 

repair (4-7, 10, 11). However, a growing number of studies have been examining the 

response of DNA repair factors to the sites of SSBs and oxidatively-induced base lesions 

(12-27). These types of laser-induced DNA damage allow the response of BER proteins to 

be examined.

BER is primarily responsible for the repair of endogenously or exogenously damaged DNA 

bases, such as alkylated or oxidized bases. The large number of substrates recognized by 

BER requires a diverse set of proteins that are responsible for the recognition, removal, and 

repair of base lesions. A number of DNA glycosylases are involved in damage recognition, 

as are scaffold proteins, like X-ray repair cross-complementing protein 1 (XRCC1) and 

poly(ADP-ribose) polymerase 1 (PARP-1), and end-tailoring enzymes like AP-endonuclease 

(APE1), polynucleotide kinase phosphatase (PNKP) (28, 29) and tyrosyl-DNA 

phosphodiesterase 1 (TDP1). BER is also responsible for repairing SSBs (30), and a number 

of distinct sub-pathways have been described (e.g., single-nucleotide and long-patch BER) 

(29-31).

The diversity and complexity of BER make it a rich target for micro-irradiation studies; 

however, a major limitation to the application of micro-irradiation to the study of BER has 

been the induction of specific DNA lesions for the study of specific sub-pathways. Recently, 

a more concerted effort has been focused on examining the dynamics of DNA repair 

proteins involved in BER. A number of interesting findings have been reported about the 

recruitment kinetics and persistence of BER repair proteins at sites of DNA damage, and 

several reports have indicated the possibility of novel sub-pathways that are independent of 

key scaffold proteins, like XRCC1 or PARP-1 (12, 16, 19, 32).

These studies offer intriguing insights into the complexity of the BER pathway; however, a 

fundamental limitation to the general acceptance of these results is that the micro-irradiation 

conditions differ widely in the various reports, and detailed information about the generation 

and characterization of the induced lesions is often not adequately described. Nevertheless, 

comparison of a number of published studies reveals some consistencies, despite the use of 

different techniques to induce DNA damage. This consistency argues that further 

investigation of BER by micro-irradiation, with improved standardization in reporting of the 

generation and characterization of damaging conditions, could significantly advance the 

detailed mechanistic understanding of the BER pathway and its response to SSBs and 

oxidatively-induced base lesions. A wide variety of techniques have been reported to 

generate these types of lesions, though only a handful of papers have investigated the 

behaviors of the BER proteins. To help promote further investigation, we have specifically 

reviewed the application of micro-irradiation techniques to the generation of SSBs and base 

lesions.

2. UV wavelengths to induce of DNA damage

A variety of UVA wavelengths have been utilized to create strand breaks (4, 6). Most 

reports of UVA applications are in the fields of NER (6, 11) and DSB repair (4, 6, 9), 

though some studies have utilized these wavelengths to examine SSBs and base lesions.
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2.1 337 nm

Application of nanosecond (ns) 337 nm pulses at 0.04 μJ have been reported to recruit 

PARP-1, XRCC1, and flap endonuclease 1 (FEN1) to sites of damage (6). These proteins 

were detected by immunofluorescence, so no kinetic information about the recruitment was 

obtained. Analysis of the DNA damage caused by this wavelength revealed the production 

of 8-oxo-2′-deoxyguanosine (8-oxodG) lesions at sites of damage, along with 6,4-

photoproducts (6,4PPs) and cyclobutane pyrimidine dimers (CPD) (6).

2.2 351 nm

Micro-irradiation by 351 nm (0.44 J/m2) has also been reported to induce oxidative DNA 

lesions (33). No characterization of the induced damage was presented in this report beyond 

a substantial induction of phosphorylated gammaH2AX (γH2AX), and the authors 

acknowledge this wavelength results in a mixture of base lesions, SSBs, and DSBs. 

Recruitment of RNA-binding protein fused-in-sarcoma/translocated-in-sarcoma (FUS/TLS) 

was shown to be PARP-1 dependent (33). However, the authors claim that this recruitment 

was specific to oxidatively-induced DNA lesions was not thoroughly demonstrated.

2.3 364/365 nm

Using a longer wavelength (365 nm) generates SSBs and simple base lesions without the 

accompanying generation of UV photoproducts thereby allowing analysis of BER or SSB 

repair proteins (19). Lan et al. (19) utilized a ns pulsed 365 nm laser to create a ~1 μm 

damage site in a variety of cell lines. Protein recruitment was visualized by 

immunofluorescent detection at specific time points post-damage and by real-time imaging 

of the recruitment of green fluorescence protein (GFP)-tagged DNA repair proteins. 

Recruitment of XRCC1, DNA polymerase β (Pol β), DNA Ligase III (LIGIII), proliferating 

cell nuclear antigen (PCNA), and the p150 subunit of chromatin assembly factor I (CAF1-

p150) were observed at 0.19 μJ peak pulse power, and poly(ADP-ribose) (PAR) synthesis by 

PARP-1 was also detected. Recruitment kinetics for XRCC1, Pol β, and LIGIII were 

consistent with their recruitment to SSBs, as signaled by PARP-1 (19, 34). The PARP 

inhibitor 1,5- dihydroxyisoquinoline (DIQ) significantly reduced the recruit of XRCC1, Pol 

β, and LIGIII to the DNA damage sites. GFP-tagged XRCC1 persisted at damage sites for 

more than an hour, while Pol β and LIGIII dissociated within 30 min (19).

Application of greater laser power, 0.49 – 1 μJ, resulted in the production of oxidative 

damage (19). The production of oxidatively-induced DNA damage at these higher laser 

powers was confirmed by immunofluorescent staining with an 8-oxodG specific antibody 

and by the recruitment of GFP-tagged oxidative damage DNA glycosylases, endonuclease 

VIII-like 1 (NEIL1), endonuclease VIII-like 2 (NEIL2), endonuclease III-like protein 1 

(NTH1), and 8-oxoguanine glycosylase 1 (OGG1) (19). This higher laser power also 

resulted in the recruitment of DSB repair proteins, such as Nijmegen breakage syndrome 1 

(NBS1), breast cancer gene 1 (BRCA1), and RAD52, although no data to further analyze 

this recruitment was provided (19).

