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18th Dec 20201st Editorial Decision

Thank you for submit t ing your manuscript on STUbL pathway involvement in DPC removal. It has 
now been reviewed by three expert referees, whose comments are copied below. As you will see, at 
least two referees appreciate the principle interest and importance of these findings, but all three 
reviewers also raise a number of significant concerns that would clearly need to be addressed 
before eventual publicat ion. In light of the overall interest and support from two of the reviewers, I 
would nevertheless like to give you an opportunity to respond to the crit icism by way of a revised 
manuscript . For such a revision, it will be important to not only moderate some claims/conclusions, 
but also to st rengthen various results, especially the genet ic/epistat ic evidence for the involvement 
of part icular SUMO and ubiquit in E3s, and those extending to non-Dnmt1 DPCs. 

REFEREE REPORTS

------------------------------------------------ 

Referee #1: 

GENERAL SUMMARY AND SIGNIFICANCE 

The manuscript by Liu et al reports a follow-up study to their recent publicat ion showing that 
covalent DNA-protein crosslinks undergo SUMOylat ion-dependent but replicat ion-independent



degradat ion by the proteasome and the metalloprotease ACRC (Borgermann et  al EMBO 2019).
The authors use cell-based assays and experiments conducted in X. laevis egg extracts to ident ify
the PIAS4 SUMO E3 ligase as being responsible for DPC SUMOylat ion and the STUBL RNF4 for
subsequent ubiquitylat ion. Similar to what has just  been suggested for topoisomerase-DPCs by the
Pommier lab (Sun et  al., 2020). The authors find that DPC SUMOylat ion is unrelated to replicat ion-
coupled repair of DPCs, but is crucial for the removal of protein adducts prior to mitosis in an RNF4-
dependent but replicat ion-independent manner. 

The manuscript  provides new insights regarding the ident ity of the enzymes modifying DPCs for
repair, but  the general concept of SUMO-dependent degradat ion of DPCs has been proposed
previously (Borgermann et  al, EMBO 2019, Fielden et  al, Nat Comm 2020). The authors analyse the
fate of t rapped DNMT1 in cells but draw general conclusion regarding the repair of DPCs. Thus,
claims in t it le/abstract  should either be reduced to DNMT1-DPCs or the cellular data has to be
extended to aldehyde-induced or topoisomerase DPCs. 

In addit ion, I have some technical and conceptual concerns. However, even if those were addressed,
I do not feel that  the manuscript  provides enough conceptual advancement to warrant publicat ion
in The EMBO Journal. 

MAJOR CONCERNS 

RNF4 deplet ion by siRNA has a clear effect  on the disappearance of chromat in-bound DNMT1 in
one experiment (Fig. 1F), but the effect  is less obvious in a second similar experiment (S1E).
Moreover, the corresponding phenotype in RNF4 KO cells is weak (S1F). This suggests that the
contribut ion of RNF4 to DNMT1 degradat ion is only minor. 

The majority of crosslinked DNMT1 has disappeared in RNF4 KO cells after 3 hours (S1F). However,
there is st ill a strong remaining SUMO signal. siRNA-mediated deplet ion of RNF4 shows a similar
phenotype (S1E). This indicates that other proteins become SUMOylated upon DNMT1 trapping as
well, which may suggest that  SUMOylat ion is not DPC-specific. To this reviewer these data indicate
that RNF4 is part icularly important for degrading these SUMO-targets, but perhaps not the DPC
itself. 

The authors further suggest that  PIAS4 is responsible for DPC SUMOylat ion. The corresponding
data in frog extracts is clear and convincing but the results obtained in cells speak against  a major
role of PIAS4 in DPC SUMOylat ion in human cells. Fig S3G shows that there is barely an effect  on
DNMT1-SUMOylat ion (apart  from a minor difference at  15min). 

Many experiments lack crucial controls, which makes their interpretat ion rather challenging: 
i) Fig 5D only shows mitot ic cells t reated with SUMOi but does not show untreated cells or non-
mitot ic cells 
ii) Fig 5D: no control siRNA 
iii) 5G, S4B: no control siRNA 
iv) S4C: only cells t reated with SUMOi are shown, no untreated control 
v) Several chromat in fract ionat ion experiments (1F, 1I, S1F, S1E, 4B) lack controls for total (or at
least  soluble) proteins. It  is thus impossible to know how total protein levels are affected. In addit ion,
it  would be good to include detect ion of a soluble, non-chromat in-bound protein as control for the
fract ionat ion. 
vi) Several IP-experiments omit  crucial blots against  input samples (1D, 1E, S2G). 



MINOR CONCERNS 

If PIAS4 is indeed upstream of RNF4, one would expect that  PIAS4 KO cells are sensit ive to 5-aza-
dC and that this sensit ivity is epistat ic to RNF4 loss. Is this the case? 

The authors claim that "DPCs do not act ivate interphase damage checkpoints". Is this also the
case in non-transformed cells, non-tumour cells? 

The effect  of Mg262 on the stabilizat ion of the DPC in Fig 3J is not that  clear to this reviewer.
Perhaps a quant ificat ion of independent experiments would help to make the case. 

Page 9: Fig. 4B is referenced instead of 3B. 

NON-ESSENTIAL SUGGESTIONS 

The discussion refers to "data not shown" on page 17. I would suggest to either provide the data or
refrain from discussing it . 

In this reviewer's opinion, the manuscript  would benefit  from a more inclusive discussion of the
available literature. Several studies describing the involvement of STUBLs in DPC repair, have not
been cited (Heideker et  al., Plos Gen., 2011, Steinacher et  al., Plos One, 2013, Wei et  al., Mol. Cell,
2017). Moreover, it  might be worth to discuss that the DPC protease Wss1 has been genet ically
linked to STUBLs in yeast (Mullen et  al. 2010, Sharma et al. 2017). 

Referee #2: 

This manuscript  by Liu et  al. describes the mechanism of DNA replicat ion-independent DNA-protein
crosslink repair. Previously the authors demonstrated that SUMOylat ion plays an important role in
the resolut ion of DNA-protein crosslinks (DPCs) that are formed after DNA replicat ion (Borgermann
et al. 2019). In this manuscript  the authors further establish a mechanism in which SUMOylat ion of a
DPC induces ubiquit inat ion of the crosslinked protein by the SUMO-targeted ubiquit in ligase RNF4
followed by its proteasomal degradat ion. Using the Xenopus egg extract  system they show that
this DPC SUMOyat ion is independent of DNA replicat ion and requires the SUMO ligase PIAS4. In
addit ion, they demonstrate that DPC SUMOylat ion does not affect  replicat ion-dependent DPC
repair. Surprisingly, a nuclear Xenopus egg extract  does not support  ubiquit inat ion of the
SUMOylated DPC but this can be induced by addit ion of recombinant RNF4 or a mitot ic egg
extract , indicat ing a similar mechanism as observed in human cells. The authors then show that
persistent DPCs on dsDNA lead to a mitot ic arrest  without inducing a potent DNA damage
checkpoint  response. This arrests is caused by a delay in chromosome alignment during mitosis
causing segregat ion defects. Consistent with this, RNF4 depleted cells are hypersensit ive to 5-
azadC treatment. So, while high levels of persistent DPCs fail to act ivate a checkpoint  response
their removal does seem to be important for genome stability and cell survival. 

This work describes a new, replicat ion-independent, DPC removal mechanism that is important for



genome stability. This is an important finding that will be of interest  to many researchers in the
genome maintenance and ubiquit in/SUMO fields. The manuscripts contains several elegant
techniques that are opt imally used to address the quest ions and the experiments are complete
and of high quality. To my opinion this manuscript  is very suited for publicat ion in EMBO journal but I
do have a few issues I would like to see addressed. 

1) The use of 5-azadC to induce post-replicat ive DPCs is not well explained. Although the authors
use the same approach in their previous work, it  would be make it  a lot  easier for the reader if this
was explained in some more in detail at  the start  of the result  sect ion. 

2) In several assays presented knockdown of RNF4 shows a much less dramat ic phenotype
compared to SUMOi, this suggests a redundant SUMO-dependent mechanism. Have the author
tried double deplet ion of RNF4 and RNF111? 

