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Peer Review File

Persistent TFIIH binding to non-excised DNA damage causes
cell and developmental failure



REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

Here the authors attempted to correlate different disease subtypes and severity observed in 

xeroderma pigmentosum (XP) and Cockayne syndrome (CS) with TFIIH binding and removal. With 

FRAP and iFRAP, the authors first demonstrated that the mobility of XPB, a component of TFIIH, was 

significantly reduced in XPG/XPF deleted cells, which were reversed by co-depletion of XPA. Using the 

approaches of knockout (KO)/rescue and RNA interference in mammalian cells or C. elegans, it was 

shown that the severe phenotype in XPG/XPF deletion could be partially rescued by co-depletion of 

XPA or TTDA. It was therefore concluded that the prolonged binding of TFIIH to damaged DNA could 

explain the severe phenotype such as senescence or neuron dysfunction. Additionally, the data may 

also explain the phenotypic difference between XPA and XPF/XPG deficiency. In all, although the 

results in large part support their claims, additional experiments and explanations are required to 

strengthen their conclusions.

1. Although the data have shown the correlation between persistent TFIIH binding and either 

senescence or neuronal dysfunction upon XPG or XPF KO, it is unclear that whether the persistent 

lesions played any role. It is peculiar that with additional deletion of XPA or TTDA, these phenotypes 

could be partially rescued, as one would expect that the presence of these lesions would most likely 

trigger DNA damage response, leading to senescence. To address this point, CPD staining and EdU 

incorporation could be performed to determine whether lesions have been somehow partially removed 

under these conditions or if repair synthesis has occurred.

2. Fig. 2J and 2K are quite puzzling and an explanation is needed. It appears that the authors have 

chosen to show the effect of XPG KO and XPA si with reduction of cells in Q1 rather than increase in 

the other quadrants. Furthermore, XPG KO seemed to cause significant increase in IL-6+ cells but 

these cells appeared mostly in Q1 (Lamin A-/Lamin B -). In Fig. 2K, the comparison (P value) between 

– and + siXPA in the XPG KO group was not shown.

3. In Fig. S3C, deletion of GTF-2H5 seemed to have no effect on dil dye filling in contrast to XPA 

deletion (Fig. 3C) which showed a dramatic reduction in dye filling. What would be the possible 

explanation if both represent the defects in TFIIH binding? Furthermore, GTF-2H5 deletion seemed to 

have a dramatic effect on L1 survival (Fig. S3D).

4. Similarly in Fig. 4B, deletion of CSB did not appear to impact on dil dye filling, which is inconsistent 

with the involvement of TC-NER.

5. It is interesting that the degree of TFIIH immobility correlated with the disease severity from the 

three XPF mutants P379S, R799W, and C236R. It would be nice to know how these three mutations 

affect the nuclease activity of XPF.

Reviewer #2 (Remarks to the Author):

The current study aims to elucidate the heterogeneity observed in NER syndromes. By utilizing the C. 

elegans model system and human cells, the authors demonstrate that both XPA and TTDA facilitate 

the stable binding of TFIIH to DNA damage, whereas ERCC1-XPF and XPG promote the dissociation of 

TFIIH from DNA. They also observe that prolonged binding of TFIIH to DNA damage in Errc1/Xpf 

mutant cells results in senescence in both human cells and worms. Overall, these findings validate 

previous discoveries made by the same research group. However, there are concerns regarding the 

novelty and significance of the findings. To exclude the involvement of other functions of the ERCC1-

XPF complex, such as repair of DNA interstrand crosslinks and resolution of transcription-associated R-

loops, further experiments are required to investigate the persistent binding of TFIIH and its variations 

in distinct NER mutants. Additionally, the dissimilarity in TFIIH binding to DNA damage between XPA 

and XPF does not account for the comparable phenotypes observed in patients with XPA and XPF 

mutations. Moreover, heterogeneity exists not only among patients with mutations in different NER 



genes but also among patients with different mutations within the same gene. The authors fail to 

provide specificity of the findings to TFIIH and its interaction with DNA damage. It would be important 

to explore whether differential TFIIH stalling in XPA or TTDA cells, compared to ERCC1-XPF or XPG 

cells, also affects other factors such as RNAPII stalling. Conducting additional experiments involving 

the crossbreeding of Xpa-/- mice with Ercc1-/- or Xpg-/- mice could lend support to the proposed 

mechanism by assessing whether it alleviates the severe phenotype observed in Ercc1-/- or Xpg-/- 

mice. Lastly, the unexpected absence of neuronal UV sensitivity in Csb-1 mutants, as reported by the 

authors, raises further questions.

Reviewer #3 (Remarks to the Author):

The manuscript by Muniesa-Vargas et al. provides evidence that persistent binding of the THIIH 

transcription/ polymerase-accessory-complex, caused by blockage of Nucleotide Excision Repair (NER) 

at the step of endonuclease cleavage/excision of the damaged strand correlates with toxicity and 

developmental failure, both in human tissue culture models as well as in the C. elegans in vivo model. 

Outing myself as not being into the ins and outs of the inner NER community (and this might be 

important for judging novelty), I consider this study as overall very well done, and important. 

Improvements need to be implemented.

The manuscript would benefit from streamlining the text. Some suggestions are provided below. I am 

not a native speaker, but careful editing by a native speaker will be important. Some experimentation 

would strongly strengthen the major conclusion. The most important one is the analysis of catalytically 

dead XPF and XPG mutants, at least in C. elegans where this can be very easily done. The discussion 

could be clearer and testing transcriptional effects in worms should be very much doable. Further 

below, please find my comments, aligned with the progression of the text. When important, comments 

and suggestions are indicated as ‘important’.

By way of introduction, the NER pathway comes in two flavors, global genome repair (gNER) is active 

throughout the genome, and mutations are primarily associated with Xeroderma pigmentosa, a 

heritable disease characterized by extreme UV sensitivity and cancer predisposition. In contrast, 

transcription-coupled repair (tcNER) specifically deals with the repair of transcribed DNA, when RNA 

polymerase extension is blocked by UV-induced lesions. Patients who are specifically defective for 

tcNER (eg CSB) suffer from Cockayne syndrome (CS) characterized by severe growth failure, 

progressive neurodegeneration, and progeria. Mutants of genes needed for both NER pathways, with 

phenotypes biased towards CS exist and these are characterized by the combined feature of XP and 

CS, (XPCS). tcNER requires the general multi-subunit transcription factor TFIIH. I understand that 

defective transcription has been linked to TFIIH instability, and that NER repair complexes have been 

reported to be continuously targeted to DNA damage in cells carrying and XPCS causative XPF-1 

mutants, leading to the postulate that such accumulation may block transcription.

The authors show that XPA and TTDA general NER factors, XPCS causative mutants, as well as 

ERCC1/XPF and XPG nuclease defective mutants lead to TFIIH hyperaccumulation at DNA damage 

sites and that this is correlated with features of senescence in tissue culture cells and 

neurodegeneration in the C. elegans model.

List of comments

I found the paper at times very-very hard to read and provided suggestions for improvement further 

below. I think it is important to in Figure 1 always indicate if experiments were done immediately after 

UV irradiation and, and/or 3 hours after UV irradiation,

Lines 108. change to ‘the fraction of immobilized TFIIH is decreased when FRAP experiments are 

conducted 3 hours after UV irradiation’.



Line 110. It is not entirely clear what ‘this’ refers to. ‘These experiments’?

Line 111 ‘In sharp contrast, after XPA depletion this UV-dependent TFIIH immobile…’ change to ‘In 

sharp contrast, after XPA depletion the UV-dependent TFIIH immobile…’

Line 115 ‘..DNA incision by XPF and XPG allows TFIIH dissociation’… change to ‘..XPF and XPG allow 

TFIIH dissociation’…((( at this stage, you do not know if it is XPF and/or XPG-mediated incision is 

necessary for TFIIH dissociation. Eg says that ‘the dissociation requires XPF or XPG’.