Utilization of two laser energies (0.19 and 0.49 μJ) allowed Lan et al. to examine different 

sub-pathways involved in BER and SSB repair. SSBs generated by low laser energy were 
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repaired by PARP-1-dependent recruitment of XRCC1, Pol β, and LIGIII (19), consistent 

with previous reports (34). Recruitment of PCNA and CAF1 was less robust under these 

conditions and proceeded more slowly than that for Pol β and LIGIII, consistent with PCNA 

and CAF1 involvement in later stages of long-patch BER and chromatin assembly at the end 

of SSB repair, respectively (19). Inhibition of PARP-1 by DIQ mildly suppressed the 

recruitment of PCNA and CAF1-p150 to sites of DNA damage under low laser energy, 

suggesting independence from PARP-1 activation (19). Finally, while loss of XRCC1 

significantly reduced recruitment of PCNA to DNA damage sites, loss of Pol β did not, 

suggesting a PCNA-dependent long-patch repair pathway utilizing replicative DNA 

polymerases δ and/or ε (19, 35).

Another 365 nm pulsed laser system, firing ns pulses at 0.7 nW, was reported by Muniandy 

et al. for the study of repair of interstrand cross-links (ICLs) generated by the addition of 

psoralen (36). Della-Maria et al. (14) utilized this system, without the addition of psoralen, 

to study the recruitment of XRCC1 and PNKP to the sites of laser-induced damage. Without 

psoralen to create cross-linked adducts, the authors proposed that this system generated free 

radical-induced SSBs in the irradiated region with no γH2AX foci detected (14). 

Recruitment kinetics of enhanced yellow fluorescent protein (YFP) fused XRCC1 showed a 

longer time to peak recruitment (~18 min) and retention of XRCC1 at the damage site for 

more than an hour (14). While the retention appears consistent with a previous report (19), 

the slow accumulation of XRCC1 at the damage site is not. A mutation in XRCC1 (A482T) 

that alters phosphorylation by casein kinase II and weakens affinity for PNKP was examined 

as well, and recruitment of this mutant peaked at ~4 min, more consistent with previous 

work, and was released from the damage site more rapidly (~25 min) (14). Recruitment of 

PNKP to DNA damage sites was found to require XRCC1, and no defect in the recruitment 

of PNKP was observed with the A482T mutant; the retention time of PNKP at the damage 

site was also reduced (~7 min to ~4 min (14)). Though the presence of oxidatively-induced 

DNA damage and UV photoproducts were not tested in this study, unique kinetics of SSB 

repair were obtained using this methodology.

Our laboratory modified the initial conditions reported by Lan et al. (19) to include the 

sensitizer, BrdU. Using a continuous wave 364 nm laser and an applied energy of 0.17 μJ/

pixel, we were able to monitor recruitment of XRCC1 and Pol β to sites of damage in mouse 

embryonic fibroblasts (MEFs), demonstrated in Figure 1 and 2 (26). We were also able to 

monitor the activation of PARP-1 at the damage sites by immunofluorescence detection of 

PAR. Consistent with Lan et al. (19), no recruitment of DSB proteins was observed at this 

energy, and it is expected that oxidatively-induced DNA lesions are generated by this 

exposure, though specific recruitment of glycosylases that remove oxidatively-induced base 

lesions was not observed.

Using these conditions in a number of BER repair proficient and deficient cell lines, we 

have been able to quantify the levels of XRCC1 and Pol β recruited to induced damage sites 

and the amount of PAR produced. We have also observed characteristic differences in these 

values based on the BER capacity of the cells (17, 18, 21, 26, 27, 37). Wild-type cells 

typically have rapid recruitment of XRCC1 and Pol β to sites of damage and rapid 

production of PAR by PARP-1 (peaking within 1 min). Time courses of recruitment show 
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that XRCC1 and Pol β rapidly dissociate with only a small amount of XRCC1 or Pol β 

persisting at the damage site after 10 min, and the PAR response observed is also quickly 

resolved, as the repair of the induced-damage is conducted (Figure 2). Pol β deficient cells 

show a hyperactivation of PARP-1 over an extended time. This had been previously 

observed using other techniques (26, 38), along with a reduced recruitment of XRCC1 to the 

DNA damage site (26). XRCC1 deficiency also resulted in the hyperactivation of PARP-1, 

though not to the extent observed in Pol β deficient cells (18). Mutation of mouse XRCC1 at 

Val88 impairs the ability of XRCC1 to bind Pol β. Stably-transfected cell lines expressing 

XRCC1 V88R showed a characteristic increase in PAR, consistent with the XRCC1 

deficient cell lines, and no recruitment of Pol β to the site of DNA damage (18). 

Interestingly, this mutant also showed reduced recruitment to the site of DNA damage, 

indicating an alteration in kinetics due to loss of the interaction with Pol β.

Examination of cells deficient in high mobility group N1 (HMGN1), a protein that affects 

the interaction of DNA repair factors with chromatin and controls their access to DNA 

damage, revealed that loss of HMGN1 reduced production of PAR by PARP-1 after laser-

induced damage compared to wild-type cells (27). In addition to the reduction in PAR 

production, recruitment XRCC1 was also reduced compared to wild-type in HMGN1-

deficient cells. This was consistent with previous reports that showed a reduction in XRCC1 

recruitment after inhibition of PARP-1 activity by the PARP-1 inhibitor DIQ (19). These 

results are consistent with HMGN1 playing a regulatory role in PARP-1 activation.

Taken together, micro-irradiation by a 364/365 nm laser can create SSBs, oxidatively-

induced DNA base damage, and DSBs in a dose-dependent manner, allowing a 

comprehensive picture of recruitment and kinetics to be assembled using immunofluorescent 

staining or live cell imaging of fluorescently-tagged proteins. An important caveat is that 

careful evaluation of applied energy levels is essential to ensure that the desired DNA 

damage mixtures are being created and that undesirable photoproducts (e.g., DSBs) are 

being avoided. Despite the promise of this powerful tool for the examination of SSB and 

BER proteins at the sites of DNA damage, there are some drawbacks to this approach that 

should be noted.