3) The SUMO-HpaII fusion protein is a much better target for poly-SUMOylat ion compared to HpaII,
why is this? And what is the rat ionale for using the SUMO-HpaII fusion protein? This should be
better explained. 

4) In general the addit ion of the first  SUMO moiety seems to have very different kinet ics from the
subsequent poly-SUMOylat ion. In the HpaII DPC this first  step seems to be very slow, while in PARP
this seems to be very fast  and independent of PARPi or damage. How is this explained. Could there
be a different E3 ligase involved? This should be discussed. 

5) It  is rather puzzling that the SUMOylat ion of the HpaII DPC occurs in NPE, while the
ubiquit inat ion does not. Instead, the ubiquit inat ion takes place in a mitot ic egg extract  but it  is not
shown whether the SUMOylat ion takes place that mitot ic extract  (I could have missed it  but  it
seems that the mitot ic extract  is always added after SUMOylat ion has taken place). This should be
clarified. You would expect that  both modificat ions should be able to take place in one type of
extract . If the ubiquit inat ion is induced by CDK act ivat ion, could this act ivity be induced in NPE to
promote ubiquit inat ion? 

6) One relevant quest ion concerns the number of DPCs that are induced in cells upon azadC
treatment and SUMOi or RNF4 knockdown. This is relevant for the observed mitot ic defect  and
following cell sensit ivity. Would these levels of DPCs ever occur in normal cells? If not , this may
explain the lack of DNA damage checkpoint  act ivat ion. This should be discussed. 

Minor points: 
- p9, Fig 4B, should be Fig 3B 
- On p10, based on Fig S3F, it  is implicated that the levels of RNF4 are very low in NPE. From Fig
S3F you cannot draw this conclusion. This could reflect  the quality of the ant ibody. Absolute levels
can only be derived when a known amount of purified protein is t it rated next to it . 
- The representat ion of the cell cycle FACS data in Fig 4 is difficult  to read. In my opinion it  would be
better to show a quant ificat ion with error bars. 
- I am confused about Fig S3a, there is almost complete block in DPC repair upon UBi. The authors
previously shown that there is a redundant Spartan-dependent pathway, is Spartan depleted in
this experiment? 



Referee #3: 

The authors' group previously reported that DNMT1 DPCs induced by 5-azadC undergo
SUMOylat ion and subsequent degradat ion by the proteasome. In this manuscript , Liu et  al.
demonstrate that the SUMO-targeted ubiquit in ligase RNF4 is responsible for the ubiquit inat ion of
SUMOylated DNMT1 DPCs. The authors then use a Xenopus cell-free system to show that a
model DPC substrate is SUMOylated by the E3 ligase PIAS4 in a replicat ion-independent manner,
and can undergo ubiquit inat ion and proteasomal degradat ion if RNF4 is supplied. Finally, the
authors demonstrate that unresolved DNMT1 DPCs in RNF4-depleted cells cause mitot ic defects,
highlight ing the importance of the SUMO-driven mechanism of DPC repair for maintaining
chromosome stability. 

This study addresses an important quest ion regarding the replicat ion-independent mechanism of
DPC repair. While much progress has been made in understanding the mechanisms of replicat ion-
coupled DPC repair, replicat ion-independent mechanisms remain enigmat ic. The findings reported in
this manuscript  provide novel insights into our understanding of how cells deal with DPCs
independent of DNA replicat ion and the biological significance of such mechanisms. 

Overall, the presented data are high quality and the results were interpreted properly. However,
several points listed below need to be addressed to establish more direct  evidence for the role of
DPC SUMOylat ion. In addit ion, while the effect  of unresolved DNMT1 DPCs on mitosis is significant
in terms of understanding the potent ial effect  of the drug, whether such effect  is shared among
different DPCs that form after DNA replicat ion has not been addressed sufficient ly. 

Major points: 
(1)More evidence is needed to support  their claim that SUMO-dependent DPC repair is indeed
mediated by SUMO modificat ions of DPCs. Current experiments heavily rely on SUMOi, which
essent ially shuts down all SUMOylat ion in cells, and that makes it  difficult  to at t ribute its effect  to
SUMOylat ion of DPCs only. Now that the authors have ident ified PIAS4 as a SUMO E3 ligase for
DPCs, they could strengthen their claim by demonstrat ing more direct  connect ions between PIAS4
and DNMT1 DPCs. For example, recruitment of PIAS4 to DNMT1 DPCs was not demonstrated. The
authors need to examine colocalizat ion of PIAS4 with 5-azadC-induced DNMT1 foci as well as
interact ion of PIAS4 with DNMT1 after 5-azadC treatment. 

(2) Fig. S2GH: The in vivo evidence for the role of PIAS4 in DNMT1 SUMOylat ion is weak. In
part icular, it  is puzzling that siPIAS4 #2 reduced DPC ubiquit inat ion without major effect  on DPC
modificat ion with SUMO2/3. This cannot be explained by "compensatory act ivit ies of other SUMO
E3 ligases" (Page 9, line 8) because DPC ubiquit inat ion was impaired by siPIAS4. Rather, it  might
suggest that  PIAS4 plays an indispensable role in this pathway but not through SUMO2/3
modificat ions. For example, a recent study by Sun et  al. showed a stronger effect  of PIAS4
deplet ion on SUMO1 modificat ion of TOP1 and TOP2 DPCs than SUMO2/3 modificat ions (DOI:
10.1126/sciadv.aba6290). The authors need to clarify the role of PIAS4 in DPC SUMOylat ion and in
promot ing ubiquit inat ion by RNF4. 

(3) The not ion that unresolved DPCs impair mitosis is novel, but  it  was largely derived from
experiments on DNMT1 DPCs. It  is important to know whether the effect  of DPCs on mitosis is
common among various DPCs. The authors briefly addressed this by showing hypersensit ivit ies of
RNF4 knock down cells to formaldehyde, but such experiments might not necessarily reflect  the
role of RNF4 in DPC removal given that formaldehyde causes other types of DNA damage and
RNF4 is widely involved in DNA damage response. The role of RNF4 in the clearance of



formaldehyde-induced DPCs needs to be demonstrated, and then the impact of such DPCs on
mitosis should be examined by t reat ing RNF4-depleted G2 cells with physiologically relevant
concentrat ions of formaldehyde. 

Minor points: 
Fig. 2I: The figure indicates U2OS was used but the legend describes HeLa/GFP-DNMT1. If U2OS
was used, PIAS4 Western blot t ing should be shown. In addit ion, the authors need to indicate which
siPIAS4 (#1 or #2) was used in Fig. 2I. 
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Point-by-point reply to the referees’ comments 

We would like to thank the referees for the constructive and insightful remarks and suggestions they 
made on our study. In the revised version of our manuscript, we have included the results of a range 
of new experiments performed on the basis of the reviewers’ helpful comments. In addition, a 
number of points have been clarified in the text. Collectively, we believe that the new additions to 
the manuscript address the referees’ key concerns and strengthen our original conclusion that DNA 
replication-independent repair of DNA-protein crosslinks in duplex DNA via the SUMO-RNF4 
pathway has a critical role in protecting against chromosomal instability, as explained in the 
detailed point-by-point response to the referee reports (replicated in full) below. 

Referee #1: 

GENERAL SUMMARY AND SIGNIFICANCE 

The manuscript by Liu et al reports a follow-up study to their recent publication showing that 
covalent DNA-protein crosslinks undergo SUMOylation-dependent but replication-independent 
degradation by the proteasome and the metalloprotease ACRC (Borgermann et al EMBO 2019). 
The authors use cell-based assays and experiments conducted in X. laevis egg extracts to identify 
the PIAS4 SUMO E3 ligase as being responsible for DPC SUMOylation and the STUBL RNF4 
for subsequent ubiquitylation. Similar to what has just been suggested for topoisomerase-DPCs 
by the Pommier lab (Sun et al., 2020). The authors find that DPC SUMOylation is unrelated to 
replication-coupled repair of DPCs, but is crucial for the removal of protein adducts prior to 
mitosis in an RNF4-dependent but replication-independent manner. 