Line 119 ‘We therefore generated cells expressing fluorescent TFIIH with full

XPA or XPF knockout (KO) to confirm our results and to test whether the strong UV-induced

immobilization of TFIIH after XPF depletion can be suppressed by XPA loss.’ Change to ‘‘We, therefore, 

generated XPA or XPF knockout alleles in cells expressing fluorescent TFIIH to corroborate our RNAi-

based results and to test if the strong UV-induced retention of TFIIH in UV treated XPF deficient cells is 

XPA dependent.’

Line 123 change to ‘XPB locus in wild-type U2OS cells and in XPF KO U2OS cells we had previously 

generated’

Line 126, ‘Moreover, 3 h after UV irradiation’ change to ‘Moreover, also 3 h after UV irradiation…’

Lines 98-135 in Figure 1 always indicate (and not just in A and B) that measurements were taken 

immediately after UV irradiation.

IMPORTANT: Figure 1F. Would you not need to also directly compare and indicate statistical 

information when comparing GFP-XPB immobilization in WT versus XPA deficient lines?

Line 128. Exchange ‘more’ with ‘increased’.

IMPORTANT: Line 146. Can the authors make clear in the narrative that both lines carry the GFP 

knockin, one line carrying the XPF knockout, and both lines are otherwise isogenic (eg U2OS).

Line 177. My feeling is that Figure S1H is important and should be integrated into the main Figure.

Line 183. It is not exactly clear what ‘which’ refers to

Line 187. The connection between lamin (mis?) expression and senescence is not explained.

IMPORTANT: Line 190. Can a reference for doxorubicin treatment-mediated senescence induction be 

provided?

IMPORTANT: Line 187-197 Please improve the narrative to better describe the data, and better guide 

the reader. What do you mean by clear changes in lamin B1/A expression? The ratio of lamin B1 and A 

expression. For IL6 and lamin reporters clarify that the former is a transcriptional reporter and that 

the lamin reporters are translational reporters.

201 change to “..GFP fused to the TFIIH…”

IMPORTANT: Line 205. Can GFP-2H1/p62 be quantified?

Line 254 change ‘mildly but significantly’ to ‘partially’



IMPORTANT: I suggest generating nuclease dead XPF-1 and XPG-1 mutants in C. elegans and possibly 

(to my mind this is not essential) in human cells. Only this way it can be clearly shown that a NER 

repair intermediate (eg persistent bubble) is required for excessive TFIIH retention.

IMPORTANT: Based on the results shown it appears most likely that the TFIIH retention at damage 

sites might be the toxic entity causing CSB-related phenotypes. Is it possible that this is due to a 

general reduction in transcription linked to the reduced availability of TFIIH for general transcription? 

What do we know about the stoichiometry of DNA damage sites and TFIIH complexes engaged in 

transcription? I understand that, using C. elegans the authors previously showed reduced 

transcription. Would it be possible to do this in this study as well, directly comparing the most 

important strains? Ideally, if the author's hypothesis is correct, which I consider likely, would it make 

sense to treat WT and various mutants with a low dose of UV which by itself does not cause a 

degenerative phenotype or reduced survival, and do this in conjunction with partial (RNAi mediated or 

degron mediated) TFIIH depletion which by in itself does not have an effect, but in conjunction with 

UV might lead to a synthetic effect? Are mutants of TFIIH subunits specifically defective for engaging 

with NER but not compromised for transcription known, and if so, could they be used to substantiate 

the claim that excessive TFIIH retention might be necessary for CSB-like pathology (eg compromised 

transcription).



REVIEWER COMMENTS 

Reviewer #1 (Remarks to the Author): 

Here the authors attempted to correlate different disease subtypes and severity observed in xeroderma 
pigmentosum (XP) and Cockayne syndrome (CS) with TFIIH binding and removal. With FRAP and iFRAP, 
the authors first demonstrated that the mobility of XPB, a component of TFIIH, was significantly 
reduced in XPG/XPF deleted cells, which were reversed by co-depletion of XPA. Using the approaches 
of knockout (KO)/rescue and RNA interference in mammalian cells or C. elegans, it was shown that the 
severe phenotype in XPG/XPF deletion could be partially rescued by co-depletion of XPA or TTDA. It was 
therefore concluded that the prolonged binding of TFIIH to damaged DNA could explain the severe 
phenotype such as senescence or neuron dysfunction. Additionally, the data may also explain the 
phenotypic difference between XPA and XPF/XPG deficiency. In all, although the results in large part 
support their claims, additional experiments and explanations are required to strengthen their 
conclusions. 

We thank the reviewer for the construc�ve sugges�ons to strengthen our manuscript, which we have 
addressed as explained below. 

1. Although the data have shown the correlation between persistent TFIIH binding and either 
senescence or neuronal dysfunction upon XPG or XPF KO, it is unclear that whether the persistent 
lesions played any role. It is peculiar that with additional deletion of XPA or TTDA, these phenotypes 
could be partially rescued, as one would expect that the presence of these lesions would most likely 
trigger DNA damage response, leading to senescence. To address this point, CPD staining and EdU 
incorporation could be performed to determine whether lesions have been somehow partially removed 
under these conditions or if repair synthesis has occurred. 

We agree that it is useful to show whether DNA repair itself is equally affected by loss of XPA, XPF or 
XPG. Therefore, we performed Unscheduled DNA Synthesis experiments (EdU incorpora�on) in cells 
knockout for XPA, XPF, XPG or double knockout for XPA and XPF. These experiments are depicted in 
Figure S1H of the revised manuscript and show that NER is equally and completely abrogated in all 
knockout cells. In addi�on, it is important to note that we do not dismiss that persistent DNA damage 
by itself also nega�vely affects cell func�onality. Some of the phenotypes that we study, such as 
development and dye filling in C. elegans, are clearly also observed in e.g. xpa-1 deficient animals, but 
are more pronounced in xpf-1 and xpg-1 animals. That is why we indicate (in the discussion) that we 
hypothesize, based on our findings, that ‘persistent binding of TFIIH to DNA damage could be one of 
the causa�ve factors contribu�ng to a more severe pathology’.  

2. Fig. 2J and 2K are quite puzzling and an explanation is needed. It appears that the authors have 
chosen to show the effect of XPG KO and XPA si with reduction of cells in Q1 rather than increase in the 
other quadrants. Furthermore, XPG KO seemed to cause significant increase in IL-6+ cells but these cells 
appeared mostly in Q1 (Lamin A-/Lamin B -). In Fig. 2K, the comparison (P value) between – and + siXPA 
in the XPG KO group was not shown. 

We thank the reviewer for indica�ng that our descrip�on was not sufficiently clear. In the text of the 
revised manuscript, we have now beter indicated that changes in lamin B1 and lamin A expression are 
visualized by plo�ng these in a graph and by plo�ng the quan�fica�on of cells in each quadrant. Also, 
we now explicitly indicate that in these graphs, the IL-6 posi�ve cells are shown with a blue color. In 
addi�on, to be clearer, we now show the increase of cells in the other quadrants (Q2-4) in Fig 2K, and 
show the change of cells in each individual quadrant separately in supplementary Fig 2F-I. We also 
added the sta�s�c comparison between – and + siXPA in the XPG KO cells, as indicated by the reviewer. 



It is true that many of the XPG KO cells that are in Q1 (already) show IL-6 expression. This is also 
observed a�er doxorubicin treatment, and in other senescence-related cellular models in which this 
reporter system is used and tested. This shows that there is no clear one-to-one correla�on between 
lamin B1/lamin A expression ra�o and IL-6 induc�on, which is true for many biomarkers of senescence. 
This data is not included in this manuscript, but will be part of a future publica�on describing this 
reporter system in more detail. 

3. In Fig. S3C, deletion of GTF-2H5 seemed to have no effect on dil dye filling in contrast to XPA 
deletion (Fig. 3C) which showed a dramatic reduction in dye filling. What would be the possible 
explanation if both represent the defects in TFIIH binding? Furthermore, GTF-2H5 deletion seemed to 
have a dramatic effect on L1 survival (Fig. S3D). 