2.4 Caveats for the use of UV lasers to induce DNA damage

One major limitation to the application of the technique is the requirement for specialized 

lasers. Several manufacturers offer 351 nm, 355 nm or 365 nm lasers, but the requirements 

for UV transmissive filters and objectives still make this a specialized laser system, not 

accessible to a large number of researchers. Another consideration is the use of 

photosensitizers, like halogenated nucleotide analogues (e.g., BrdU) or DNA binding dyes 

(e.g., Hoechst), to lower the energy required to induce DNA strand breaks. Another 

consideration is that these agents can cause undesirable effects in chromatin structure that 

could alter the kinetics of DNA damage response, and may have additional damaging effects 

during long term imaging with visible light (5, 6, 11, 39). These effects are most often 

observed in the kinetics of DSB repair followed by live cell imaging, yet they are important 

to consider when evaluating the application of a laser technique.
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Additionally, there are inconsistencies in the kinetics observed by this technique. As 

described above, our laboratory observed the rapid recruitment of XRCC1 and Pol β to sites 

of damage using immunofluorescent staining of MEFs, and this rapid recruitment was also 

seen in the other reports using immunofluorescent staining of HeLa cells (6, 19). However, 

our UV conditions also showed a rapid dissociation of XRCC1 and Pol β with only a small 

population of either protein persisting after 10 min (Figure 2). This result differs 

significantly from reports where fluorescently-tagged XRCC1 persisted at damage sites in 

HeLa and EM-9 cells for more than an hour (14, 19). Immunofluorescent staining for LIGIII 

after pulsed 365 nm damage showed a rapid recruitment and a time-dependent dissociation 

with the majority of the protein released after 20 min (19). The same conditions with GFP-

tagged LIGIII showed a rapid recruitment, but significantly slower release of the GFP-

LIGIII, although the authors do not seem to think this difference was significant (19). 

Recruitment kinetics of XRCC1 after uranium ion irradiation are consistent with the rapid 

recruitment and dissociation of XRCC1, with the majority of XRCC1 released by 10 min 

(40).

There are a number of issues in trying to compare immunofluorescent staining trends with 

direct imaging results of fluorescently-tagged proteins; however, the different results 

between these two methods are intriguing and argue for a more comprehensive study using 

fluorescent recovery after photobleaching.

3. DNA damage induced with visible wavelengths

3.1 405 nm with sensitizers

A more widely accessibly application of micro-irradiation utilizes visible laser wavelengths 

with laser scanning confocal imaging to create DNA damage and the recruitment of repair 

factors is monitored. Several reports have followed SSB and BER proteins after 405 nm 

micro-irradiation employing sensitizers like BrdU or Hoechst (12, 13, 15, 22-24, 41, 42). 

Using this technique, the recruitment of fluorescently-tagged PARP-1 (13, 15, 41), 

poly(ADP-ribose) glycohydrolase (PARG) (23), PCNA (13, 22-24), XRCC1 (12, 13, 15, 22, 

24, 41), and DNA ligases I and III (24) to sites of induced-damage have been examined. 

While variations in the applied methodologies exist, most reports utilize a 405 nm diode 

laser set at 50-100% transmission to irradiate a ~1 μm nuclear spot through a 63x oil 

immersion objective. Under these conditions, γH2AX and PAR have been observed by 

immunofluorescence, indicating that a mixture of SSBs and DSBs are being generated by 

the laser irradiation (24).

Most studies utilizing these conditions have focused on the generation and repair of SSBs, 

and the recruitment dynamics for a number of proteins have been reported. Two interesting 

findings have come out of these reports. First, the kinetics of PARP-1 and XRCC1 

recruitment are mediated by PARP-1 catalytic activity. GFP-PARP-1 was found to rapidly 

accumulate at sites of DNA damage (<1 min) and then undergo gradual release (15, 41), 

with most of PARP-1 dissociating by 30 min (15). Inhibition of PARP-1 with PARP 

inhibitors or through mutation of the catalytic domain resulted in a delay in the 

accumulation of PARP-1 at damaged sites and caused persistence of PARP-1 at these sites 

with maximum intensity persisting to 30 min (15, 41). In addition to altered PARP-1 
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recruitment, XRCC1 is not recruited to DNA damage sites in the absence of PARP-1 protein 

(parp1−/− MEFs (41) or in the presence of PARP inhibitors (15, 41); this was consistent 

with a report utilizing 365 nm irradiation (19). Second, as discussed above, SSB repair by 

BER proteins can be separated into single-nucleotide and long-patch sub-pathways (35). 

Single-nucleotide BER is typically carried out by XRCC1, Pol β, and LIGIII or DNA ligase 

I (LIGI), while long-patch BER can involve PCNA. PCNA stimulates the activity of FEN1 

to remove the DNA flaps generated during long-patch DNA synthesis and may load 

replicative DNA polymerases δ or ε for gap-filling DNA synthesis, and also recruits LIGI 

for the final ligation step.

Recruitment of both PARP-1 and PCNA driven sub-pathways of BER was also observed 

using the 405 nm conditions described. A slow, constant recruitment of LIGI, identical to 

PCNA recruitment, was observed after DNA damage. PARP-1, XRCC1 and LIGIII all 

showed rapid recruitment to sites of damage with a maximal accumulation at between 1-2 

min, followed by dissociation over the next 10-30 min (15, 22, 24). Inactivation of the 

single-nucleotide sub-pathway by inhibition of PARP-1 did not eliminate SSB repair by the 

PCNA-driven long-patch BER pathway (15, 19).

Induction of oxidative damage by 405 nm sensitized by Hoechst dye (60% laser power for 

30 iterations) was reported recently (12). A significant amount of oxidatively-induced DNA 

damage was detected by immunostaining for 8-oxodG and validated by the recruitment of 

GFP-OGG1 to sites of laser-induced DNA damage (12). Induction of oxidative damage was 

not described in the previous reports discussed above.

In addition to oxidative damage, irradiation with 405 nm, coupled with Hoechst, has been 

shown to generate CPDs, but not the severely helix distorting 6-4 photoproducts (11). This 

effect is thought to occur through modulation of the DNA and chromatin structure by the 

intercalating dye (6, 11). Again, like the oxidatively-induced DNA base lesions seen after 

irradiation with 405 nm, the presence of CPDs or the response of NER proteins was not 

reported.

3.2 405 nm without sensitizers

Using 405 nm irradiation without sensitization at a low dose (~0.4 - 2.5 μJ/pixel) and a high 

dose (~5 - 23 μJ/pixel), Hanssen-Bauer et al. found recruitment of PCNA and FEN1 to sites 

of DNA damage at energies 10-15 times higher than those required for the recruitment of 

Pol β and PNKP (16). Application of PARP inhibitors did not affect the recruitment of 

PCNA, as previously reported (15), or FEN1. In this report, application of PARP inhibitors 

(4- amino-1,8-naphthalimide (4-AN) and PJ-34) only slightly altered the recruitment of 

XRCC1. This finding is different than those that employ the 405 nm laser with sensitization.