The manuscript provides new insights regarding the identity of the enzymes modifying DPCs for 
repair, but the general concept of SUMO-dependent degradation of DPCs has been proposed 
previously (Borgermann et al, EMBO 2019, Fielden et al, Nat Comm 2020). The authors analyse 
the fate of trapped DNMT1 in cells but draw general conclusion regarding the repair of DPCs. 
Thus, claims in title/abstract should either be reduced to DNMT1-DPCs or the cellular data has 
to be extended to aldehyde-induced or topoisomerase DPCs. 

Our cell-based experiments mainly focused on 5-azadC-induced DNMT1 DPCs, since these lesions 
can be generated post-replicatively on duplex DNA in a relatively well-defined manner and are not 
accompanied by DNA breakage, unlike topoisomerase DPCs. We agree with the reviewer that 
extending the studies of DNMT-type DPCs to other DPCs residing in otherwise undamaged duplex 
DNA is of key importance for establishing whether the observed mechanisms and impact of 
DNMT1 DPCs represent general features of this class of DPCs. Accordingly, as suggested by the 
referee, we performed a series of new experiments to carefully analyze whether the repair 
mechanisms for DNMT1 DPCs and the impact of blocking their resolution on mitotic progression 
and genome stability also apply to formaldehyde-induced DPCs. First, we found that exposing cells 
to a dose of formaldehyde that potently induces DPC formation and an accompanying dramatic 
chromatin SUMOylation response (Borgermann et al., EMBO J. 38:e101496 (2019)) only has a 
minor impact on canonical DNA damage signaling (new Fig. EV4F), similar to the effect of 5-
azadC-induced DPCs. Second, consistent with the hypersensitivity of RNF4-depleted cells to 
formaldehyde (Fig. EV5D), we show that RNF4 undergoes strong recruitment to chromatin upon 
DPC formation by formaldehyde treatment in a SUMOylation-dependent manner and is needed for 

19th May 20211st Authors' Response to Reviewers
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efficient resolution of the resulting chromatin-associated SUMO foci (new Fig. EV1I,J). Third, 
using live-cell imaging of cells exposed to formaldehyde treatment in G2 phase to avoid adverse 
impacts on DNA replication, we show that suppressing the resolution of formaldehyde-induced 
DPCs via SUMOi treatment delays progression through mitosis and greatly enhances the incidence 
of defective chromosome segregation (new Fig. EV5B,C), again paralleling the response to 5-
azadC-induced DPCs. Collectively, these new data show that RNF4 is also involved in processing 
formaldehyde-induced DPCs and that these lesions do not trigger G2 cell cycle arrest but 
undermine mitotic fidelity similar to DNMT1 DPCs if left unresolved, suggesting that these 
features apply generally to DPCs in uninterrupted duplex DNA. Together with a recent study from 
the Pommier laboratory referred to by the reviewer, our findings thus indicate that RNF4 has a 
general role in processing SUMOylated DPCs, including both DPCs in uninterrupted duplex DNA 
(this study) and DPCs flanked by DNA breaks (TOP1 and TOP2 DPCs; Sun et al., Sci Adv 
6:eaba6290 (2020)). 
 
In addition, I have some technical and conceptual concerns. However, even if those were 
addressed, I do not feel that the manuscript provides enough conceptual advancement to warrant 
publication in The EMBO Journal.  
 
We respectfully disagree that our manuscript does not provide sufficient conceptual advancement, 
as relatively little is known about how DPCs are resolved by DNA replication-independent 
mechanisms, particularly in the case of DPCs residing in uninterrupted duplex DNA. Although the 
general concept of SUMO-dependent degradation of DPCs has been established in recent work by 
others and us as pointed out by the reviewer above, mechanistically how SUMOylation drives the 
removal of post-replicative DPCs, its interrelation with DNA replication-coupled DPC repair 
mechanisms and biological significance in preventing genomic instability have remained central yet 
unresolved issues. We believe our study addresses these key questions and thus provides an 
important advancement of the field. 
 
 
MAJOR CONCERNS  
 
RNF4 depletion by siRNA has a clear effect on the disappearance of chromatin-bound DNMT1 
in one experiment (Fig. 1F), but the effect is less obvious in a second similar experiment (S1E). 
Moreover, the corresponding phenotype in RNF4 KO cells is weak (S1F). This suggests that the 
contribution of RNF4 to DNMT1 degradation is only minor.  
 
While RNF4 knockdown or knockout reduces the kinetics of DNMT1 DPC resolution in U2OS, 
HeLa and HAP1 cells, an important conclusion arising from our work is that loss of RNF4 only 
partially impairs DPC removal unlike the effect of SUMOi. This clearly suggests that additional 
SUMO-mediated but RNF4-independent mechanisms for DPC resolution exist, a notion we 
emphasize in the manuscript as follows: “We note, however, that unlike complete inhibition of 
DNMT1 DPC degradation by SUMOi, loss of RNF4 only partially suppressed the removal of 
SUMO-modified DNMT1 DPCs (Fig. 1G; Fig. EV1E,F), suggesting the existence of additional, 
SUMO-driven but RNF4-independent mechanisms for post-replicative DNMT1 DPC resolution.” 
(page 8). Importantly, however, even though loss of RNF4 only delays but does not abolish the 
clearance of DPCs, this is sufficient to induce chromosome segregation defects and hypersensitivity 
to DPC formation (Fig. 5C,D,F,G). The existence of both RNF4-dependent and -independent 
mechanisms for processing SUMO-modified DPCs could help to ensure efficient clearance of these 
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lesions prior to mitotic entry, thereby mitigating the risk of mitotic chromosome segregation errors, 
and the relative usage of individual pathways may vary between cell types. The nature of SUMO-
dependent but RNF4-independent DPC resolution mechanisms remains to be established but is a 
topic of ongoing investigation in our labs. For instance, our preliminary evidence suggests a 
potential role of the transcriptional machinery in RNF4-independent but SUMO-dependent 
clearance of DNMT1 DPCs in human cells (Fig. R1), although the precise mechanistic basis of this 
observation is not yet clear and goes beyond the scope of the current manuscript.  

See also the point below. 

Fig. R1. 
A potential role of the transcription machinery in SUMO-dependent DPC resolution 
Combined RNF4 knockdown and transcriptional inhibition impairs DNMT1 DPC resolution to a similar 
extent as SUMOi treatment. U2OS cells transfected with non-targeting control (CTRL) or RNF4 siRNA 
were synchronized in early S phase by release from double thymidine block. Cells were then pre-treated with 
the transcription inhibitor DRB or SUMOi for 15 min where indicated, exposed to 5-azadC for 30 min and 
collected at the indicated times after 5-azadC withdrawal. DNMT1 foci enumeration was performed using 
quantitative image-based cytometry (>8700 cells analyzed per condition). Data from a representative 
experiment are shown.  

The majority of crosslinked DNMT1 has disappeared in RNF4 KO cells after 3 hours (S1F). 
However, there is still a strong remaining SUMO signal. siRNA-mediated depletion of RNF4 
shows a similar phenotype (S1E). This indicates that other proteins become SUMOylated upon 
DNMT1 trapping as well, which may suggest that SUMOylation is not DPC-specific. To this 
reviewer these data indicate that RNF4 is particularly important for degrading these SUMO-
targets, but perhaps not the DPC itself. 



