
Reviewers' comments:  

Reviewer #1 (Remarks to the Author):  

In this manuscript, a previously described, elegant and well-controlled system is used to induce 
ROS in conjunction with the induction of transcription, to study transcription-coupled repair of 
oxidative damage at what is called the TA-KR locus. Previously published work with this system 
(Wei et al, PNAS 2015, ref #4 in this reference list) has shown that the induction of ROS at a site 
of transcription leads to the recruitment of CSB, Rad51, Rad51C and Rad52 to the TA-KR marked 
locus and that CSB and active transcription are needed for this recruitment. In that study, the 
authors also showed that upon RNaseH treatment, the localization of Rad52 to these sites is 
reduced, implicating R-loops in localization of repair proteins in this pathway, and that the ATPase 
domain of CSB is needed for Rad52 and Rad51C recruitment. They also previously published that 
Rad52, Rad51C and CSB interact in a manner that is dependent on transcription (DRB) and that is 
blocked by RNaseH treatment. They showed as well the persistence of gammaH2AX and 53BP1 
foci after knockdown of Rad52, CSB, Rad51C and combinations of the three, suggesting a need for 
these factors in repair. Finally, they showed that CSB patient lines were sensitive to IR and that 
this was epistatic with DRB. 

This work extends these findings a couple of ways. They show that Rad52 is upstream of Rad51 
within this previously defined pathway and that BRCA1 is not required. Note, they did previously 
publish that BRCA1 and BRCA2 are not recruited in a damage dependent way to this locus. They 
also show that an acidic domain of CSB can partially rescue varied effects of CSB loss whereas a 
mutant version of this domain with 22 amino acids converted (E to A) cannot rescue these effects. 
This is an interesting pathway but unfortunately the previously published work by these authors is 
very similar and this new study does not move far enough beyond what was previously done to 
merit publication in Nature Communications. Many of the findings here that are presented as new 
are already described or are directly inferred from the previously published work, and in fact the 
authors need to do a much better job of describing previously published work in this manuscript. 
There are also technical concerns about some of the newer data.  

• Figure 1 – the authors use gammaH2AX as a marker of DSBs, but it can be induced by a variety
of types of damage and stress. The authors need to establish whether a DSB is inducing this effect
or something else. Are DSBs made at this locus? They suggest that this is different from an I-SCE1
induced break, however the I-SCE1 break they induce was made outside of the gene and
upstream of the promoter at the TRE array. To really compare effects and conclude ROS has a
distinct effect from breaks, the breaks need to be introduced into the transcribed region of an
active gene.

• The domain used to rescue CSB loss is the CSB-AD22A mutant. This is a dramatically altered
sequence with 22 mutations and it is concerning that this may be very much unfolded.
Also a full length version of CSB with the 22A mutations needs to be used for all experiments and
not just this domain, particularly given that the authors’ previous work showed the CSB ATPase
mutation is needed for many of the reported effects (PNAS paper above). What is the impact of
the acidic mutations in the context of the ATPase activity of CSB?

• Figure 2C – in this experiment the KO of CSB leads to a reduction of foci positive cells from
~55% to 40% but in Figure 2A, knockdown of CSB leads to a much greater reduction – from about
65-10%. One would expect the knockout to be more effective than the knockdown. What is going
on?

• How does a point mutation in the CSB ATPase domain affect the recruitment of Rad51 and repair
of ROS-induced damage?

• The authors need to treat their S9.6 IF samples with RNaseA before analysis to remove RNA that



is known to also bind to the S9.6 antibody. They should also use S9.6 drip-sonication or R-CHIP to 
show at the R-loop forms at this site and not a control site nearby, in an inducible fashion.  
 
• In binding experiments with the RNA-DNA hybrids, the full length CSB is used. Do the CSB-AD 
domain and the CSB-AD22A mutant also bind?  
 
• Raw foci intensity should be plotted in Figure 4E and 4F for CSB, Rad52 and gammaH2AX. Fold 
increase may be masking small effects and is not needed. Also, the effect on H2AX-gamma seems 
extremely mild. There is concern that these effects are not significant.  
 
Minor Comments:  
• Figure 3H – why is the CSB-22A protein so much smaller than the wild type and 10A proteins?  
 
• Sup Figure 2B – what is the blot labeled rad51? Is it actually CSB? And why is the knockdown so 
poor and mostly for the upper band? The KO of CSB removes both bands.  
 
• Rad52 loss causes a G0/G1 pile up – does this matter? Is there any kind of cell cycle effect 
here?  
 
• Sup Figure 3A – what is the larger band in 337-509? Is it important?  
 
• Previous work from one of these labs showed that RNaseH-D210N stabilized the hybrids formed, 
but here it does not. Why?  
 