It is true that gtf-2H5 mutants are UV sensi�ve in the L1 larvae survival assay, but not so much in the 
dye filling assay. We do not know the exact reason for this, but gtf-2H5 and xpa-1 animals are not 
similar with regards to defects in TFIIH binding. XPA-1 is needed to promote stable binding to DNA 
damage and (helicase) ac�vity of TFIIH. GTF-2H5 not only promotes this stable binding, but addi�onally 
promotes the stability of the whole TFIIH complex1,2 and the recruitment of XPA-13. Stable TFIIH 
binding is therefore probably even more prevented in gtf-2H5 animals than in xpa-1 animals, and, 
possibly, therefore these animals are also less impaired in the dye filling assay than xpa-1 animals. An 
alterna�ve explana�on may be that repair is not completely abrogated in gtf-2H5 animals, and a low 
residual repair over the course of the dye filling experiment (which is three days) is sufficient to prevent 
dye filling defects. This type of residual repair is the likely explana�on for the lack of a dye filling 
phenotype in csb-1 animals, as explained below. For csb-1 animals there is clear evidence for residual 
repair (via XPC-1), but for gtf-2H5 animals there is no evidence for this. In contrast to dye filling, the L1 
larvae UV survival not only reflects neuronal integrity (for which it can be used as readout), but also 
that of other cell types, such as  glial and hypodermal cells, as we describe in the discussion of one of 
our previous papers4. Therefore, it could also simply be that this assay is a more sensi�ve readout of 
defects in NER and that therefore gtf-2H5 mutants show UV sensi�vity. It would be interes�ng to 
inves�gate this difference between xpa-1 and gtf-2H5 animals further, but as we do not think that 
these specula�ons add much to the conclusion of our current manuscript, we have not included these.  

4. Similarly in Fig. 4B, deletion of CSB did not appear to impact on dil dye filling, which is inconsistent 
with the involvement of TC-NER.  

We understand the concern of the reviewer, as it may seem illogical that CSB-1 dele�on does not 
impact dye filling. First of all, it should be noted that in an xpf-1 background, addi�onal deple�on of 
CSB-1 does par�ally suppress the dye filling defect (Figure 5B), indica�ng involvement of TC-NER via 
CSB-1. However, indeed the single csb-1 mutant does not show a dye filling defect, which may be 
unexpected. The explana�on that we provide for this is based on previous gene�c analysis, which 
shows that in C. elegans XPC-1 via GG-NER can compensate and repair DNA damage, at least in part, 
in ac�ve genes in the absence of CSB-14,5. We confirm this also in the current manuscript by performing 
Recovery of Protein Synthesis assays in csb-1 and xpc-1 single and double mutants (Figure S3H), which 
is an indirect assay to measure repair in a transcribed gene. As this shows that there is residual repair 
(via XPC-1) in csb-1 animals, this residual repair is likely sufficient over a period of 72 h in the dye filling 
assay to prevent a dye filling defect. Therefore, one should consider the impact of csb-1 dele�on in an 
xpc-1 background, and indeed the double xpc-1; csb-1 mutant has a strong dye filling defect (Figure 
5C). To address the reviewer’s concern, in the revised manuscript we have now explicitly stated that it 
is counterintui�ve that csb-1 animals do not show a dye filling defect, but that this is likely due to 
residual repair via XPC-1.  



 
5. It is interesting that the degree of TFIIH immobility correlated with the disease severity from the 
three XPF mutants P379S, R799W, and C236R. It would be nice to know how these three mutations 
affect the nuclease activity of XPF. 

We agree that it is relevant to discuss how XPF cataly�c ac�vity is affected by these muta�ons. Previous 
in vitro and cellular work has shown that the C236R muta�on severely impairs XPF nuclease and repair 
ac�vity, whereas with R799W and P379S muta�ons s�ll residual nuclease and/or repair ac�vity is 
observed6–9. In the revised manuscript, we now men�on this in the results sec�on and describe this in 
more detail in rela�on to our results in the discussion sec�on.   

 

  



Reviewer #2 (Remarks to the Author): 

The current study aims to elucidate the heterogeneity observed in NER syndromes. By utilizing the C. 
elegans model system and human cells, the authors demonstrate that both XPA and TTDA facilitate the 
stable binding of TFIIH to DNA damage, whereas ERCC1-XPF and XPG promote the dissociation of TFIIH 
from DNA. They also observe that prolonged binding of TFIIH to DNA damage in Errc1/Xpf mutant cells 
results in senescence in both human cells and worms. Overall, these findings validate previous 
discoveries made by the same research group. However, there are concerns regarding the novelty and 
significance of the findings. To exclude the involvement of other functions of the ERCC1-XPF complex, 
such as repair of DNA interstrand crosslinks and resolution of transcription-associated R-loops, further 
experiments are required to investigate the persistent binding of TFIIH and its variations in distinct NER 
mutants. Additionally, the dissimilarity in TFIIH binding to DNA damage between XPA and XPF does not 
account for the comparable phenotypes observed in patients with XPA and XPF mutations.  

We thank the reviewer for his/her cri�cal concerns. Our results are indeed in line with and build further 
upon our previous findings regarding persistent accumula�on of NER factors in XPCS complex cells. 
However, the results presented in this current paper are all novel and highly significant, as they show 
that longer TFIIH binding to DNA damage is toxic for cells, in par�cular for neurons as shown in a 
mul�cellular model organism, and that this can be suppressed by preven�ng stable TFIIH binding to 
DNA damage. It is important to stress that we do not exclude the involvement of other func�ons of 
ERCC1-XPF (or XPG) as important for disease phenotypes, as the reviewer seems to suggest. We are 
fully aware that ERCC1-XPF has other func�ons as well, such as in interstrand crosslink repair. A�er all, 
one of our co-authors was among the first to show this10, we have studied this in the past11 (and s�ll 
do), and this was, of course, clearly demonstrated by others12,13. We do not claim that the difference 
in TFIIH binding that we observed explains all phenotypic differences between XPA, XPF and XPG 
deficiency and think that the involvement of ERCC1-XPF (and XPG) in other genome maintenance 
mechanisms contributes to symptoms observed in pa�ents as well. This has also been clearly 
demonstrated for pa�ents with e.g. Fanconi anemia (for ERCC1-XPF7,14). Therefore, we wrote in the 
discussion of the submited version of our manuscript that the difference between XPA and ERCC1-
XPF deficiency can be par�ally atributed to different ac�vi�es of these proteins. We now understand 
that we should indicate this more explicitly. Therefore, in the revised version, we provide examples of 
other genome maintenance pathways in which ERCC1-XPF and XPG func�on, and name Fanconi 
anemia as example. This way, we explain more clearly that our results indicate that persistence of 
stable NER intermediates ‘likely also contributes to the more severe symptoms generally observed in 
absence of ERCC1-XPF or XPG’. To emphasize this, we added the words ‘in part’ to the last sentence of 
the abstract, such that it does not appear that we claim that TFIIH DNA damage binding completely 
explains all phenotypic differences between XPA, TTDA, XPF and XPG deficiencies. Because we do not 
exclude other func�ons of ERCC1-XPF (or XPG), it is not clear to us which ‘further experiments’ would 
be required to inves�gate the persistent binding of TFIIH to address this concern, and hope the 
reviewer will agree with our answer.  

Moreover, heterogeneity exists not only among patients with mutations in different NER genes but also 
among patients with different mutations within the same gene. The authors fail to provide specificity 
of the findings to TFIIH and its interaction with DNA damage. It would be important to explore whether 
differential TFIIH stalling in XPA or TTDA cells, compared to ERCC1-XPF or XPG cells, also affects other 
factors such as RNAPII stalling.  

It is true that heterogeneity exists among pa�ents with muta�ons in the same NER gene, which we 
also clearly indicate in the introduc�on. To address this with regard to heterogeneity due to XPF 
muta�ons in rela�on to TFIIH stalling, we performed experiments in which we monitored TFIIH stalling 



in cells expressing different XPF mutants associated with heterogenous disease features. This showed 
a clear correla�on between TFIIH stalling and severity of XPF disease (shown in Figure 2F-I). Whether 
this holds also true for other NER genes whose muta�on can lead to different diseases and severity is 
not the focus of this (ini�al) study, but is under current inves�ga�on in our group.  