4 

We thank the reviewer for raising this important point. While we demonstrate that SUMOylation of 
DNMT1 DPCs promote their subsequent RNF4-mediated modification by K48-linked 
polyubiquitylation and proteasome-dependent removal in cells, it is indeed possible that RNF4 
targets additional SUMOylated proteins at DPC sites. We previously showed using quantitative 
mass spectrometry that 5-azadC-induced DPCs trigger a highly targeted SUMOylation response 
that predominantly impinges on DNMT1 itself (Borgermann et al., EMBO J. 38:e101496 (2019)). 
However, a small subset of additional proteins, several of which are known DNMT1-interacting 
proteins (e.g PCNA and UHRF1), also show increased SUMOylation under these conditions, in a 
manner that is fully dependent on DNMT1 DPC formation (Fig. 2 in Borgermann et al., EMBO J. 
38:e101496 (2019)). The 5-azadC-induced chromatin SUMOylation response thus appears to 
conform well to the established ‘SUMO group modification’ principle, in that it targets both 
crosslinked DNMT1 molecules and, to a lesser extent, proteins residing in proximity to the DPC. In 
at least some experiments (e.g. Fig. EV1E,F), as pointed out by the reviewer, we see a trend that 
overall SUMO modifications take longer to clear from chromatin following 5-azadC treatment than 
the trapped DNMT1 molecules themselves, regardless of whether RNF4 is present or not. Possible 
reasons for this apparent uncoupling include that the SUMO2/3 antibody used in our experiments 
gives a much stronger signal in immunoblots than the DNMT1 antibody, and/or that some epitopes 
recognized by the DNMT1 antibody may become masked due to post-translational modifications of 
DNMT1 following its covalent trapping on DNA. However, in line with the SUMO group 
modification principle, we consider it likely that RNF4 does not exclusively target the adducted 
protein but may also promote the ubiquitylation and turnover of other SUMOylated proteins at DPC 
sites as part of re-establishing an intact chromatin state following lesion removal. To highlight this 
possibility, we added the following statement to the revised manuscript: “We previously showed 
that while DNMT1 is the main cellular target of 5-azadC-induced SUMOylation, a small range of 
additional proteins including known DNMT1-binding factors also display increased SUMOylation 
upon DNMT1 DPC formation (Borgermann et al., 2019). Because loss of RNF4 led to a marked 
delay in reversing overall 5-azadC-induced chromatin SUMOylation (Fig. 1F; Fig. EV1E,G), it is 
likely that RNF4 STUbL activity is not exclusively targeted to DPCs but also impacts other 
SUMOylated proteins at DPC sites to facilitate lesion removal and re-establishment of a normal 
chromatin state.” (page 7). It should be emphasized, however, that we also show direct RNF4-
dependent ubiquitylation of SUMOylated DNMT1 DPCs in vitro and SUMOylated M.HpaII DPCs 
in Xenopus egg extracts (Fig. 1J; Fig. 3E,J). Thus, RNF4 clearly targets the DPC itself and the main 
conclusion of our manuscript remains unchanged. 

The authors further suggest that PIAS4 is responsible for DPC SUMOylation. The 
corresponding data in frog extracts is clear and convincing but the results obtained in cells speak 
against a major role of PIAS4 in DPC SUMOylation in human cells. Fig S3G shows that there is 
barely an effect on DNMT1-SUMOylation (apart from a minor difference at 15min). 

The reviewer is correct in pointing out that whereas in Xenopus egg extracts PIAS4 is instrumental 
for SUMOylation of single defined M.HpaII DPCs located in a plasmid context and directly 
SUMOylates these DPCs in vitro (Fig. 2), it is largely dispensable for SUMOylation of DNMT1 
DPCs distributed across the genome in human cells. To better characterize the role of PIAS4 in 
human cells, we now show that PIAS4 is recruited to DNMT1 DPC sites and shows increased 
binding to DNMT1 upon DPC formation (new Fig. 2I,J), suggesting its involvement in promoting 
SUMOylation and/or resolution of these DPCs. However, despite its clear recruitment, depletion of 
PIAS4 had no overt impact on DNMT1 DPC SUMOylation (new Fig. EV2K,L). In fact, we found 
that individual depletion of other established SUMO E3 ligases did not impair overall 5-azadC-
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induced DNMT1 SUMOylation (new Fig. 2K). Together, these observations suggest that while 
PIAS4 is likely involved in the response to DNMT1 DPCs in human cells, there is considerable 
redundancy between individual SUMO E3s in driving DNMT1 DPC SUMOylation. The observed 
discrepancy between the relative importance of PIAS4 for DPC SUMOylation in Xenopus egg 
extracts and human cells may at least partially reflect the distinct DPC contexts analyzed in the two 
systems (i.e. plasmid in Xenopus egg extracts vs. chromatin in human cells), and/or the absence in 
egg extracts of active transcription, which in cells may potentially provide an additional DPC-
sensing mechanism. The redundancy between different SUMO E3s in promoting DNMT1 DPC 
SUMOylation in cells seems well in line with the overall strong magnitude of this response. 

Despite the greater complexity of DPC SUMOylation in cells, which we point out and discuss in the 
revised manuscript (pages 10 and 19), the clear ability of PIAS4 to SUMOylate DPCs in egg 
extracts and in vitro supports and extends recent data from the Pommier laboratory (Sun et al., Sci 
Adv 6:eaba6290 (2020)) describing an involvement of PIAS4 in TOP1/2 DPC repair, thus 
highlighting a conserved role for PIAS4 in the resolution of different types of DPCs. Although 
further work is needed to clarify individual contributions of different SUMO E3 ligases to DNMT1 
DPC SUMOylation in cells, we feel that the ability of PIAS4 to SUMOylate DPCs on duplex DNA 
is an important finding to report, and we therefore opted to keep this data in the new version of the 
manuscript. 

Many experiments lack crucial controls, which makes their interpretation rather challenging: 
i) Fig 5D only shows mitotic cells treated with SUMOi but does not show untreated cells or non-
mitotic cells 

We believe the reviewer may be referring to Fig. 4B in the original manuscript. Considering also 
the referee’s point (v) below, we have replaced this data with a new experiment, which includes 
both soluble and chromatin fractions from cells treated or not with SUMOi (new Fig. 4B). 

ii) Fig 5D: no control siRNA

We assume the reviewer is referring to the representative images that were originally shown in Fig. 
4D. We removed this panel from the revised manuscript, but data quantification for both siCTRL- 
and siRNF4-treated cells is shown in Fig. 4C.  

iii) 5G, S4B: no control siRNA

We have added the missing control experiments (new Fig. 4F; Fig. EV4B-D). 

iv) S4C: only cells treated with SUMOi are shown, no untreated control

We have added the corresponding data for untreated RPE-1 cells (new Fig. EV4B). 

v) Several chromatin fractionation experiments (1F, 1I, S1F, S1E, 4B) lack controls for total (or
at least soluble) proteins. It is thus impossible to know how total protein levels are affected. In 
addition, it would be good to include detection of a soluble, non-chromatin-bound protein as 
control for the fractionation. 



6 

We have added blots of soluble fractions (incl. NF-kB p65, a soluble, non-chromatin-bound 
protein) as controls in the cell fractionation experiments (Fig. 1F,I; Fig. EV1E,G,I; Fig. 4B). 

vi) Several IP-experiments omit crucial blots against input samples (1D, 1E, S2G).

Input samples for the IP experiments in the manuscript (Fig. 1D,E; Fig. 2J,K; Fig. EV2K) have now 
been added. 

We apologize for the previous omission of these controls. 

MINOR CONCERNS 

If PIAS4 is indeed upstream of RNF4, one would expect that PIAS4 KO cells are sensitive to 5-
aza-dC and that this sensitivity is epistatic to RNF4 loss. Is this the case? 

We tested this and found that PIAS4 depletion mildly enhances cellular sensitivity to 5-azadC (Fig. 
R2). Moreover, PIAS4 and RNF4 loss appear largely epistatic in sensitizing cells to 5-azadC (Fig. 
R2). This suggests that PIAS4 and RNF4 may act in a joint pathway for DNMT1 DPC resolution in 
cells, as observed in Xenopus egg extracts. However, while PIAS4 is clearly recruited to DNMT1 
DPCs in cells, its depletion does not overtly impair DNMT1 DPC SUMOylation as discussed 
above. Thus, the underlying reason for the mild sensitization of cells depleted of PIAS4 to 5-azadC 
treatment is currently unclear, and we therefore prefer not to include these clonogenic survival data 
in the revised manuscript. 

Fig. R2. 
Impact of PIAS4 and RNF4 knockdown on cellular sensitivity to 5-azadC 
Clonogenic survival of 5-azadC-treated HeLa cells transfected with indicated siRNAs (mean±SEM; n=2 
independent experiments). 

The authors claim that "DPCs do not activate interphase damage checkpoints". Is this also the 
case in non-transformed cells, non-tumour cells? 

Yes – we find that despite triggering DPC formation and SUMOylation, 5-azadC treatment of non-
transformed, non-tumor RPE-1 cells does not induce a detectable level of conventional DNA 
damage signaling (Fig. EV4E), suggesting that DPCs residing in uninterrupted duplex DPCs have a 
negligible impact on activating canonical interphase DNA damage checkpoints. 
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The effect of Mg262 on the stabilization of the DPC in Fig 3J is not that clear to this reviewer. 
Perhaps a quantification of independent experiments would help to make the case. 