Another interesting finding was the identification of two distinct recruitment kinetic features 

for PARP-1 observed with two different PARP inhibitors, 4-AN and PJ-34. 4-AN resulted in 

increased accumulation of PARP-1, consistent with previous reports using the same 

inhibitor (15) and NU1025 (41); although the kinetics of accumulation were not reported 

and the persistence at DNA damage site was not confirmed. In contrast, application of PJ-34 

reduced the accumulation of PARP-1 at sites of DNA damage, and equivalent accumulation 
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of PARP-1 was not achieved in the presence of this inhibitor until 15 times more energy was 

applied. Since both inhibitors block catalytic activity of PARP, the authors attributed this 

difference in inhibitor action to alterations in the affinity of PARP-1 for DNA (16); 

however, other instances of this phenomenon with PJ-34 cannot be found.

In a separate study, XRCC1 recruitment to DNA damage sites was also examined. This 

study determined that the BRCA1 C-terminus 1 (BRCT1) domain of XRCC1 was essential 

for recruitment to damage sites and mediated the DNA repair functions of the scaffold 

protein (43). Additionally, the recruitment of three common single nucleotide 

polymorphisms in XRCC1 (R196W, R280H, and R399Q) was examined. No effect in the 

recruitment to damaged sites or in the co-recruitment of Pol β and PNKP was observed for 

these variants was noted, though the retention of R280H and R399Q at damaged sites was 

decreased compared to wild-type (43).

In addition to these studies, it was reported that a single 1.6 μW scan from a 405 nm pulse 

laser without sensitizers could induce SSBs without significant detection of DSBs (44). 

Increasing the power to 16-800 μW produced a mixture of DSBs and oxidatively-induced 

base lesions in addition to SSBs at the irradiated sites; no recruitment of BER factors was 

reported.

3.3 435 nm

Application of other visible wavelengths to the study of SSBs or oxidatively-induced DNA 

damage has been less common. Irradiation by 435 nm was reported by Berquist et al. to 

examine the recruitment of wild-type and mutant XRCC1 to sites of DNA damage (45). 

Using ~10 nW of laser power, SSBs were generated with no observation of γH2AX foci at 

the damage site indicating the lack of DSBs. The authors report specific generation of SSBs 

at this wavelength, though controls with other DNA damage markers were not reported. In 

this study recruitment of YFP-tagged wild-type XRCC1 and XRCC1 containing point 

mutations that interrupt critical partner protein interactions or alter protein stability (V86R, 

Pol β interaction; E98K, DNA binding; R109A, Pol β interaction and DNA binding; C398Y, 

protein stability) to sites of 435 nm induced DNA damage were measured (45). 

Additionally, the recruitment of YFP-tagged XRCC1 single-nucleotide polymorphisms 

(SNPs) (E98K, P161L, R194W, R280H, C389Y, R399Q, and Y576S) were also examined 

(45). All of the mutant proteins, except E98K and C398Y, showed rapid wild-type like 

recruitment to the site of DNA damage (within 10-15 s). E98K displayed abnormal 

localization to the nucleolus, which was thought to contribute to its lack of recruitment, and 

the C398Y mutation affected protein stability, which was reflected in a lower expression 

pattern in cells and lack of recruitment (45). The C398Y mutation could also reduce affinity 

for PARP-1, which could also explain its recruitment defect (45). In addition to recruitment, 

retention of XRCC1 at sites of DNA damage was also examined. Again, most of the mutant 

proteins showed a slow, wild-type like release from sites of damage over the course of 45-60 

min (45), similar to the results reported by Lan et al. (19). The exception was R280H, which 

was released more quickly from the damaged site, within 15-30 min (45). This finding is 

consistent with kinetics reported by 405 nm-induced damage, although XRCC1 R399Q was 

also observed to dissociate more rapidly (43).
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3.4 488 nm

A recent report by Solarczyk et al. utilized 488 nm visible light to induce DNA damage (46). 

With an applied laser energy of 17 mJ, recruitment of XRCC1 and LIGIII were seen at sites 

of induced DNA damage, as were phosphorylated ataxia telangiectasia-mutated gene 

(ATM), γH2AX, and replication protein A (RPA), indicating that 488 nm light created a 

mixture of SSBs and DSBs. The authors also evaluated the presence of oxidative DNA 

damage by immunostaining for 8-oxodG; no detectable levels of oxidative damage were 

observed by the 488 nm laser light; similarly, UV photoproducts were not detected. These 

findings are consistent with previous reports that UV photoproducts and oxidative DNA 

damage are produced at wavelengths less than 450 nm (47-49).

3.5 514 nm with sensitizer

Recruitment kinetics of the heterochromatin protein 1 (HP1) to sites of oxidative DNA 

damage were reported by Zarebski et al. using 514 nm irradiation of ethidium bromide 

(EtBr) sensitized cells (50). The presence of oxidatively-induced lesions and strand breaks 

was confirmed by immunofluorescent staining of 8-oxodG, XRCC1, and γH2AX. 8-oxodG 

was observed 1 min after the induction of damage, XRCC1 was visualized 30 min after 

damage, and γH2AX was observed from 15 min to 1.5 h after damage (50). The focus of the 

study was recruitment kinetics of the HP1 protein, and GFP-HP1 was shown to slowly 

accumulate over ~ 30 min following damage.

3.6 Caveats for the use of visible wavelengths for the induction of DNA damage

While visible laser wavelengths are more accessible to researchers because they are standard 

on most confocal microscopes, specific applications of these techniques to the study of SSB 

and BER proteins can be challenging due the creation of complex DNA lesion 

heterogeneity. More studies using 435, 488, and 514 nm would be required to truly assess 

their applicability for the study of SSBs and simple base lesions. The compatibility of these 

wavelengths, especially 488 and 514 nm, to most commercial confocal systems makes them 

attractive alternatives to 405 nm, that has been extensively utilized but with significant 

issues. As noted above, two contradictory studies about the influence of PARP-1 inhibitors 

on XRCC1 recruitment were reported with 405 nm micro-irradiation (16, 22). Since the type 

of DNA damage induced by 405 nm with and without sensitization was not fully 

characterized, it is unclear what the differences in the recruitment of XRCC1 in the presence 

of PARP-1 inhibitors could mean regarding PARP-1 independent sub-pathways for repair. 

However, it is clear that micro-irradiation with 405 nm can reproducibly create SSBs. 