The reviewer indicates that it would be important to also explore if other factors are affected, such as 
RNAPII stalling. We agree with this, as we are aware that similar models based on a difference in RNAPII 
processing/stalling exist to explain heterogeneity of diseases caused by NER genes, such as CSB and 
UVSSA15–18. To address this, we performed FRAP in cells expressing CSB-mClover in which XPA, XPF or 
XPG was depleted. We used UV-induced immobiliza�on of CSB (as measured by FRAP) as readout, as 
this is a very sensi�ve indicator of Pol II stalling, as previously shown (Geijer 2021; Llerena Schiffmacher 
2023). We found, however, no clear differences between control cells and cells in which XPA, XPF or 
XPG was depleted. These new data are now shown in Figure 3B-C of the revised manuscript.  

Conducting additional experiments involving the crossbreeding of Xpa-/- mice with Ercc1-/- or Xpg-/- 
mice could lend support to the proposed mechanism by assessing whether it alleviates the severe 
phenotype observed in Ercc1-/- or Xpg-/- mice.  

We agree with the reviewer that it would be a very good idea to next perform similar double mutant 
experiments in NER deficient mouse models. We have made plans to do this, but considering the �me 
and funding needed for this, we think that these experiments are beyond the scope of the current 
manuscript.  

Lastly, the unexpected absence of neuronal UV sensitivity in Csb-1 mutants, as reported by the authors, 
raises further questions. 

We understand that the csb-1 phenotype in the dye filling assay may be unexpected and also reviewer 
1 asked about this. However, please note that neurons in csb-1 deficient animals are sensi�ve to UV 
irradia�on, which is clear from the fact that csb-1 animals are hypersensi�ve in L1 larvae UV survival 
assays, which depends on neuronal transcrip�onal ac�vity, which was published in previous papers by 
us and others5,19–21. Also, we previously showed that UV sensi�vity of xpf-1 mutants in this assay can 
be rescued by expression of XPF-1 specifically in neurons only, but that this depends on the presence 
of CSB-1. This shows that neurons are UV hypersensi�ve without CSB-1. However, this UV 
hypersensi�vity is not (yet) clearly visible in the dye filling assay at the UV doses that we used, and 
only becomes visible with higher UV doses. These higher UV doses are, however, not prac�cal in this 
assay because these will also kill the animals themselves. As explained to reviewer 1, the fact that at 
rela�vely lower UV doses no dye filling defect is observed, as in xpa-1/xpf-1 animals, is likely due to 
residual repair ac�vity via XPC-1 in csb-1 mutants. Previous gene�c analysis already showed that in C. 
elegans csb-1 mutants, XPC-1 via GG-NER can par�ally compensate and repair DNA damage in ac�ve 
genes4,5. In the current manuscript, we confirm this by indirectly measuring repair in a transcribed 
gene using Recovery of Protein Synthesis assays (Figure S3H). This shows that in csb-1 animals, there 
is residual repair via XPC-1. It is therefore likely that in the dye filling assay, which takes 72 h, residual 
XPC-1 mediated repair is sufficient to prevent a dye filling defect. For this reason, the impact of CSB-1 
loss should be considered in an xpc-1 deficient background. We found that double loss of XPC-1 and 
CSB-1 leads to a profound dye filling defect (Figure 5C). To address the reviewer’s concern, we have 
now explicitly stated in the revised manuscript that it is counterintui�ve that csb-1 animals do not 
show a dye filling defect, and explained that this is likely due to residual repair via XPC-1.  

  

  



Reviewer #3 (Remarks to the Author): 

 
The manuscript by Muniesa-Vargas et al. provides evidence that persistent binding of the THIIH 
transcription/ polymerase-accessory-complex, caused by blockage of Nucleotide Excision Repair (NER) 
at the step of endonuclease cleavage/excision of the damaged strand correlates with toxicity and 
developmental failure, both in human tissue culture models as well as in the C. elegans in vivo model. 
Outing myself as not being into the ins and outs of the inner NER community (and this might be 
important for judging novelty), I consider this study as overall very well done, and important. 
Improvements need to be implemented. 

The manuscript would benefit from streamlining the text. Some suggestions are provided below. I am 
not a native speaker, but careful editing by a native speaker will be important. Some experimentation 
would strongly strengthen the major conclusion. The most important one is the analysis of catalytically 
dead XPF and XPG mutants, at least in C. elegans where this can be very easily done. The discussion 
could be clearer and testing transcriptional effects in worms should be very much doable. Further 
below, please find my comments, aligned with the progression of the text. When important, comments 
and suggestions are indicated as ‘important’. 

By way of introduction, the NER pathway comes in two flavors, global genome repair (gNER) is active 
throughout the genome, and mutations are primarily associated with Xeroderma pigmentosa, a 
heritable disease characterized by extreme UV sensitivity and cancer predisposition. In contrast, 
transcription-coupled repair (tcNER) specifically deals with the repair of transcribed DNA, when RNA 
polymerase extension is blocked by UV-induced lesions. Patients who are specifically defective for tcNER 
(eg CSB) suffer from Cockayne syndrome (CS) characterized by severe growth failure, progressive 
neurodegeneration, and progeria. Mutants of genes needed for both NER pathways, with phenotypes 
biased towards CS exist and these are characterized by the combined feature of XP and CS, (XPCS). 
tcNER requires the general multi-subunit transcription factor TFIIH. I understand that defective 
transcription has been linked to TFIIH instability, and that NER repair complexes have been reported to 
be continuously targeted to DNA damage in cells carrying and XPCS causative XPF-1 mutants, leading 
to the postulate that such accumulation may block transcription. 

The authors show that XPA and TTDA general NER factors, XPCS causative mutants, as well as 
ERCC1/XPF and XPG nuclease defective mutants lead to TFIIH hyperaccumulation at DNA damage sites 
and that this is correlated with features of senescence in tissue culture cells and neurodegeneration in 
the C. elegans model. 

List of comments 

I found the paper at times very-very hard to read and provided suggestions for improvement further 
below.  

We thank the reviewer for the sugges�ons to improve the readability of our manuscript. As suggested, 
our revised manuscript was cri�cally read by a na�ve English-speaking scien�st, who provided us with 
helpful sugges�ons to streamline the text. These sugges�ons have all been incorporated in the revised 
text.  

I think it is important to in Figure 1 always indicate if experiments were done immediately after UV 
irradiation and, and/or 3 hours after UV irradiation. 

In the revised manuscript, we have indicated above all graphs whether the experiment was done 
immediately and/or 3 h a�er UV.  



Lines 108. change to ‘the fraction of immobilized TFIIH is decreased when FRAP experiments are 
conducted 3 hours after UV irradiation’. 

We have adjusted this sentence.  

Line 110. It is not entirely clear what ‘this’ refers to. ‘These experiments’? 

‘This’ indeed refers to the experiments and results described in the sentence before. We have now 
specified this by wri�ng ‘These results’.  

Line 111 ‘In sharp contrast, after XPA depletion this UV-dependent TFIIH immobile…’ change to ‘In 
sharp contrast, after XPA depletion the UV-dependent TFIIH immobile…’ 

We changed this sentence as suggested by the na�ve speaker that cri�cally read our manuscript. 

Line 115 ‘..DNA incision by XPF and XPG allows TFIIH dissociation’… change to ‘..XPF and XPG allow 
TFIIH dissociation’…((( at this stage, you do not know if it is XPF and/or XPG-mediated incision is 
necessary for TFIIH dissociation. Eg says that ‘the dissociation requires XPF or XPG’. 

We agree that here we do not formally show that incision is necessary to allow TFIIH dissocia�on. We 
therefore changed these words to: ‘and that XPF and XPG s�mulate TFIIH dissocia�on’.   