To better address the role of the proteasome in the SUMO-RNF4-driven DPC resolution pathway, 
we immunodepleted the proteasome from extracts using an antibody targeting its PSMA1 subunit. 
As shown in new Fig. 3L, PSMA1 immunodepletion delayed DPC degradation similar to MG262 
treatment and also induced longer ubiquitin/SUMO chains on the DPC, further suggesting a role for 
the proteasome in DPC removal. However, as noted with proteasome inhibitors, the DPC is still 
degraded in the absence of the proteasome, suggesting that another protease also degrades poly-
ubiquitylated DPCs (as also observed in (Larsen et al., Mol Cell 73:574-588 (2019)) during 
replication-coupled DPC repair).  

We have quantified these gels as suggested by the reviewer. However, quantification of M.HpaII 
consistently shows an increase in signal at the onset of DPC ubiquitylation at the 30 min time point 
of the reaction, which is likely caused by the non-linearity of ECL (Fig. R3A,B). We therefore 
prefer not to show quantifications of these blots. Instead, the effect of PSMA1 depletion is now 
shown in three biological replicates in the revised manuscript (new Fig. 3K,L; Fig. EV3L,M) in 
addition to the effect of MG262 (Fig. EV3K). 

Fig. R3. 
Impact of PSMA1 depletion on M.HpaII degradation 
(A) p4xDPCSUMO was polySUMOylated in NPE, recovered via plasmid pull-down and incubated in fresh
CSF-arrested extract that was either mock- or PSMA1-depleted. At indicated time points following CSF
extract addition, the plasmid was recovered and immunoblotted against M.HpaII. This panel is a duplication
of Fig. 3L. (B) Quantification of data in (A), illustrating the non-linearity of the M.HpaII signal.

Page 9: Fig. 4B is referenced instead of 3B. 

This error has now been corrected. 

NON-ESSENTIAL SUGGESTIONS 

The discussion refers to "data not shown" on page 17. I would suggest to either provide the data 
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or refrain from discussing it. 

We have removed the statement referring to the data not shown. 

In this reviewer's opinion, the manuscript would benefit from a more inclusive discussion of the 
available literature. Several studies describing the involvement of STUBLs in DPC repair, have 
not been cited (Heideker et al., Plos Gen., 2011, Steinacher et al., Plos One, 2013, Wei et al., Mol. 
Cell, 2017). Moreover, it might be worth to discuss that the DPC protease Wss1 has been 
genetically linked to STUBLs in yeast (Mullen et al. 2010, Sharma et al. 2017). 

We thank the reviewer for the useful suggestions. We now mention and cite most of these 
references (Heideker et al., PLoS Gen., 2011; Steinacher et al., PLoS One, 2013; Wei et al., Mol 
Cell, 2017; Sharma et al., Genetics 2017) in the introduction and discussion sections. However, we 
opted not to include the Mullen et al. 2010 study, as the interplay between Wss1 and STUbLs 
described in that manuscript is in our view more difficult to rationalize and would require a longer 
discussion that would disrupt the flow of the manuscript. 

Referee #2: 

This manuscript by Liu et al. describes the mechanism of DNA replication-independent DNA-
protein crosslink repair. Previously the authors demonstrated that SUMOylation plays an 
important role in the resolution of DNA-protein crosslinks (DPCs) that are formed after DNA 
replication (Borgermann et al. 2019). In this manuscript the authors further establish a 
mechanism in which SUMOylation of a DPC induces ubiquitination of the crosslinked protein by 
the SUMO-targeted ubiquitin ligase RNF4 followed by its proteasomal degradation. Using the 
Xenopus egg extract system they show that this DPC SUMOyation is independent of DNA 
replication and requires the SUMO ligase PIAS4. In addition, they demonstrate that DPC 
SUMOylation does not affect replication-dependent DPC repair. Surprisingly, a nuclear Xenopus 
egg extract does not support ubiquitination of the SUMOylated DPC but this can be induced by 
addition of recombinant RNF4 or a mitotic egg extract, indicating a similar mechanism as 
observed in human cells. The authors then show that persistent DPCs on dsDNA lead to a mitotic 
arrest without inducing a potent DNA damage checkpoint response. This arrests is caused by a 
delay in chromosome alignment during mitosis causing segregation defects. Consistent with this, 
RNF4 depleted cells are hypersensitive to 5-azadC treatment. So, while high levels of persistent 
DPCs fail to activate a checkpoint response their removal does seem to be important for genome 
stability and cell survival. 

This work describes a new, replication-independent, DPC removal mechanism that is important 
for genome stability. This is an important finding that will be of interest to many researchers in 
the genome maintenance and ubiquitin/SUMO fields. The manuscripts contains several elegant 
techniques that are optimally used to address the questions and the experiments are complete and 
of high quality. To my opinion this manuscript is very suited for publication in EMBO journal 
but I do have a few issues I would like to see addressed. 

1) The use of 5-azadC to induce post-replicative DPCs is not well explained. Although the
authors use the same approach in their previous work, it would be make it a lot easier for the 
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reader if this was explained in some more in detail at the start of the result section. 

We concur with this notion and now explain more carefully how 5-azadC triggers DNMT1 DPC 
formation at the start of the Results section, as follows: “To understand the mechanistic basis of 
how SUMOylation promotes removal of DPCs, we first monitored the resolution kinetics for 
DNMT1 DPCs that are formed in the wake of the replication fork following 5-azadC incorporation 
into genomic DNA during replication. To this aim, cells were synchronized in early S phase, 
exposed to a brief (30-min) pulse of 5-azadC in order to ensure even incorporation of this 
nucleotide analog into genomic DNA of all cells, and analyzed at different time points (Fig. 1A). 
Methylation of 5-azadC by DNMT-type methyltransferases, in particular DNMT1 that methylates 
CpG motifs in newly replicated DNA to maintain DNA methylation patterns, leads to their covalent 
crosslinking to DNA.” (page 6). We hope this makes it clearer to readers how 5-azadC induces 
post-replicative DPCs.  

2) In several assays presented knockdown of RNF4 shows a much less dramatic phenotype
compared to SUMOi, this suggests a redundant SUMO-dependent mechanism. Have the author 
tried double depletion of RNF4 and RNF111? 

This is a good suggestion, which we tested. Consistent with a lack of impact of RNF111 
knockdown on the ubiquitylation and resolution of SUMO-modified DNMT1 DPCs (Fig. 1E,F), we 
found that co-depletion of RNF4 and RNF111 does not further impair DNMT1 DPC clearance 
relative to RNF4 knockdown alone (new Fig. EV1F). This suggests that RNF111 is not responsible 
for residual SUMO-mediated DNMT1 DPC resolution in RNF4-depleted cells and that other 
pathways must therefore exist, a notion that we highlight in the revised manuscript (page 7-8). We 
are currently investigating the molecular underpinnings of such mechanisms.  

3) The SUMO-HpaII fusion protein is a much better target for poly-SUMOylation compared to
HpaII, why is this? And what is the rationale for using the SUMO-HpaII fusion protein? This 
should be better explained. 

As pointed out by the reviewer, SUMO-M.HpaII is a much better poly-SUMOylation target than 
M.HpaII (Fig. 2B), but the reason for this is still unclear. We note, however, that PIAS4 contains
two SUMO-interacting motifs (SIMs) in its C-terminus, in contrast to other PIAS/SIZ family
members that harbor only one (Kaur et al., JBC 292:10230-10238 (2017)). SIM domains in PIAS-
type SUMO E3 ligases are thought to be important for interacting with SUMO-conjugated UBC9,
the SUMO E2 enzyme, positioning it for catalysis. Thus, it is possible that PIAS4 utilizes its SIMs
to interact simultaneously with two different SUMO molecules, one conjugated to UBC9 and one
on the substrate, to promote poly-SUMOylation. Such a mechanism would mean that the first
SUMO on the DPC is rate-limiting but would then stimulate DPC poly-SUMOylation. Supporting
this notion, our mass spectrometry data in Fig. 2E shows that recruitment of PIAS4 to damaged
chromatin is SUMOylation-dependent, suggesting that SUMOylated substrates on chromatin
stimulate PIAS4 recruitment or retention to DNA to promote further poly-SUMOylation. In
agreement with this, we found that in cells PIAS4 is also recruited to DNMT1 DPCs in a
SUMOylation-dependent manner (new Fig. 2I).