Similar to reports with UV irradiation, there are differences in the reported DNA lesion 

dissociation kinetics of XRCC1, but most reports using 405 nm irradiation show rapid 

accumulation and dissociation of XRCC1 within 10-20 min of damage induction (13, 15, 22, 

24, 41). Validation of the types of DNA damage created with 405 nm irradiation, and other 

visible wavelengths, including the presence of UV photoproducts and oxidatively-induced 

base lesions would make this specific approach more attractive.
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4. Near Infrared (NIR) wavelengths induces SSBs and oxidatively-induced 

DNA lesions

Multiphoton excitation by a pulsed NIR laser has several advantages over the UV and 

visible damaging schemes. Nonlinear absorption by two or three lower energy photons 

results in higher energy deposition in a femtoliter confined volume, without the requirement 

of a confocal microscope (51, 52), thereby providing highly localized excitation. 

Multiphoton excitation also offers an improved signal to noise ratio and a reduction in 

photobleaching and photodamage. A number of multiphoton applications for DNA repair 

have been reviewed (5-8), and depending on the wavelength used to generate damage, a 

mixture of DNA lesions (base lesions, SSBs, UV photoproducts, and DSBs) can be created 

(6, 11, 53-55). It has also been established that NIR lasers used at powers above 7 mW 

generate reactive oxygen species (ROS) that produce oxidatively-induced base damage 

similar to that observed with H2O2 treatment of cells (56, 57).

Though it has proven difficult to precisely assay the lesion composition produced by 

multiphoton applications (39, 58, 59), a mixture of damage would allow the repair of a 

number of pathways to be examined, though the most frequently reported applications are 

for DSB repair (7, 10). Three specific applications of multiphoton excitation to BER and 

SSB repair are reviewed here, but several studies using wavelength from 775-1050 nm have 

reported recruitment of XRCC1 to sites of damage, although this was most often utilized as 

a marker of SSBs (57, 60).

4.1 750 nm with sensitization

A specific application of multiphoton excitation to examine the recruitment kinetics for SSB 

repair was reported by Abdou et al. (12). DNA damage was induced into Hoechst sensitized 

cells by a 750 nm NIR titanium sapphire laser and SSBs were introduced in a ~1 μm nuclear 

spot with 10 iterations of 10% laser power. GFP-XRCC1 was rapidly recruited to sites of 

induced DNA damage, while OGG1 was weakly recruited. The authors reported that these 

conditions allowed the separation of SSB repair from oxidative DNA damage repair by the 

BER machinery. Rapid accumulation of GFP-tagged PARP-1, XRCC1, LIGIII and PNKP 

were observed after damage. Rapid dissociation of complexes was not observed (>100 s), 

and these results seem consistent with the reports of retention of DNA repair factors at sites 

of damage for 5-10 min. Interestingly, loss of PARP-1 protein or inhibition of catalytic 

activity by PARP-1 inhibitors did not significantly affect the recruitment of XRCC1, LIGIII 

and PNKP to sites of damage, though a brief delay in accumulation was observed (12).

The authors identified LIGIII as the PARP-independent damage sensor that recruits XRCC1 

and PNKP to sites of laser-damage. Partial loss of LIGIII reduced recruitment of XRCC1 

and PNKP to sites of damage, and the role of LIGIII was further supported by the 

identification of the N-terminal zinc finger domain of LIGIII being required for damage 

sensing, and not the XRCC1 interaction (BRCT) domain. The identification of this PARP-

independent sub-pathway may have interesting implications for the DNA damage response 

in cells with defects in SSB repair, and the observed recruitment of XRCC1 and PNKP after 
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loss of PARP-1. The partial loss of LIGIII may indicate that another sub-pathway can 

accomplish SSB repair in these cells.

4.2 768 nm

In another application of multiphoton excitation that exploited the induction of ROS, 

Zielinska et al. examine recruitment of the BER enzyme OGG1 to sites of induced damage 

(25). Using a 768 nm NIR titanium sapphire laser at 10 mW for 250 ms, GFP-OGG1 was 

recruited to sites of laser-induced damage. Rapid accumulation of the protein was observed 

(<2 min) and dissociation was reported to occur within ~20 min (25), though this is a longer 

retention than was observed at 365 nm (19). Examination of a mutant, GFP-OGG1 (S326C), 

that has reduced 8-oxodG repair rates, revealed similar accumulation rates to wild-type, but 

much slower dissociation rates, with ~ 80% of the protein still retained at the site of damage 

15 min after damage (25). Examination of other DNA repair proteins was not conducted in 

this study, and the DNA damage induced by this method has not been fully characterized, 

although the observed recruitment OGG1 is consistent with the 365 nm micro-irradiation 

studies (19).

4.3 800 nm

The recruitment of FEN1 to sites of laser-induced damage was examined by micro-

irradiation of a ~2 μm spot with an 800 nm laser set at 10% power (61). Multiphoton 

excitation with 800 nm has been described to create UV photoproducts and DSBs at high 

power (11, 53, 55), so the contribution of other lesion types cannot be excluded even at this 

longer wavelength and lower power. The authors minimized the contributions of other 

pathways by excluding cells with replicative foci and avoiding nucleoli (61). They also 

assumed the number of DSBs was too low to impact FEN1 accumulation (61). Using these 

conditions, rapid recruitment of FEN1-YFP was observed after irradiation. FEN1 

recruitment reached a maximum at 2-3 min, and FEN1 dissociation occurred over 15-20 

min, consistent with reports on SSB repair kinetics (24, 25, 45, 62, 63). Accumulation of 

mCherry-PCNA and FEN1-YFP were also observed and this was consistent with long-patch 

repair of SSBs (61), as discussed in the previous sections (15, 22, 24).

4.4 Caveats for the use of NIR wavelengths for the induction of DNA damage

Multiphoton excitation for micro-irradiation offers a number of advantages over UV and 

visible wavelength; however, as with other techniques it also suffers from drawbacks. Two 

and three photon excitation lasers are not standard on most confocal systems and often 

require tuneable lasers that need to be coupled to microscopes and kept in good alignment. 

The induced DNA damage by nonlinear absorption appears to have a number of advantages 

in tight confinement, but the high power required to induce damage creates ROS as a by-

product, and DNA damage heterogeneity results from this excitation as well.

Although this technique is most commonly utilized for DSB repair, these reports show it 

provides insight into SSB repair and BER; however, the DNA damage generated needs to be 

carefully characterized. The observation of a PARP-1 independent function of XRCC1 in 

SSB repair (12) is highly dependent on oxidatively-induced DNA damage not being created 

by the multiphoton excitation. Recruitment of XRCC1 independent of PARP-1 activity has 
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been previously reported for oxidatively-induced DNA damage (discussed below) (32), but 

this finding is inconsistent with a number of other reports (15, 19, 41, 64).