Line 119 ‘We therefore generated cells expressing fluorescent TFIIH with full 
XPA or XPF knockout (KO) to confirm our results and to test whether the strong UV-induced 
immobilization of TFIIH after XPF depletion can be suppressed by XPA loss.’ Change to ‘‘We, therefore, 
generated XPA or XPF knockout alleles in cells expressing fluorescent TFIIH to corroborate our RNAi-
based results and to test if the strong UV-induced retention of TFIIH in UV treated XPF deficient cells is 
XPA dependent.’ 

We have changed this sentence according as the reviewer requested. However, we did not change it 
exactly as the reviewer indicated, as this would have been inaccurate. The reason for this is that we 
did not generate XPF knockout alleles in cells expressing fluorescent TFIIH, but generated fluorescent 
TFIIH alleles in (already exis�ng) XPF KO cells. This was explained in the sentence following this 
sentence. The sentence is now changed to: We, therefore, generated cells with XPA or XPF knockout 
(KO) alleles expressing fluorescent TFIIH to corroborate our RNAi-based results and to test if the strong 
UV-induced retention of TFIIH in UV-treated XPF deficient cells is XPA dependent. 

Line 123 change to ‘XPB locus in wild-type U2OS cells and in XPF KO U2OS cells we had previously 
generated’ 

We adjusted this sentence by adding ‘U2OS cells’, and also moved the ‘previously generated’ before 
‘XPF KO U2OS cells’, as suggested by the na�ve speaker that read our manuscript.  

Line 126, ‘Moreover, 3 h after UV irradiation’ change to ‘Moreover, also 3 h after UV irradiation…’ 

We added the word ‘also’.  

Lines 98-135 in Figure 1 always indicate (and not just in A and B) that measurements were taken 
immediately after UV irradiation. 

As requested, we have indicated above all graphs when measurements were taken. 

IMPORTANT: Figure 1F. Would you not need to also directly compare and indicate statistical 
information when comparing GFP-XPB immobilization in WT versus XPA deficient lines? 



In this figure, the sta�s�cal comparison between WT and XPA KO cells was (and s�ll is) indicated for 
each condi�on. We are therefore unsure of what the reviewer meant. Possibly, the reviewer meant 
the sta�s�cal comparison between siCTRL and siXPF in WT and between siCTRL and sXPF in XPA KO 
cells, which we have therefore added to the figure.  
 
Line 128. Exchange ‘more’ with ‘increased’. 

We have changed to word ‘more’ into ‘increased’. 
 
IMPORTANT: Line 146. Can the authors make clear in the narrative that both lines carry the GFP 
knockin, one line carrying the XPF knockout, and both lines are otherwise isogenic (eg U2OS). 

In accord with the reviewer’s request, we now write in the text that ‘the GFP-XPB KI wild type U2OS 
cells and GFP-XPB KI XPF KO U2OS cells’ were locally UV irradiated.  
 
Line 177. My feeling is that Figure S1H is important and should be integrated into the main Figure. 

We moved this graph to the main figures, which is now shown as Figure 3A.  

Line 183. It is not exactly clear what ‘which’ refers to. 

The word ‘which’ referred to what is described in the subsentences before, i.e. that endogenous DNA 
damage accumula�on causes cellular senescence and expression of senescence-associated secretory 
phenotype factors. To make the text clearer, we now started a new sentence in which we write: 
‘These DNA damage-induced senescence features are hypothesized to contribute…etc’. 

Line 187. The connection between lamin (mis?) expression and senescence is not explained. 

We added references and changed the text to make it clearer that changes in nuclear lamins are used 
as biomarker for senescence induc�on. 

IMPORTANT: Line 190. Can a reference for doxorubicin treatment-mediated senescence induction be 
provided? 

We added a reference to a general review that described therapy-induced senescence, including by 
doxorubicin.  

IMPORTANT: Line 187-197 Please improve the narrative to better describe the data, and better guide 
the reader. What do you mean by clear changes in lamin B1/A expression? The ratio of lamin B1 and A 
expression. For IL6 and lamin reporters clarify that the former is a transcriptional reporter and that the 
lamin reporters are translational reporters. 

We thank the reviewer for indica�ng our descrip�on was not sufficiently clear. As the reviewer 
requested, we changed the text such that we beter explain how the reporter system works, i.e. which 
are transla�onal and which are transcrip�onal reporters, what we observed and how this is ploted in 
the graphs. We hope that with these changes, the text is now easier to read and understand.  

201 change to “..GFP fused to the TFIIH…” 

We added the word ‘the’.  

IMPORTANT: Line 205. Can GFP-2H1/p62 be quantified?  



We have quan�fied the AID::GFP::GTF-2H1 accumula�on at chromosomes/bivalents in the oocytes of 
the animals shown. This confirmed that xpf-1 animals show persistent recruitment of TFIIH, which is 
suppressed by addi�on loss of xpa-1. These new data are now shown in Figure 4B of the revised 
manuscript.  
 
Line 254 change ‘mildly but significantly’ to ‘partially’ 

We changed the words to ‘par�ally’. 

IMPORTANT: I suggest generating nuclease dead XPF-1 and XPG-1 mutants in C. elegans and possibly 
(to my mind this is not essential) in human cells. Only this way it can be clearly shown that a NER 
repair intermediate (eg persistent bubble) is required for excessive TFIIH retention. 

We agree with the reviewer that it is useful to know whether a persistent bubble NER intermediate is 
involved in TFIIH reten�on. Already our experiments with the human XPF mutants (shown in Figure 2) 
address this ques�on, because the C236R XPF mutant has severely reduced cataly�c ac�vity and hardly 
any DNA repair ac�vity, while the P379S and R799W mutants do s�ll show this, as has been previously 
shown6–8. We previously also showed that C236R behaves similar as a cataly�c dead XPF mutant when 
it comes to accumula�on of NER intermediates8. These experiments therefore already indicate that 
the more persistent TFIIH stalling is due to lack of cataly�c incision (which also happens when XPF or 
XPG are completely absent as in the knockout cells). We understand that we did not clearly describe 
this in our manuscript, but have now added informa�on on the cataly�c and DNA repair ac�vity of 
these mutants in the results and discussion texts of the revised version (also in response to reviewer 
1). In addi�on, we generated two new mutants in C. elegans. As requested by the reviewer, one of 
these mutants is a cataly�cally inac�ve (nuclease dead) xpf-1 mutant (D719A). The other mutant 
(R805W) mimics human XP muta�on R799W, which s�ll has cataly�c ac�vity. We performed dye filling 
experiments, which showed that the nuclease dead D719A muta�on causes a severe neuronal defect 
a�er UV irradia�on, while the other XP muta�on does not. These results are in line with our other 
results and are added in Figure 4H of the revised manuscript.  

We also generated xpg-1 cataly�c mutants in C. elegans, but did this already for another project 
involving another PhD student not involved in this manuscript. We prefer not to add these mutants to 
this manuscript. The reason for this is that the situa�on for XPG is different than for XPF, and also more 
complex. If XPF is absent or XPF is cataly�cally inac�ve, incision by XPG will also not occur, and the NER 
bubble intermediate will remain intact. An XPF cataly�c mutant therefore shows similar severe 
phenotypes as XPF KO8. If XPG is absent, incision by XPF and XPG will also not occur, and the NER 
bubble intermediate will remain intact. However, if XPG is cataly�cally inac�ve, but physically s�ll 
present at the lesion, incision by XPF s�ll occurs and par�al DNA repair synthesis takes place, as has 
been shown previously22. This therefore represents a different situa�on than when XPG or XPF are 
absent (knocked out) and a persistently stalled TFIIH bubble complex exists. Indeed, cataly�cally 
inac�ve C. elegans xpg-1 mutants s�ll show intermediate dye filling phenotypes (data not shown). This 
is furthermore also reflected by XPG pa�ent and mouse model phenotypes. Pa�ents with inac�va�ng 
muta�ons in XPG merely display XP phenotypes, whereas pa�ents that carry trunca�ng XPG 
muta�ons, leading to the absence of XPG (resembling knockout), show a severe XPCS complex 
phenotype23. Similarly, mice with nuclease inac�va�ng point muta�ons in XPG endonuclease ac�vity 
are mostly normal, whereas mice lacking XPG completely show progressive growth retarda�on and die 
prematurely23. For these reasons, we do not think that a nuclease dead XPG mutant can be used to 
show that a NER repair intermediate is required for TFIIH reten�on (while XPG knockout can). As the 
situa�on for cataly�cally inac�ve XPG is more complex, we think this should be inves�gated and 
described more thoroughly than would be feasible for the (readability of the) current manuscript. As 



these are also part of a follow up project executed by another PhD student, we hope that the reviewer 
understands that for these reasons we do not include these xpg-1 mutants in this current manuscript.  