To begin to address this possibility and understand the interplay between the PIAS4 SIMs and DPC 
SUMOylation we generated a PIAS4 double SIM mutant, which did not rescue DPC SUMOylation 
(new Fig. EV2H-J). We are now in the process of addressing the roles of the individual PIAS4 
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SIMs. However, understanding their precise mechanistic involvements in DPC SUMOylation 
would likely require substantial further experimental and structural work that we feel go well 
beyond the scope of the present study. 

To better explain the use of the SUMO-M.HpaII DPC plasmid, we added the following sentence to 
the legend for Fig. 2B in the revised manuscript: “Note that priming M.HpaII with SUMO 
stimulates rapid poly-SUMOylation of the DPC in NPE. Thus, this substrate was frequently used in 
subsequent experiments to stimulate DPC poly-SUMOylation.” 

4) In general the addition of the first SUMO moiety seems to have very different kinetics from the
subsequent poly-SUMOylation. In the HpaII DPC this first step seems to be very slow, while in 
PARP this seems to be very fast and independent of PARPi or damage. How is this explained. 
Could there be a different E3 ligase involved? This should be discussed. 

The reviewer raised the interesting possibility that conjugation of the first SUMO moiety to PARP1 
might be driven by a SUMO ligase other than PIAS4 in the absence of DNA damage. We addressed 
this by incubating untreated sperm chromatin in either mock- or PIAS4-depleted extracts. As can be 
seen in new Fig. EV2G, PIAS4 depletion abolished PARP1 mono-SUMOylation, which could be 
rescued by reintroducing PIAS4. This indicates that PIAS4 is responsible for both mono- and poly-
SUMOylation of PARP1, as also observed for M.HpaII. Why PARP1 is mono-SUMOylated faster 
than M.HpaII is unknown but could be explained by the large amount of PARP1 binding to 
undamaged sperm chromatin (likely because of a high abundance of nicks present in the genome). 

5) It is rather puzzling that the SUMOylation of the HpaII DPC occurs in NPE, while the
ubiquitination does not. Instead, the ubiquitination takes place in a mitotic egg extract but it is 
not shown whether the SUMOylation takes place that mitotic extract (I could have missed it but it 
seems that the mitotic extract is always added after SUMOylation has taken place). This should 
be clarified. You would expect that both modifications should be able to take place in one type of 
extract. If the ubiquitination is induced by CDK activation, could this activity be induced in NPE 
to promote ubiquitination? 

SUMOylation and ubiquitylation processes are dynamically controlled by the balance of 
ubiquitin/SUMO E3s and proteases. NPE is indeed more proficient for M.HpaII DPC SUMOylation 
than mitotic egg extracts; this is now clarified in the text, and a figure showing this has been added 
to the revised manuscript (new Fig. EV3G). Why mitotic extracts are less efficient in SUMOylating 
M.HpaII could at least in part be explained by the lower amount of PIAS4 present in these extracts
compared to NPE (new Fig. EV3H) and/or higher SUMO protease activity. Importantly, the whole
process of DPC SUMOylation/ubiquitylation can be recapitulated by supplementing mitotic
extracts with exogenous PIAS4 (new Fig. EV3I).

The reviewer also raised the interesting possibility that supplementing CDK activity to NPE could 
induce RNF4-mediated ubiquitylation of the SUMO-modified DPCs. We tested this by adding 
exogenous Cyclin A1 to NPE to mimic a mitotic state (Moreno et al., Life Sci Alliance,  
2:e201900390 (2019); Strausfeld et al., J Cell Science 109:1555–1563 (1996)). While some extracts 
were clearly responsive and showed increased RNF4-dependent DPC ubiquitylation in the presence 
of exogenous Cyclin A1 (Fig. R4A,B), we had difficulties to consistently recapitulate these results 
across different extract batches. The reason for these discrepancies is currently unknown but could 
reflect the limiting amounts of RNF4 present in NPE (low nM concentrations; new Fig. EV3E), 
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which might fluctuate between different extract batches. We have therefore not included this data in 
the manuscript. Importantly, our experiments with synchronized cells clearly show that the whole 
process of SUMO-targeted ubiquitylation and degradation is highly efficient in interphase (e.g. Fig. 
1A). Thus, although CDK activity may potentiate RNF4-mediated DPC ubiquitylation, reaching 
mitosis is clearly not a prerequisite for this process to occur. 

Fig. R4. 
Stimulation of RNF4-dependent DPC ubiquitylation by elevated CDK activity 
(A) p4xDPCSUMO was polySUMOylated in NPE, recovered via plasmid pull-down and incubated in fresh
NPE that was either left untreated or supplemented with Cyclin A1 (200 ng/µL). At indicated time points
following CSF extract addition, the plasmid was recovered and immunoblotted against M.HpaII. (B)
p4xDPCSUMO was polySUMOylated in NPE, recovered via DPC pull-down and incubated in fresh NPE that
was either mock- or RNF4-depleted and supplemented with Cyclin A1 where indicated. Note the RNF4-
dependent ubiquitylation observed in the presence of Cyclin A1 (compare lanes 7 and 13).

6) One relevant question concerns the number of DPCs that are induced in cells upon azadC
treatment and SUMOi or RNF4 knockdown. This is relevant for the observed mitotic defect and 
following cell sensitivity. Would these levels of DPCs ever occur in normal cells? If not, this may 
explain the lack of DNA damage checkpoint activation. This should be discussed. 

This is an important point. To address this question, we performed a range of experiments with 
formaldehyde, a potent DPC inducer, which is present at relatively high intracellular concentrations 
in humans (approx. 400 µM; European Food Safety Authority (EFSA) Journal 12:3550 (2014)). 
When inducing DPC formation by exposure of cells to near-physiological concentrations of 
formaldehyde, which triggers a chromatin SUMOylation response that is similar in overall 
magnitude to that observed for 5-azadC treatment (Borgermann et al., EMBO J. 38:e101496 
(2019)) and thus may be assumed to give rise to a comparable level of DPC formation, we found 
that SUMOi treatment impaired mitotic progression and chromosome segregation fidelity similar to 
the impact of DNMT1 DPCs (new Fig. EV5B,C). These findings suggest that the number of DPCs 
induced under our experimental conditions, which strongly undermine faithful mitotic chromosome 
segregation when their resolution is blocked (Fig. 5C,D; Fig. EV5C), could in principle be 
encountered by normal cells, underscoring the importance of SUMO-driven mechanisms for 
promoting timely DPC removal. We now mention this in the manuscript (page 17-18). 
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Minor points: 
- p9, Fig 4B, should be Fig 3B

This error has now been corrected. 

- On p10, based on Fig S3F, it is implicated that the levels of RNF4 are very low in NPE. From
Fig S3F you cannot draw this conclusion. This could reflect the quality of the antibody. Absolute 
levels can only be derived when a known amount of purified protein is titrated next to it. 

The levels of RNF4 in NPE and mitotic extracts are now compared to a titration of recombinant 
RNF4, as suggested by the reviewer (new Fig. EV3E). From this we conclude that RNF4 is present 
at a low nM concentration in egg extracts. 

- The representation of the cell cycle FACS data in Fig 4 is difficult to read. In my opinion it
would be better to show a quantification with error bars. 

We believe the current standard representation of the FACS data in Fig. 4 and Fig. EV4 is a useful 
way to display full cell cycle profiles. However, to facilitate the readers’ interpretation of the data, 
we have now indicated for all individual FACS profiles the percentage of cells in G2/M phase. 

- I am confused about Fig S3a, there is almost complete block in DPC repair upon UBi. The
authors previously shown that there is a redundant Spartan-dependent pathway, is Spartan 
depleted in this experiment? 