Further, Kleppa et al. reported a reduction in accumulation of FEN1 at damage sites in the 

presence of PARP-1 inhibitors DPQ and NU1025 (61). This reduction in FEN1 recruitment 

contrasts with previous reports where FEN1 plays a role in long-patch repair of SSBs that is 

PARP-1 independent (15, 16). Different behaviors by PARP-1 inhibitors, 4-AN and PJ-34, 

were noted by Hanssen et al. (16), and since two different PARP inhibitors were utilized in 

this study, this may offer a partial explanation for these observations. Another possible 

explanation is that FEN1 is required to address the increase in oxidatively-induced DNA 

lesions occurring from the multiphoton micro-irradiation used (56, 57).

5. Induction of specific oxidative DNA damage by photosensitizers

As noted in previous sections, the ability to distinguish base lesions, SSBs, and DSBs is 

critical toward understanding the recruitment kinetics and sub-pathway dynamics involved 

in different repair pathways. A major limitation of techniques described to this point is the 

requirement of high laser intensity to produce ROS and base lesions. It has been proposed 

that the presence of intracellular antioxidants scavenge the ROS generated by micro-

irradiation until an oxidative stress threshold is reached that overwhelms the delicate 

antioxidant balance (65). Träutlein et al. demonstrated this effect by adding N-acetyl-

cysteine (NAC) in their multiphoton irradiation and quenching the production of ROS by the 

multiphoton excitation (57).

Halogenated sensitizers (BrdU) and DNA intercalating dyes (Hoechst and EtBr) allow the 

incident laser energy to be reduced, but how DNA damage is produced by these chemicals is 

not well understood, and their presence can have undesirable effects on chromatin structure 

and DNA mobility (5, 6, 11, 39). Photosensitizers that generate more specific types of 

oxidative damage would be desirable additions to micro-irradiation studies focused on the 

BER pathway. Chromophore-assisted laser or light inactivation (CALI) has been used in a 

number of fields to generate ROS to eliminate targets of interest (reviewed in (66)). Dyes 

(malachite green and fluorescein arsenical hairpin, FlAsH) and fluorescent proteins 

(KillerRed and miSOG) have been utilized to produce ROS site-specifically in cells (66). 

Combinations of these dyes or fluorescent proteins with micro-irradiation allow the 

generation of ROS within a defined area with temporal synchronization. Several examples 

of the application of CALI are reviewed below.

5.1 Ro19-8022

Excitation of the polar sensitizer Ro19-8022 has been shown to produce a DNA damage 

profile similar to singlet oxygen with 8-oxodG being the predominant base lesion observed 

(67). Micro-irradiation of Ro19-8022 by 365 nm revealed increased accumulation of 

oxidative damage DNA glycosylases OGG1, NEIL1, NEIL2, and NTH1 to sites of DNA 

damage (19). The addition of this sensitizer did not alter the recruitment of XRCC1, 

although an increase in Pol β was observed (19). This indicated an XRCC1-independent role 

for Pol β in the repair of oxidatively-induced DNA damage that was found to be mediated 

through the 8-kDa deoxyribose phosphate (dRP)-lyase domain (68).
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Similarly, micro-irradiation of Ro19-8022 by 405 nm (10% laser power) was utilized by 

Campalans et al. to induce formation of oxidatively-induced DNA lesions (32). Without the 

sensitizer, fluorescently-tagged XRCC1, but not OGG1, was recruited to the sites of 405 nm 

induced DNA damage, and PARP-1 inhibitors DIQ or olaparib eliminated the recruitment of 

XRCC1 to these sites of damages, consistent with some previous reports (15, 19, 41). 

Addition of the sensitizer under the same damaging conditions resulted in the recruitment of 

XRCC1 and OGG1 to sites of induced damage, even in the presence of PARP-1 inhibitors 

(32). This suggested that recruitment of XRCC1 to sites of SSBs is dependent on PARP-1 

activation, while recruitment of XRCC1 to sites of oxidatively-induced DNA base damage is 

independent of PARP-1 activity.

Finally, Menoni et al. used Ro19-8022 with low power 405 nm excitation to specifically 

introduce oxidatively-induced base lesions and to monitor the repair of these lesions by NER 

proteins, XPC-GFP and GFP-CSB (69). The presence of oxidatively-induced base lesions 

was confirmed by the recruitment of OGG1 to the sites of induced damage and by 

immunofluorescent staining with an 8-oxodG antibody. Further, no CPDs or 6-4PPs were 

observed using these damaging conditions, and no recruitment of other classical NER 

proteins was observed to sites of induced damage (69). Similar to Lan et al. (19), weak 

recruitment of XPC was observed without the photosensitizer, indicating a minor role for 

XPC in the repair of SSBs, and no recruitment of CSB was observed without the sensitizer 

(69). Interestingly, both XPC and CSB were strongly recruited to the sites of induced 

oxidative damage, though CSB recruitment was strongly linked to active transcription (69). 

Together, these data indicate a novel role for XPC and CSB in the repair of oxidatively-

induced lesions.

5.2 Psoralen

Another recent report utilized psoralen to probe the role of BER in the resolution of ICLs 

(70). Psoralen or trioxsalen have been more widely used with micro-irradiation to 

investigate repair of ICLs by NER (36, 70-72). Psoralen treated cells were micro-irradiated 

with a 365 nm pulse laser set at 1.7 % power (described in the UV section (36)), and GFP-

NEIL1 was found to accumulate to sites of induced damage (70). The damage induced by 

this system included oxidatively-induced base damage at higher laser powers. Specific 

recruitment of NEIL1 to ICLs, rather than oxidatively-induced DNA damage, was validated 

by addition of NAC prior to irradiation. Addition of NAC eliminated the production of 

oxidatively-induced DNA damage, similar to (57), but did not alter the accumulation of 

NEIL1 to induced damage sites .

5.3 Fluorescent protein, KillerRed

A more targeted ROS-generation approach utilizing the fluorescent protein KillerRed was 

recently reported (20). KillerRed is excited by 559 nm (~6 mJ/μm2) to generate superoxide 

(20, 73). To site-specifically introduce ROS, KillerRed was fused to the tetracycline 

repressor (tetR) and the transcription activator tetR+VP16 (TA), and these fusions were 

targeted to defined genomic regions containing a 90-kilobase (kb) tetracycline response 

element (TRE) binding cassette within the fusion proteins (20). Localization of the 

KillerRed-tetR allowed ROS to be introduced into regions of heterochromatin. The VP16 
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activator resulted in opening of condensed chromatin for transcription, and the KillerRed-

TA fusion allowed the induction of ROS to euchromatin. Using this system, GFP-mediator 

complex subunit 1 (MED1), NEIL1, NEIL2, and NTH1 were found to accumulate at sites of 

induced damage in both types of chromatin structures, while PARP-1 was more efficiently 

recruited to heterochromatin structures (20). Accumulation of the long-patch repair proteins 

PCNA and FEN1 was observed in euchromatin regions, with FEN1 recruitment being 

dependent on PCNA (20). One other interesting finding in this study was a reduction of 

FEN1 and PCNA recruitment in the presence of RNA polymerase II inhibitor, which implies 

a role for FEN1 and PCNA in transcription coupled repair of oxidatively-induced DNA 

damage (20).