 
IMPORTANT: Based on the results shown it appears most likely that the TFIIH retention at damage sites 
might be the toxic entity causing CSB-related phenotypes. Is it possible that this is due to a general 
reduction in transcription linked to the reduced availability of TFIIH for general transcription? What do 
we know about the stoichiometry of DNA damage sites and TFIIH complexes engaged in transcription? 
I understand that, using C. elegans the authors previously showed reduced transcription. Would it be 
possible to do this in this study as well, directly comparing the most important strains?  

As we argue in the discussion, the toxicity of TFIIH reten�on at damage sites might be due to reduced 
availability of TFIIH for transcrip�on. However, also other op�ons or combina�ons of different op�ons 
are possible, such as ac�ve signaling to shut down transcrip�on, direct blockage of the transcrip�on   
machinery by stalled TFIIH, or the forma�on of DNA breaks that impede with transcrip�on. The 
reviewer asks if it is possible to show reduced transcrip�on in C. elegans. We indeed showed reduced 
transcrip�on of some housekeeping genes previously with qPCR in gft-2H5 mutants1, which could be 
atempted in xpa-1, xpg-1, xpf-1 single and double mutants. However, a beter and more 
straigh�orward approach, with which we have ample exper�se and which is also standard in the field, 
would be to determine overall transcrip�on levels in human cells, which cannot be as easily done in C. 
elegans. Therefore, we performed exactly this suggested experiment in human cells as shown in Figure 
3A. This shows that transcrip�on is indeed more impeded in XPF deficient cells than in XPA deficient 
cells and that XPA loss can par�ally suppress this stronger impediment. We do not think that trying to 
repeat this experiment in C. elegans, which will be technically much more challenging, will lead to new 
insight. To test if direct stalling/blockage of the transcrip�on machinery is involved, we addi�onally 
performed addi�onal FRAP experiments on CSB in human cells, as this was also asked by reviewer 2. 
CSB binding to DNA damage, which can be measured by FRAP, is a sensi�ve indicator of DNA damage-
induced RNA polymerase II stalling24,25. These experiments are shown in Figure 3B, but did not suggest 
that there is a difference in RNA polymerase II stalling in cells deficient for XPA, XPF or XPG.  

Ideally, if the author's hypothesis is correct, which I consider likely, would it make sense to treat WT 
and various mutants with a low dose of UV which by itself does not cause a degenerative phenotype 
or reduced survival, and do this in conjunction with partial (RNAi mediated or degron mediated) TFIIH 
depletion which by in itself does not have an effect, but in conjunction with UV might lead to a synthetic 
effect?  

We tried this experiment, out of curiosity if it would work, by growing animals on RNAi food that 
par�ally depletes TFIIH subunit p44/GTF-2H2C. However, we think that interpre�ng the outcome of 
this experiment may be difficult. The result of a successful atempt of the experiment is shown below. 
One problem was that we observed that RNAi by itself already affected dye filling capacity of xpf-1 

mutants (for unknown reasons), as with 10 
J/m2 this was already lowered on control 
RNAi food (once, we also observed this for 
wild type animals). It may appear that 
growing xpf-1 animals on p44 RNAi slightly 
lowers their dye filling capacity, possibly due 
to lower TFIIH availability. However, the fact 
that RNAi by itself already affects this, makes 
this interpreta�on difficult. In addi�on, the 
difficulty with this interpreta�on is that by 



deple�ng this TFIIH subunit, the whole TFIIH complex will become unstable and non-func�onal and 
will therefore also fail to bind efficiently to damage sites during NER. Thus, not only its availability for 
transcrip�on is affected, but also its DNA damage binding during NER. Therefore, not only will there 
be less TFIIH available for transcrip�on, but also less TFIIH reten�on in xpf-1 mutants. Finally, even if 
this experiment would work and clearly show an addi�ve sensi�vity, this s�ll would not directly prove 
the hypothesis that TFIIH stalling in xpf-1 mutants lowers its availability for transcrip�on. The 
experiment would only show that this could be a possibility. For these reasons, we have decided not 
to include this experiment in the current manuscript. We are, however, s�ll following up on these 
findings to try (in the future) to find out exactly how TFIIH stalling causes cell toxicity.  

Are mutants of TFIIH subunits specifically defective for engaging with NER but not compromised for 
transcription known, and if so, could they be used to substantiate the claim that excessive TFIIH 
retention might be necessary for CSB-like pathology (eg compromised transcription). 

Yes, one such mutant is known, which is the gtf-2H5 mutant that we also use in our manuscript in 
Figures S3B-D to substan�ate that the idea that DNA damage-induced TFIIH reten�on is toxic to 
neurons. TTDA/GTF25H is the smallest subunit of TFIIH, which is needed for recruitment of TFIIH and 
repair in all cells tested, but only for transcrip�on in cells in which limi�ng TFIIH concentra�ons exist, 
such as in terminally differen�ated cells of the human body3,26. We previously confirmed that in C. 
elegans, the loss-of-func�on gtf-2H5 mutant is, under normal laboratory condi�ons, compromised for 
NER but not transcrip�on1.  
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REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

The authors have properly addressed the concerns raised in previously review.

Reviewer #2 (Remarks to the Author):

I have carefully reviewed the revised manuscript and would like to express my gratitude for the 

authors' efforts in providing supportive evidence and further clarifications, which have greatly 

contributed to the overall quality of the paper. However, upon thorough consideration, I find it 

necessary to highlight a concern regarding the core findings of the study. Despite the valuable insights 

presented, there appears to be a lack of substantial evidence supporting the pivotal conclusion that 

knocking out XPA would alleviate the severity of "cellular impairment and NER disease." Unless I have 

misconstrued the proposed model, the interpretation of the findings seems to be in contrast to 

observed phenotypes, particularly in mice and certain patient cell lines documented in various sources, 

including publications and presentations by the Rotterdam group over the years. Specifically, my 

recollection suggests that the phenotype of double NER mutant animals, such as Xpc/Xpa, Xpd/Xpa, 

Csb/Xpa, and Csa/Xpa mice, is notably more severe compared to single NER mutant animals (Xpc, 

Xpd, Csb, and Csa). Considering the hypothesis that knocking out XPA could reduce the binding or 

stalling of TFIIH to DNA lesions, one would anticipate an "advantage" in double NER mutant animals 

with an XPA defective gene, resulting in an improved phenotype compared to their single mutant 

counterparts. To further substantiate the original hypothesis, I proposed that the authors consider 

conducting an experiment involving the crossbreeding of Ercc1 or Xpg mice (or any other NER mutant 

animal where transcription-blocking DNA lesions would accumulate) with Xpa mice. This would entail 

providing solid evidence demonstrating an improved disease phenotype, as hypothesized. I believe 

such an experiment is neither expensive nor difficult nor time-consuming, requiring only one breeding 

and a brief 1-month follow-up to observe any potential improvements in the phenotype of the double 

mutants compared to the single mutants. Regrettably, it appears that this suggested experiment was 

not conducted in the current study. I understand the constraints in research, but I strongly believe 

that the inclusion of this experiment is crucial for supporting the manuscript's conclusions. In the 

absence of solid evidence to the contrary, I am inclined to recommend that the manuscript not be 

accepted for publication in its present form. I appreciate the authors' dedication to advancing scientific 

knowledge and trust that my comments will be taken into consideration for the betterment of the 

manuscript.