SPRTN was not depleted in the experiments shown in Fig. EV3A,B. As pointed out by the 
reviewer, we previously showed that a redundant SPRTN pathway also acts on a methylated DPC 
that cannot be ubiquitylated, from which we concluded that ubiquitylation of DPCs is dispensable 
for their SPRTN-dependent, replication-coupled proteolysis (Larsen et al. 2019). However, in the 
same study we also showed that SPRTN-mediated DPC proteolysis is dependent on SPRTN’s 
ubiquitin-binding UBZ domain (Fig. 4E and S4G-H in Larsen et al. 2019). Thus, SPRTN function 
likely depends on the ubiquitylation of a protein other than the DPC itself (possibly PCNA). 
Consistently, we show below that addition of the ubiquitin-E1 inhibitor (UBi) abolishes SPRTN-
mediated degradation of methylated M.HpaII DPCs (Fig. R5A,B). However, we feel that including 
this data would break the flow of the manuscript, which focuses on replication-independent DPC 
repair-mechanisms. Instead, we added a specification in the legend for Fig. EV3B to clarify that 
both the proteasome and SPRTN are inhibited by UBi treatment. 
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Fig. R5. 
Inhibition of SPRTN-mediated DPC proteolysis by UBi 
(A) A plasmid containing two methylated M.HpaII DPCs (pme-DPC2xLead; Larsen et al., Mol Cell 2019) was
replicated in egg extracts in the presence of radiolabeled nucleotides and, where indicated, MLN-7243 (UBi;
133 µM). Samples were analyzed by native agarose gel electrophoresis. Note the absence of supercoiled
(SC) repair products in the presence of UBi. (B) Samples from (A) were recovered at the indicated time
points via DPC pull-down and blotted against M.HpaII. Note that methylated M.HpaII undergoes
replication-coupled proteolysis by SPRTN, which can be visualized by the disappearance of full-length
M.HpaII and appearance of degradation fragment (lanes 1-4). In the presence of UBi, full-length methylated
M.HpaII is stabilized, confirming inhibition of SPRTN-mediated proteolysis.

Referee #3: 

The authors' group previously reported that DNMT1 DPCs induced by 5-azadC undergo 
SUMOylation and subsequent degradation by the proteasome. In this manuscript, Liu et al. 
demonstrate that the SUMO-targeted ubiquitin ligase RNF4 is responsible for the ubiquitination 
of SUMOylated DNMT1 DPCs. The authors then use a Xenopus cell-free system to show that a 
model DPC substrate is SUMOylated by the E3 ligase PIAS4 in a replication-independent 
manner, and can undergo ubiquitination and proteasomal degradation if RNF4 is supplied. 
Finally, the authors demonstrate that unresolved DNMT1 DPCs in RNF4-depleted cells cause 
mitotic defects, highlighting the importance of the SUMO-driven mechanism of DPC repair for 
maintaining chromosome stability. 

This study addresses an important question regarding the replication-independent mechanism of 
DPC repair. While much progress has been made in understanding the mechanisms of 
replication-coupled DPC repair, replication-independent mechanisms remain enigmatic. The 
findings reported in this manuscript provide novel insights into our understanding of how cells 
deal with DPCs independent of DNA replication and the biological significance of such 
mechanisms. 

Overall, the presented data are high quality and the results were interpreted properly. However, 
several points listed below need to be addressed to establish more direct evidence for the role of 
DPC SUMOylation. In addition, while the effect of unresolved DNMT1 DPCs on mitosis is 
significant in terms of understanding the potential effect of the drug, whether such effect is 
shared among different DPCs that form after DNA replication has not been addressed 
sufficiently. 

Major points: 
(1)More evidence is needed to support their claim that SUMO-dependent DPC repair is indeed
mediated by SUMO modifications of DPCs. Current experiments heavily rely on SUMOi, which 
essentially shuts down all SUMOylation in cells, and that makes it difficult to attribute its effect 
to SUMOylation of DPCs only. Now that the authors have identified PIAS4 as a SUMO E3 ligase 
for DPCs, they could strengthen their claim by demonstrating more direct connections between 
PIAS4 and DNMT1 DPCs. For example, recruitment of PIAS4 to DNMT1 DPCs was not 
demonstrated. The authors need to examine colocalization of PIAS4 with 5-azadC-induced 
DNMT1 foci as well as interaction of PIAS4 with DNMT1 after 5-azadC treatment. 
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Following the reviewer’s suggestion, we analyzed whether PIAS4 is recruited to DNMT1 DPCs. In 
the revised manuscript, we included new data showing that PIAS4 colocalizes with 5-azadC-
induced DNMT1 foci (new Fig. 2I). Moreover, we show that PIAS4 displays increased interaction 
with DNMT1 after 5-azadC treatment (new Fig. 2J), suggesting its involvement in promoting 
DNMT1 DPC SUMOylation (please see also our response to point 2 below). 

Whether SUMO-dependent DPC repair is mediated by direct SUMOylation of the DPC is an 
important question. To this end, we provide evidence that SUMOylated DNMT1 immunopurified 
from cells is a direct substrate for the STUbL activity of RNF4 in vitro (Fig. 1J), and that upon DPC 
formation DNMT1 undergoes robust RNF4-dependent polyubiquitylation via K48 linkages (Fig. 
1D,E), a key signal for degradation via proteasomal activity, which is required for DNMT1 DPC 
resolution (Fig. 1C). Likewise, we demonstrate RNF4-dependent ubiquitylation of SUMOylated 
M.HpaII DPCs in Xenopus egg extracts (Fig. 3E,J). Together, this strongly suggests that direct
SUMOylation of DPCs trigger their subsequent polyubiquitylation and degradation. However, a
formal demonstration that SUMOylation of DPCs per se mediates their ubiquitin-dependent
modification and resolution in cells would require the generation of a DNMT1 mutant that is
refractory to 5-azadC-induced polySUMOylation. Our mass spectrometry data indicates that
DNMT1 undergoes SUMOylation on numerous lysine residues in response to its 5-azadC-induced
trapping on DNA (our unpublished observations), suggesting a high degree of promiscuity at site
level in the SUMOylation of DPCs, which would be expected for an efficient mechanism that
nonspecifically primes adducted proteins for proteolytic destruction. Given this, we do not think it
is feasible to generate a DNMT1 mutant that is resistant to SUMOylation upon DPC formation
while retaining functionality. Thus, although we demonstrate that SUMOylated DPCs are targeted
by RNF4 for K48-linked polyubiquitylation that provides a signal for proteasomal degradation, we
cannot presently rule out that SUMOylation of other proteins also contributes to productive DPC
repair. In the case of DNMT1 DPCs, we previously showed using quantitative mass spectrometry
that 5-azadC-induced DPCs trigger a remarkably targeted SUMOylation response that 
predominantly impinges on DNMT1 itself (Borgermann et al., EMBO J. 38:e101496 (2019)). 
However, a small subset of additional proteins, several of which are known DNMT1-interacting 
proteins (e.g UHRF1), also show increased SUMOylation under these conditions albeit to a much 
lesser extent, and in a manner that is fully dependent on DNMT1 DPC formation (Fig. 2 in 
Borgermann et al., EMBO J. 38:e101496 (2019)). Accordingly, SUMOylation of these proteins at 
DPC sites might also contribute to facilitating efficient lesion removal and re-establishment of a 
normal chromatin state. We now mention this possibility in the revised manuscript (page 7). 

(2) Fig. S2GH: The in vivo evidence for the role of PIAS4 in DNMT1 SUMOylation is weak. In
particular, it is puzzling that siPIAS4 #2 reduced DPC ubiquitination without major effect on 
DPC modification with SUMO2/3. This cannot be explained by "compensatory activities of other 
SUMO E3 ligases" (Page 9, line 8) because DPC ubiquitination was impaired by siPIAS4. 
Rather, it might suggest that PIAS4 plays an indispensable role in this pathway but not through 
SUMO2/3 modifications. For example, a recent study by Sun et al. showed a stronger effect of 
PIAS4 depletion on SUMO1 modification of TOP1 and TOP2 DPCs than SUMO2/3 
modifications (DOI: 10.1126/sciadv.aba6290). The authors need to clarify the role of PIAS4 in 
DPC SUMOylation and in promoting ubiquitination by RNF4. 