 
 
Reviewer #2 (Remarks to the Author):  
 
In this report by Teng et al investigates the mechanism of recombination factor assembly at a 
defined genome locus as a function of oxidative damage. BRCA1 and BRCA2 are known to be 
important factors for the loading of the Rad51 recombinase at the site of processed DNA double 
strand breaks. However, loss of either protein does not result in complete elimination of Rad51 
focus formation upon damage, suggesting that additional mechanisms exist for recombination 
factor recruitment. This work is threaded by the hypothesis that CSB is responsible for recruiting 
Rad51 to carry out recombinational repair at sites of active transcription.  
To this end, the authors used a system capable of delivering inducible and localized oxidative 
damage from the KillerRed protein chromophore at a Tet-controlled chromosomal locus. This 
intricate system allowed several interesting observations, most important of which are (1) the CSB 
protein is critical for the recruitment of Rad52 and Rad51 and (2) recruitment of CSB to the site of 
DNA damage depends on the formation of R loop. The authors went on to show that CSB exhibits 
strong affinity in vitro toward DNA:RNA hybrid, providing a biochemical basis for the recruitment of 
CSB to the site of oxidative damage undergoing active transcription. Accordingly, the authors 
arrived at the main conclusion that CSB is a key factor in assembling recombination repair factors 
at the site of oxidative damage in a transcription- and R loop-dependent manner.  
This finding has a high degree of originality and is well-supported by a combination of cell biology, 
biochemistry, and functional evidence. Overall, the experiments are well-executed and well-
controlled. The CSB-RAD52-RAD51 model of ROS damage response has two particular 
significances in my view. First, it establishes a new paradigm of recombinational repair in the 
context of transcription and in a BRCA1/2-independent fashion. Second, it identifies a novel of 
function of CSB in connecting ROS damage-induced R loop formation and the assembly of 
recombination factors. My critiques are as follows:  
 
1. Fig. 3a-c suggest that the acidic domain per se is capable of localizing as well as recruiting 
Rad51 to the site of ROS damage. The authors created Glu to Ala substitutions to test the effect of 
disrupting the CSB-AD domain. Give the number of substitutions made, it is possible that 



structural distortions, in addition to charge alterations, are also at play. It would be necessary to 
test additional CSB-AD mutant to re-inforce the notion that the negatively charged AD region is 
essential for it enrichment at the site of damage and for the foci formation of Rad51 and Rad52.  
 
2. Fig. 3d, it appears that the CSB 961-1399 fragment is recruited to damaged site more efficiently 
than both the wild type and the CSB-AD fragment. Is it possible that CSB 961-1399 also 
contributes to the localization of CSB, although it may not possess the interaction with Rad52? 
This would be consistent with the result from Fig. 3a.  
 
3. Given that the acidic domain is crucial for CSB function in ROS damage response at the 
transcribed region, it would be expected that the evolutionary conservation of this domain is high 
among eukaryotes. Is it the case? The authors should show the sequence alignments of this region 
to confirm the domain conservation and to justify the design of the Glu to Ala mutants.  
 
 
 
 
 
 
Reviewer #3 (Remarks to the Author):  
 
This study investigates the mechanism protecting actively transcribed genome, exploiting the 
previously established system by the lead author’s group, which enables conditional induction of 
ROS at promoter region with and without transactivation using the KillerRed (KR)-fusions, TA-KR 
and tetR-KR, respectively. They elegantly demonstrated that 1) transcription-coupled ROS (TA-KR) 
triggers the accumulation of H2AX, which is cleared in a RAD51-dependent manner, 2) RAD51 is 
recruited at the TA-KR-induced lesion, in a manner dependent on the DNA excision repair protein 
CSB and the HR factor RAD52, but not on BRCA1/2, 3) the acidic domain (AD) of CSB is 
responsible for RAD52 recruitment to the TA-KR-induced lesion, 4) the cluster of N-terminal acidic 
residues in the AD mediates RAD52 interaction, 5) TA-KR induces R-loop formation, which in turn 
recruit CSB and RAD52, and 6) CSB, as well as RAD52 with lower affinity, directly binds to R-
loops.  
 
Together, authors propose that ROS at actively transcribed regions induce R-loops, which in turn 
recruits CSB, RAD52 and RAD51 in this order. This process is independent of BRCA1/2 and is 
important to repair DNA damage at these regions.  
 