5.4 Caveats for the use of photosensitizers for the induction of DNA damage

Coupling micro-irradiation with photosensitizers allows for better control over the types of 

DNA damage being generated thereby providing better resolution and characterization of 

BER specific pathways. Additionally, the DNA lesions are more comparable to natural ROS 

damage. As before, there are limitations to these applications. The use of the Ro19-8022 

photosensitizer is limited because it is not commercially available. Other photosensitizers 

(e.g., toluidine blue) are commercially available, but they have not been used with micro-

irradiation yet.

Improvements in genome-editing tools now allow for the site-specific introduction of 

fluorophores like KillerRed, yet this protein also has drawbacks. KillerRed expression must 

be tightly regulated to avoid induction of ROS by white light (20). KillerRed has been 

shown to dimerize in cells (74) and to emit a weak green fluorescent signal that may 

interfere with recruitment monitoring for GFP-tagged proteins (75). An improved version of 

KillerRed, Supernova, has been generated with specific point mutations to prevent 

dimerization (76). These tools may allow for better generation of BER lesions and improved 

localization of site-specific DNA damage when utilized with micro-irradiation. The visible 

excitation of these agents also makes them more accessible to researchers. Yet, as with the 

other methods discussed here, assessment of the damage generated is still required to 

maximize the impact of the findings.

6. Conclusions and Future Directions

A common theme in the application of micro-irradiation techniques for the examination of 

DNA repair is the need for improved reporting of laser conditions and better characterization 

of lesions induced by the damage. While specific antibodies exist for UV photoproducts and 

8-oxodG, researchers reporting micro-irradiation results do not often employ them (Table 1). 

Defining induced DNA lesion population heterogeneity can help researchers evaluate 

reported results, compare across techniques, and provide insight into cross-talk between 

DNA repair pathways. While no micro-irradiation technique is perfect, these methods have 

provided intriguing insights into NER and DSB repair, and appear to be poised to do the 

same for SSB repair and BER.

By examining the micro-irradiation studies together, a timeline of repair events can be 

observed (Fig. 3). The initial steps in lesion recognition involve proteins that arrive quickly 
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and dissociated rapidly as well. Scaffold proteins like XRCC1 and PARP-1 appear to be 

retained at the damage, and this retention coincides with the final gap filling and ligation 

steps. Interestingly, FEN1, PCNA, and LIGI have different recruitment and retention 

profiles that with further study and better separation from single-nucleotide repair may 

reveal coordination of steps during long-patch BER.

Some of the most intriguing results from micro-irradiation studies reviewed here come from 

the apparent inconsistencies between biochemical and biophysical reports. The role of 

PARP-1 in the recruitment of XRCC1 to sites of oxidatively-induced lesions is one example. 

While the results using 405 nm irradiation with the sensitizer Ro19-8022 are supported by 

the results without a sensitizer (16, 32), there is still a question of what lesions are being 

generated by the 405 nm irradiation (Table 1). If UV photoproducts are generated, then 

XRCC1 could be responding as part of NER rather than part of oxidative repair (77). The 

argument for a PARP-1 independent role in oxidative DNA lesion repair relies on the 

inhibition of catalytic activity by PARP-1 inhibitors (12, 32). Yet, the large number of 

PARP-1 inhibitors used in these studies makes comparisons difficult. PARP-1 inhibitors, 

NU1025 and 4-AN, still allow PARP-1 to be recruited to sites of DNA damage, though the 

accumulation kinetics are slightly altered and the persistence of PARP-1 at damage sites is 

extended (15, 41). Numerous reports have indicated the PARP inhibitors used in these 

studies do not prevent PARP-1 DNA binding (15, 41, 78-80). So, if PARP-1 is truly 

dispensable for the recruitment of XRCC1 to sites of DNA damage, then PARP-1 should not 

be observed at oxidatively-induced lesions. None of the reported studies indicating PARP-1 

independent sub-pathways monitor the recruitment of PARP-1 to sites of induced damage, 

so future work should examine the recruitment of PARP-1 to sites of oxidatively-induced 

base lesions.

The lack of damage characterization and mixed use of inhibitors also affects the assessments 

about FEN1 and PCNA. In order to more effectively understand the use of long-patch repair 

proteins, the addition of chemicals like methoxyamine (MX), which blocks single-

nucleotide BER , could help resolve competing repair pathways and allow better elucidation 

of sub-pathway specific behavior.

Micro-irradiation is a powerful technique that may allow DNA repair sub-pathways to be 

studied and dissected; however, it does have a fundamental limitation that must always be 

kept in mind: An individual repair process cannot be dynamically monitored in a population-

based system. Despite the advantage of localized damage induction, this is not a single 

molecule technique that would allow a single discrete lesion to be generated and its repair 

monitored. Objectives used for most micro-irradiation applications generate pixels 

containing kb of DNA. That means DNA damage is occurring in highly concentrated 

regions and that a large number of repair proteins are responding to the sites of damage. This 

recruitment of a large number of proteins is a strategic advantage when using fluorescently-

tagged proteins in wild-type backgrounds, yet it limits the precise monitoring of individual 

proteins to an individual damage site and insights into the stoichiometry of individual 

proteins at that damage site. While targeting techniques employed in the use of KillerRed 

limits the region of interest to ~90 kb (20), improvement in imaging techniques are still 

required to improve the resolution of individual proteins to induced damage sites. The 
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increasing accessibility of super resolution microscopy techniques along with the growing 

number of compatible fluorophores for these systems holds significant promise for the study 

of DNA repair. This was recently demonstrated for ionizing radiation induced DNA damage 

sites, where individual DSBs were imaged (81).