Reviewer #3 (Remarks to the Author):

First, let me apologize for my late review. There was a miscommunication between the original 

NatureCom mail and my automated ‘holiday response’, which made me assume that I would not be 

called up for review after returning to work.

I overall support the manuscript. Also, extending into a mouse, double knockout studies, as another 

reviewer suggests, is far beyond the scope of the current manuscript.

While improving, the manuscript, especially part of the results section, needed to be better written. I 

am attaching edits using the word track program, which may help (file suggested edits). Please 

carefully go through those (I might not always be correct). I note that there the paper is co-authored 

by three veterans of the NER field. I suggest that the two spend an afternoon together to review the 

manuscript sentence by sentence.

As to science itself: Yes, the authors conducted experiments I suggested. Also, I understand why XPG 



was omitted.

One thing is easily doable and relates to Figure S3H: Here, in all NER defective backgrounds, a near-

complete absence of DNA repair synthesis is shown upon UV treatment. To argue that various repair 

defective strains are equally defective, I think a lower UV dose that only partially blocks repair DNA 

synthesis needs to be analyzed. If DNA repair synthesis is equally defective, the argument that 

primary repair defects and defects associated with decreased TFIIH2 dissociation are functionally 

distinct will become much stronger.

For materials and methods:

It is most important that all C. elegans names are given strain names unique to the author's lab and 

that these are shown in a table. The same holds true for any new alleles that were generated.

https://wormbase.org/about/userguide/nomenclature#ik3b7ea5clm12064jfd89gh--10

In the same line, I strongly suggest that all cell lines should be given a name, referring to a specific 

number in the author’s collection.



REVIEWER COMMENTS 

Reviewer #1 (Remarks to the Author): 

The authors have properly addressed the concerns raised in previously review. 

We again thank the reviewer for the construcƟve criƟcism. 

Reviewer #2 (Remarks to the Author): 

I have carefully reviewed the revised manuscript and would like to express my graƟtude for the authors' 

efforts in providing supporƟve evidence and further clarificaƟons, which have greatly contributed to 

the overall quality of the paper. However, upon thorough consideraƟon, I find it necessary to highlight 

a  concern  regarding  the  core findings of  the  study. Despite  the  valuable  insights presented,  there 

appears to be a lack of substanƟal evidence supporƟng the pivotal conclusion that knocking out XPA 

would alleviate the severity of "cellular impairment and NER disease." Unless I have misconstrued the 

proposed model, the  interpretaƟon of the findings seems to be  in contrast to observed phenotypes, 

parƟcularly in mice and certain paƟent cell lines documented in various sources, including publicaƟons 

and presentaƟons by the RoƩerdam group over the years. Specifically, my recollecƟon suggests that 

the phenotype of double NER mutant animals, such as Xpc/Xpa, Xpd/Xpa, Csb/Xpa, and Csa/Xpa mice, 

is notably more severe compared to single NER mutant animals (Xpc, Xpd, Csb, and Csa). Considering 

the hypothesis that knocking out XPA could reduce the binding or stalling of TFIIH to DNA lesions, one 

would anƟcipate an "advantage" in double NER mutant animals with an XPA defecƟve gene, resulƟng 

in an improved phenotype compared to their single mutant counterparts.  

We thank the reviewer for recognizing that our efforts have contributed to the quality of our paper. 

However, we do not agree that there is a lack of ‘substanƟal evidence’ supporƟng the conclusion that 

XPA loss alleviates the severity of phenotypes studied. We show this extensively and in mulƟple 

different ways, using different assays in both human cells and in C. elegans. We also do not agree that 

the interpretaƟon of our findings is in contrast to observed phenotypes ‘in mice and certain paƟent 

cell lines’, as the reviewer suggests. The reviewer refers to publicaƟons and presentaƟons by the 

‘RoƩerdam group’, by which we infer the group of Jan Hoeijmakers is meant. We would like to 

emphasize that this research group is different and independent from our research group.  

The Hoeijmakers’ group, and other groups, have indeed shown that Xpa knockout exacerbates the 

phenotype of Csb, Csa and Xpd(TFIIH) mutant mice. However, this is a very different situaƟon 

compared to what we study in our paper.  We did not study how XPA loss impacts CSB, CSA or 

XPD(TFIIH) mutant cells or C. elegans, but studied how this impacts XPF and XPG mutant cells and C. 

elegans. XPF and XPG have different funcƟons and acƟviƟes than CSB, CSA and XPD and our findings 

can therefore not be compared to these mutant mice. XPF and XPG act downstream of TFIIH and XPA, 

and are not necessary for TFIIH recruitment, but for its dissociaƟon, as we have shown in our paper. 

Cells that lack XPF or XPG therefore have prolonged TFIIH binding to DNA damage, which can be 

(parƟally) suppressed by addiƟonal depleƟon of XPA. In contrast, CSB and CSA act upstream of TFIIH 

and XPD is part of TFIIH itself. CSB, CSA and XPD are therefore necessary for the recruitment of TFIIH 

(in TC‐NER), and cells that lack these factors will therefore (probably) not have prolonged TFIIH binding 

to DNA damage. For this reason, it would not be logical to think that XPA depleƟon would reduce 

prolonged TFIIH binding in cells that have lost CSB, CSA or XPD funcƟon. We would therefore not 

‘anƟcipate an "advantage" in double NER mutant animals with an XPA defecƟve gene’ in Csb, Csa or 

Xpd animals, as the reviewer suggests, and our results certainly do not suggest this outcome for these 

mutants.  



It is important to realize that in our C. elegans  system we employ UV irradiaƟon to enhance DNA 

damage levels, which is not employed in the menƟoned mouse models to study developmental and 

neuronal problems. The reason for this is that C. elegans lives too short to accumulate sufficiently high 

endogenous DNA damage to manifest a phenotype. In these condiƟons, xpf‐1 and xpg‐1 C. elegans 

mutants have very severe neurological and developmental problems, while xpa‐1 mutants exhibit 

milder but sƟll also clear and significant neurological and developmental problems. These phenotypes 

are reminiscent of the phenotypes observed in severe XPF and XPG deficient human paƟents, and also 

in less severe XPA paƟents. In contrast, Xpa, Csb, Csa and Xpd single mouse mutants have relaƟvely 

mild neurological features. The mild mouse phenotypes are (at first sight) not consistent with the 

severe phenotypes observed in human paƟents, but we do not think that it is our responsibility, nor 

our focus, to try to explain this in our paper. We do, however, believe that it is worthwhile to discuss 

these findings in mice in our paper and have therefore described these in the discussion secƟon of our 

revised manuscript.  

To  further substanƟate the original hypothesis,  I proposed  that  the authors consider conducƟng an 

experiment involving the crossbreeding of Ercc1 or Xpg mice (or any other NER mutant animal where 

transcripƟon‐blocking DNA lesions would accumulate) with Xpa mice. This would entail providing solid 

evidence demonstraƟng an improved disease phenotype, as hypothesized. I believe such an experiment 

is neither expensive nor difficult nor Ɵme‐consuming, requiring only one breeding and a brief 1‐month 

follow‐up to observe any potenƟal improvements in the phenotype of the double mutants compared 

to the single mutants. RegreƩably, it appears that this suggested experiment was not conducted in the 

current study. I understand the constraints in research, but I strongly believe that the inclusion of this 

experiment is crucial for supporƟng the manuscript's conclusions. In the absence of solid evidence to 

the contrary,  I am  inclined to recommend that the manuscript not be accepted for publicaƟon  in  its 

present form. I appreciate the authors' dedicaƟon to advancing scienƟfic knowledge and trust that my 

comments  will  be  taken  into  consideraƟon  for  the  beƩerment  of  the  manuscript. 