Experiments are well-executed, and the results are well-presented. The manuscript is consistently 
well-written and convincing, except one concern regarding their interpretation. It is not clear to 
this reviewer whether 1) the TA-KR induces double-strand breaks ( H2AX is a marker of wide-
ranging genotoxic stresses, not restricted to double strand breaks), and 2) RAD51 recruited at the 
TA-KR-induced lesion indeed mediates homologous recombination (HR) repair. It is now well 
described that R-loops serve as the major source of genotoxic stress, triggering DNA damage 
when they encounter with DNA replication forks (doi: 10.1016/j.cell.2017.07.043.). Also, RAD51 is 
shown to catalyse not only the HR repair of broken DNA, but also protect stalled replication forks 
(doi: 10.1016/j.cell.2011.03.041.). It is conceivable that the ROS-induced lesions and/or R-loops 
triggers stalled replication forks, which might not be efficiently protected in the absence of the 
CSB-RAD52-RAD51 axis. This may lead to the persistent H2AX, or an increased intensity of 
H2AX (as visible in Fig.1b, H2AX at 36 h after ROS induction, comparing siCtrl and siRNA51) 

after the early repair of ROS-induced lesions by NER. This possibility can be tested by blocking 
DNA replication (e.g., aphidicolin treatment). If the H2AX signal in siRAD51 treated cells is 
dissolved by DNA replication inhibition, it is very likely that the CSB-RAD52-RAD51 axis protects 
actively transcribed genome from replicative stress rather than catalysing HR repair. 
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Rebuttal Figure 1 (For reviewer 1)
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Fig. 1 (A) γH2AX foci frequency at TA-KR 1 h after light-induced KillerRed activation in cells treated with or without
aphidicolin (APH, 5 μg/mL, 2 h). (B) ChIP assay of U2OS TRE cells transfected with TA-KR after damage was
performed using ChIP-IT Express Enzymatic kit (Active Motif) and γH2AX antibody (clone JBW301). A region of TRE
locus was amplified by PCR. (C) Recruitment of GFP-tagged Ku70 and Ku80 to TA-KR in U2OS TRE cells. (D)
Interactions between Flag-YFP-RPA1 and Myc-CSB-AD WT, 10A and 22A were tested by anti-Myc Co-IP in Flp-in 293
cells. (E) γH2AX foci frequency at TA-KR at early (1 h) and late (36 h) time points after damage in WT, CSB KO cells
and CSB KO cells transfected with Myc-CSB WT, 10A or 22A. (F) RAD52 foci frequency at TA-KR in WT, CSB KO cells
and CSB KO cells transfected with Myc-CSB WT, 10A or 22A. (G) RAD51 foci frequency at TA-KR in WT, CSB KO
cells and CSB KO cells transfected with HA-CSB WT or K538R. (H) DRIP assay detected the fold enrichment of DNA:
RNA hybrids at two loci in transcription cassette near TRE region in cells transfected with TA-KR/TA-Cherry (n=3). (I)
S9.6 foci staining at TA-KR tetR-KR, TA-Cherry and tetR-Cherry in cells treated with RNaseA (100 μg/mL in RNaseA
digestion buffer). The HA-RNaseH1 WT but not D210N overexpression reduced S9.6 foci. For (A), (E) to (G) and (I),
n=3, 50 cells per replicate. Unpaired t-test, error bars represent SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Reviewers' comments:  

Reviewer #2 (Remarks to the Author):  

In this revised manuscript, Teng et al performed several new experiments to enhance the existing 
data in demonstrating a role for CSB in transcription-dependent recruitment of recombination 
factors during oxidative DNA damage These include the involvement of the ATPase activity, a less 
abrasive mutant of the CSB acidic domain, and additional control data These new results 
significantly strengthened the experimental support for the main conclusion. Particularly, the 
consistent results from the CSB AD12 E-to-A mutant alleviated the concern that structural 
disruption may be a potential cause of impaired recruitment of recombination factors to the sits of 
DNA damage.  

My remaining suggestion is to include the Rebuttal Figure 2J in which an alignment of the CSB 
acidic domains from four species is shown. This is informative for the readers to understand the 
high degree of reserved acidic residues among vertebrates. In this sub figure, “Fish” is presumably 
zebra fish and should be specified as so.  

Reviewer #3 (Remarks to the Author):  

The authors essentially addressed my questions, and according to the results they present, I now 
agree that the TA-KR indeed induces double-strand breaks. However, in my view, their observation 
with Aphidicolin (APH) treated cells following TA-KR-induced ROS damage does not meet with their 
conclusion that RAD51 catalyses the canonical HR repair at that locus. APH is an inhibitor of B 
family DNA polymerases, which catalyse not only replicative DNA synthesis but also HR-mediated 
DNA repair synthesis. A reduced level of gH2AX in APH treated cells, as seen at 36 h time point, 
somewhat suggests an involvement of another repair mechanism but not HR repair. Or, it is 
another DNA polymerase (i.e., low fidelity or translesion DNA polymerase), which repairs the DSB? 
This is an important point conceptually, and has to be fully addressed before the manuscript is 
accepted for publication. 
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REVIEWERS' COMMENTS:  

Reviewer #3 (Remarks to the Author):  

Authors addressed my question satisfactorily.