Overall, micro-irradiation techniques have provided remarkable new insight into DNA 

damage repair pathways and allowed for the cross-talk between repair pathways to be 

investigated more precisely. The studies reviewed here demonstrate the power of this 

technique for examining BER and SSB repair, yet there is considerable room for 

improvement. Advances in genomic lesion quantification and in super resolution 

microscopy will allow for significant improvements in the detection and resolution of DNA 

repair complexes induced by micro-irradiation, and this will provide better insight into 

overlapping DNA repair pathways.
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Abbreviations

DIQ 1,5- dihydroxyisoquinoline

4-AN 4- amino-1,8-naphthalimide

6,4PPs 6,4-photoproducts

8-oxodG 8-oxo-2′-deoxyguanosine

OGG1 8-oxoguanine glycosylase 1

APE1 AP-endonuclease

ATM ataxia telangiectasia-mutated gene

BER base excision repair

BRCA1 breast cancer gene 1

BRCT1 BRCA1 C-terminus 1

BrdU bromodeoxyuridine

CALI Chromophore-assisted laser or light inactivation

CPD cyclobutane pyrimidine dimers

dRP deoxyribose phosphate

DSB double-strand break

LIGI DNA ligase I

LIGIII DNA Ligase III
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Pol β DNA polymerase β

NEIL1 endonuclease VIII-like 1

NEIL2 endonuclease VIII-like 2

NTH1 endonuclease III-like protein 1

EtBr ethidium bromide

FEN1 flap endonuclease 1

FlAsH fluorescein arsenical hairpin

FUS/TLS fused-in-sarcoma/translocated-in-sarcoma

γH2AX gammaH2AX

GFP green fluorescence protein

HP1 heterochromatin protein 1

HMGN1 high mobility group N1

H2O2 hydrogen peroxide

ICLs interstrand cross-links

MED1 mediator complex subunit 1

MEFs mouse embryonic fibroblasts

NAC N-acetyl-cysteine

ns nanosecond

NIR Near Infrared

NBS1 Nijmegen breakage syndrome 1

NER nucleotide excision repair

CAF1-p150 p150 subunit of chromatin assembly factor I

PAR poly(ADP-ribose)

PARG poly(ADP-ribose) glycohydrolase

PARP-1 poly(ADP-ribose) polymerase 1

γH2AX phosphorylated H2AX

PNKP polynucleotide kinase phosphatase

PCNA proliferating cell nuclear antigen

RPA replication protein A

ROS reactive oxygen species

SSBs single-strand breaks

TRE tetracycline response element
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tetR tetracycline repressor

TA transcription activator tetR+VP16

TDP1 tyrosyl-DNA phosphodiesterase 1

UV ultraviolet light

XRCC1 X-ray repair cross-complementing protein 1

YFP yellow fluorescent protein
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Highlights

• Micro-irradiation allows study of single strand break and base lesion repair

• A wide range of wavelengths can be used to induce site-specific lesions

• Novel recruitment dynamics can be observed by micro-irradiation techniques
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Figure 1. Recruitment of GFP-XRCC1 and GFP-XRCC1 R399Q to DNA damage sites induced 
by 365 nm laser irradiation
Cell deficient in XRCC1 (82) were transfected with GFP-XRCC1 or GFP-XRCC1 R399Q 

and sensitized with 10 μM BrdU for 24 h. Cells were irradiated with a 365 nm laser at 0.17 

μJ/pixel. A single experiment is presented, though the recruitment trend observed and the 

images presented are representative of many experiments [43].
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Figure 2. Recruitment of BER proteins to the sites of induced DNA damage by 365 nm laser 
irradiation (26)
A. Wild-type and Pol β null cells one min after irradiation. B. Time course of XRCC1 

recruitment to the site of damage. C. PAR synthesis at the site of induced damage (error bars 

reflect SEM). Recruitment of XRCC1 is significantly different between the two cell lines at 

the 5 min time point (p < 0.05, Student's t-test), and the PAR levels are significantly 

different for the 1, 5, and 10 min time points (p < 0.01, Student's t-test).
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Figure 3. Coordination of BER proteins responding to sites of induced damage
Time scales were estimated from all of the reports reviewed with peak recruitment shaded 

darkly and gradual dissociation of proteins illustrated by the color gradient. For PCNA and 

LIGI a slower recruitment was observed (19, 24), so a gradient reflecting this accumulation 

was included. The endpoints reflect the longest reported time monitored. Hashed blocks 

indicate recruitment detected by immunofluorescent staining.
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Table 1

Summary of wavelengths reported to generate SSBs and base lesions.

Wavelength Damage Characterization Proteins observed References

337 nm 8-oxodG, 6,4PPs, CPDs
γH2AX positive

FEN1, PARP-1, XRCC1 (6)

351 nm γH2AX positive FUS/TLS (33)

364 nm γH2AX negative BRCA1, HMGN1, Pol β, XRCC1 (17, 18, 21, 26, 27, 
37)

365 nm (low power) γH2AX negative CAF1-p150, LIGIII, PCNA, PNKP, Pol β 
XRCC1

(14, 19)

365 nm (high power) γH2AX positive
8-oxodG

BRCA1, CAF1-p150, NBS1, NEIL1, 
NEIL2, NTH1, OGG1, PCNA, RAD52

(19)

365 nm with Psoralen γH2AX positive NEIL1 (70)

365 nm with Ro19-8022 8-oxodG NEIL1, NEIL2, NTH1, OGG1, Pol β, 
XRCC1

(19)

405 nm Low power, γH2AX negative
16-800 μW, 8-oxodG and γH2AX positive

FEN1, PCNA, Pol β, PNKP, XRCC1 (16, 43, 44)

405 nm with BrdU or 
Hoechst

8-oxodG, CPDs
γH2AX positive

LIGI, LIGIII, OGG1, PARP-1, PARG, 
XRCC1

(12, 13, 15, 22-24, 
41, 42)

405 nm with Ro19-8022 8-oxodG
Negative for 6,4PPs, and CPDs

CSB, OGG1, XPC, XRCC1 (32, 69)

435 nm γH2AX negative XRCC1 (45)

488 nm γH2AX positive
Negative for 8-oxodG, 6,4PPs, and CPDs

ATM, LIGIII, PCNA, RPA XRCC1 (46)

514 nm with EtBr 8-oxodG
γH2AX positive

XRCC1, HP1, OGG1 (50)

559 nm with Killer Red γH2AX positive
8-oxodG

FEN1, HP1, MED1, NEIL1, NEIL2, NTH1, 
PARP-1, PCNA, XRCC1

(20)

750 nm with Hoechst γH2AX positive
Negative for 8-oxodG

XRCC1, OGG1, PARP-1, LIGIII, PNKP (12)

768 nm None reported OGG1 (25)

800 nm None reported FEN1, PCNA (61)
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