 

We appreciate that the reviewer proposes valuable experiments using mouse models, and we already 

indicated in our previous rebuƩal that such experiments would be a good follow up idea. However, we 

also indicated that considering the Ɵme and funding needed, these experiments are beyond the scope 

of our current paper. The reviewer indicates that such an experiment is not expensive or Ɵme‐

consuming, but we do not agree with this. We do not work with mice ourselves and will need to find 

a mouse group that is willing to collaborate with us. This will certainly require a significant amount of 

Ɵme and addiƟonal funding. According to Dutch (ethics) regulaƟon, we would first need to write a 

study plan applicaƟon, which will take at least 3 months to be approved. In the meanƟme, the 

collaboraƟng lab could start crossing and breeding mice to generate double mutant mice, which will 

take (at least) two breading rounds and not one as the reviewer writes. We expect that generaƟng 

sufficient double mutant mice to reliably and reproducibly perform experiments will take at least a 

year. For these reasons, we sƟll think that these mouse experiments are beyond the scope of our 

current paper. We hope the reviewer will appreciate that our manuscript highlights the value of a 

relaƟvely simpler model like C. elegans, as a useful and ethically responsible alternaƟve to the highly 

valued mouse models that are also used to study NER mechanisms and disease.  

 

   



Reviewer #3 (Remarks to the Author): 

First,  let me  apologize  for my  late  review.  There was  a miscommunicaƟon  between  the  original 

NatureCom mail and my automated ‘holiday response’, which made me assume that I would not be 

called up for review aŌer returning to work. 

I overall support the manuscript. Also, extending  into a mouse, double knockout studies, as another 

reviewer suggests, is far beyond the scope of the current manuscript.  

We thank the reviewer for the construcƟve comments and useful suggesƟons, which we have 

addressed as detailed below.  

While improving, the manuscript, especially part of the results secƟon, needed to be beƩer wriƩen. I 

am  aƩaching  edits  using  the word  track  program, which may  help  (file  suggested  edits).  Please 

carefully go through those (I might not always be correct). I note that there the paper is co‐authored 

by three veterans of the NER field. I suggest that the two spend an aŌernoon together to review the 

manuscript sentence by sentence. 

We thank the reviewer for many useful suggesƟons for clarifying our English text, many of which we 

have adopted. Although the manuscript was wriƩen by two first authors and the last author, we would 

like to stress that it was also thoroughly read and edited by the experienced senior scienƟsts Roland 

Kanaar and Wim Vermeulen, who are also co‐authors. Also, at the request of the reviewer, we asked 

an independent naƟve English‐speaking scienƟst (PhD) to read and copy‐edit our manuscript. As a 

results, our manuscript had and sƟll has a language quality score of 9 out of 10, as given by the Curie 

English ediƟng service in the Research Square web environment associated with Springer Nature. We 

are therefore confident that our manuscript, especially in its current revised form, is sufficiently clear 

and well wriƩen.  

As to science itself: Yes, the authors conducted experiments I suggested. Also, I understand why XPG 

was omiƩed.  

One thing is easily doable and relates to Figure S3H: Here, in all NER defecƟve backgrounds, a near‐

complete absence of DNA repair synthesis is shown upon UV treatment. To argue that various repair 

defecƟve strains are equally defecƟve, I think a  lower UV dose that only parƟally blocks repair DNA 

synthesis needs to be analyzed. If DNA repair synthesis is equally defecƟve, the argument that primary 

repair defects and defects associated with decreased TFIIH2 dissociaƟon are funcƟonally disƟnct will 

become much stronger. 

We appreciate that the reviewer suggests an experiment to strengthen our conclusions. However, we 

think that the experiment shown in Figure S3H might be misinterpreted. Figure S3H shows the results 

of a ‘Recovery of Protein Synthesis’ assay, which was performed in wild type, xpc‐1, csb‐1 single and 

csb‐1; xpc‐1 double mutant animals. This experiment was included to substanƟate the idea to the 

reader that in the absence of CSB‐1 (=TC‐NER), XPC‐1‐mediated NER is able to remove part of the DNA 

damage that is induced in acƟvely transcribed genes of C. elegans postmitoƟc cells. We have shown 

this idea already previously using survival assays (refs 58 and 63; PMID 20463888; 33440146) and using 

a similar ‘Recovery of Protein Synthesis’ assay (ref 70; PMID 37522336). This assay measures the ability 

of cells to transcribe an AID::GFP transgene aŌer DNA damage inducƟon. Cells will only be able to do 

this, and transcribe genes aŌer DNA damage inducƟon, if the DNA damage in these genes is repaired. 

To indirectly measure gene transcripƟon, GFP fluorescence levels are measured aŌer GFP is first 

depleted using an AID degron tag fused to GFP. Therefore, this assay is an indirect measure of DNA 

repair in transcribed genes, as we have extensively shown in our previous paper describing this method 

(ref 70; PMID 37522336).  



The reviewer suggests to do this experiment with a lower UV dose to argue that various repair 

defecƟve strains are equally defecƟve. However, as explained above, this assay does not measure ‘DNA 

repair synthesis’, which is what the reviewer alludes to. Therefore, Figure S3H does not show ‘a near‐

complete absence of DNA  repair synthesis’ upon UV treatment, as the reviewer writes. Rather, the 

figure shows (as explained in the legends) the GFP protein levels in cells of ‘untreated’ animals, in cells 

of animals in which the GFP protein is ‘depleted’ (using an AID degron tag fused to GFP) and in cells of 

UV‐irradiated animals, following a recovery period of 48 h aŌer depleƟon of the GFP protein (UV + 

recovery).  

The reviewer suggests to use a lower UV dose ‘to argue that various repair defecƟve strains are equally 

defecƟve’. However, the csb‐1, xpc‐1 and csb‐1;xpc‐1 strains used in the assay shown in Figure S3H are 

not equally repair defecƟve and we also do not claim or argue this in our manuscript. csb‐1 animals 

are defecƟve in TC‐NER and xpc‐1 animals are defecƟve in GG‐NER, and these animals are therefore 

not equally repair defecƟve but each deficient in a different DNA repair subpathway. The double xpc‐

1;csb‐1 mutant is defecƟve in both TC‐NER and GG‐NER, and therefore more repair defecƟve than the 

xpc‐1 or cbs‐1 single mutant, as also suggested by the assay shown in Fig. S3H.   

The reviewer writes that UV ‘parƟally  blocks  repair  DNA  synthesis’, which we find difficult to 

understand because UV irradiaƟon does not block, but induces DNA repair‐mediated DNA synthesis. 

To be able to directly measure this DNA repair synthesis, one should monitor the incorporaƟon of 

novel nucleoƟdes by the DNA repair machinery into the DNA. In the past, we have tried to set up such 

an assay in C. elegans, but we were never successful and I am not aware of a working protocol (in our 

lab) for this. This assay is, however, standard pracƟce in human cultured cells. Indeed, to show that 

loss of XPA, XPF and XPG leads to similar DNA repair synthesis defects, we performed this ‘Unscheduled 

DNA synthesis’ in human cells. The results are shown in Figure S1H, which confirms that loss of XPA, 

XPF and XPG equally impair DNA repair. 

For these reasons, we do not think that it makes sense to perform the assay shown in Figure S3H using 

a lower UV dose, as it will not show or prove what the reviewer asks. However, we understand that we 

may not have explained the assay shown in Figure S3H sufficiently well. Therefore, in the revised 

manuscript, this assay is now beƩer explained.  

For materials and methods: 

It is most important that all C. elegans names are given strain names unique to the author's lab and 

that  these  are  shown  in  a  table.  The  same  holds  true  for  any  new  alleles  that were  generated.  

hƩps://wormbase.org/about/userguide/nomenclature#ik3b7ea5clm12064jfd89gh‐‐10 

We are aware of the C. elegans nomenclature. Indeed, all new C. elegans strains and alleles are given 

names that refer to our lab (prefixes are, respecƟvely, HAL and emc), which are also registered at 

Wormbase. All strains used are listed in Table S4.  

In the same  line,  I strongly suggest that all cell  lines should be given a name, referring to a specific 

number in the author’s collecƟon. 

All cell lines used are listed in Table S1. It is not common in our (human) field to use a designated 

number or name for these newly generated cell lines, but all cell lines can be traced back in our 

collecƟon of cells in our insƟtute. 

 

 