We concur with this notion and thank the reviewer for the constructive suggestions. Prompted by 
these, we performed a range of additional experiments to carefully assess the impact of a range of 
independent PIAS4 siRNAs on 5-azadC-induced DNMT1 SUMOylation and ubiquitylation. While 



 15 

PIAS4 is recruited to DNMT1 DPC sites and displays 5-azadC-stimulated interaction with DNMT1 
(new Fig. 2I,J), the overall conclusion emerging from our PIAS4 knockdown studies is that this has 
no overt impact on DNMT1 SUMO modifications via both SUMO2/3 and SUMO1 (new Fig. 
EV2K,L). In fact, individual depletion of other established SUMO E3 ligases also did not impair 
overall 5-azadC-induced DNMT1 SUMOylation (new Fig. 2K). Together, these observations 
suggest that while PIAS4 is clearly targeted to DNMT1 DPCs in human cells, there is redundancy 
between individual SUMO E3s in SUMOylating these DPCs. We consider it likely that the 
observed discrepancy between the relative importance of PIAS4 for DPC SUMOylation in Xenopus 
egg extracts and human cells may at least partially reflect the distinct nature of the DPCs analyzed 
in the two systems (i.e. single plasmid-based M.HpaII DPCs in egg extracts vs. multiple DNMT1 
DPCs distributed across human chromosomes), and the redundancy between different SUMO E3s 
in promoting DNMT1 DPC SUMOylation in cells seems well aligned with the overall strong 
magnitude of this response. We now mention and discuss this in the manuscript (pages 10 and 19). 
 
As pointed out by the reviewer, one of the PIAS4 siRNAs used in the original manuscript gave rise 
to a modest decrease in 5-azadC-induced DNMT1 ubiquitylation (previous Fig. S2G). We observed 
such an effect for some PIAS4 siRNAs but not others (the underlying reason for this is not clear), 
arguing against this being a specific consequence of PIAS4 knockdown. In the revised manuscript, 
we included data showing the impact on DNMT1 DPC SUMOylation and ubiquitylation of PIAS4 
knockdown by two independent siRNAs whose effects are overall representative of the range of 
PIAS4 siRNAs that we tested (new Fig. EV2K,L). 
 
(3) The notion that unresolved DPCs impair mitosis is novel, but it was largely derived from 
experiments on DNMT1 DPCs. It is important to know whether the effect of DPCs on mitosis is 
common among various DPCs. The authors briefly addressed this by showing hypersensitivities 
of RNF4 knock down cells to formaldehyde, but such experiments might not necessarily reflect 
the role of RNF4 in DPC removal given that formaldehyde causes other types of DNA damage 
and RNF4 is widely involved in DNA damage response. The role of RNF4 in the clearance of 
formaldehyde-induced DPCs needs to be demonstrated, and then the impact of such DPCs on 
mitosis should be examined by treating RNF4-depleted G2 cells with physiologically relevant 
concentrations of formaldehyde.  
 
We agree with the referee that extending studies of the adverse impact of DNMT-type DPCs on 
mitosis to other DPCs that are not accompanied by DNA breakage is of key importance for 
establishing whether or not this is a general effect of this class of lesions. Accordingly, as suggested 
by the reviewer, we performed a range of new experiments to carefully analyze whether the repair 
mechanisms for DNMT1 DPCs and the impact of blocking their resolution on mitotic progression 
and genome stability also apply to formaldehyde-induced DPCs. First, we found that exposing cells 
to a dose of formaldehyde that potently induces DPC formation and an accompanying dramatic 
chromatin SUMOylation response (Borgermann et al., EMBO J. 38:e101496 (2019)) has little 
impact on canonical DNA damage signaling (new Fig. EV4F), similar to the effect of 5-azadC-
induced DPCs. Second, consistent with the hypersensitivity of RNF4-depleted cells to 
formaldehyde (Fig. EV5D), we show that RNF4 undergoes strong recruitment to chromatin upon 
DPC formation by formaldehyde treatment in a SUMOylation-dependent manner and is needed for 
efficient resolution of the resulting chromatin-associated SUMO foci (new Fig. EV1I,J). Third, 
using live-cell imaging of cells exposed to formaldehyde treatment in G2 phase to avoid adverse 
impacts on DNA replication, we show that suppressing the resolution of formaldehyde-induced 
DPCs via SUMOi treatment delays progression through mitosis and greatly enhances the incidence 
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of defective chromosome segregation (new Fig. EV5B,C), again paralleling the response to 5-
azadC-induced DPCs. Collectively, these new data demonstrate that RNF4 also has a role in 
processing formaldehyde-induced DPCs and that these lesions do not trigger G2 cell cycle arrest 
but undermine mitotic fidelity if not properly resolved, strongly suggesting that this is a general 
effect of unresolved DPCs in uninterrupted duplex DNA. 

Minor points: 
Fig. 2I: The figure indicates U2OS was used but the legend describes HeLa/GFP-DNMT1. If 
U2OS was used, PIAS4 Western blotting should be shown. In addition, the authors need to 
indicate which siPIAS4 (#1 or #2) was used in Fig. 2I. 

We apologize for the confusion. Careful analysis of the impact of a range of PIAS4 siRNAs on 
DPC repair showed that they do not consistently give rise to a pronounced delay in DNMT1 DPC 
resolution kinetics, consistent with PIAS4 being overall dispensable for 5-azadC-induced DNMT1 
SUMOylation (new Fig. 2K; Fig. EV2K,L). We therefore removed the data originally shown in Fig. 
2I from the manuscript. The specific PIAS4 siRNAs used in individual experiments are now 
indicated in the figures, and blots showing their knockdown efficiency in the relevant cell line have 
been added (new Fig. EV2L). 



11th Jun 20211st Revision - Editorial Decision

Thank you for submit t ing your revised manuscript to The EMBO Journal. We have now heard back 
from the two of the original referees, and I am pleased to say that they found the previously-raised 
points sat isfactorily addressed. Following a final revision round to address some remaining minor 
issues noted by reviewer 3, as well as the below-listed editorial points, we shall therefore be happy 
to accept the study for publicat ion in our journal. 



REFEREE REPORTS

------------------------------------------------ 

Referee #2: 

The authors have performed many addit ional experiments and made a major effort to improve the 
manuscript . In addit ion, they also clarified the issues I suggested in the revised version of the 
manuscript (or in their answer to my quest ions). I have no further comments and gladly recommend 
publicat ion of this work in EMBO journal. 

Referee #3: 

In the revised manuscript , the authors included new data demonst rat ing PIAS4 recruitment to 
DNMT1-DPCs and increased interact ion of PIAS4 with DNMT1 after 5-azadC treatment , 
strengthening the not ion that the SUMO pathway is act ivated locally at DNMT1-DPCs. A possible 
explanat ion for the weak effect of PIAS4 deplet ion is discussed properly. 

The authors also provided new data demonst rat ing SUMO-dependent recruitment of RNF4 to the 
chromat in in response to formaldehyde treatment . In addit ion, they showed that SUMO inhibit ion 
caused mitot ic defects after formaldehyde treatment . These data st rengthened their not ion that 
the SUMO-RNF4 pathway might be a general cellular response to a class of DPCs and that this 
mechanism is important for prevent ing mitot ic defects due to post -replicat ive DPCs. 

I believe that these revisions improved the manuscript significant ly. If the authors address the 
concerns related to the newly added data (explained below), the manuscript would be suitable for 
publicat ion in EMBO J. 

Major point : 

1. Fig. EV1J: It  is not clear what the Y-axis shows. The axis t it le indicates "rel. to FA-treated" but
does that mean the values are relat ive to the 0 hr t ime point? In that case, how exact ly were the
presented values calculated (the median of the 0 hr sample does not seem to be 1)?

2. Fig. EV1J: If the Y-axis is the relat ive values, why do they need to present data that way? The
authors should simply plot  the actual numbers of SUMO foci in each sample. The problem of



comparing relat ive values between siCTRL and siRNF4 is that  it  is not clear whether the same
amount of SUMO foci was observed at  the 0 hr t ime point . If the foci are lower in siCTRL cells for
some reason, it  is difficult  to assess whether RNF4 plays an important role in dissolving
formaldehyde-induced DPCs, because there might be simply fewer DPCs to repair in the siCTRL
cells, which could provide an alternat ive explanat ion for the faster resolut ion of SUMO foci. 

3. Fig. 2I: What is the molecular basis of the SUMO-dependence of PIAS4 recruitment? While the
SUMO-dependent recruitment of RNF4 was explained in the manuscript , it  is not immediately clear
why PIAS4 recruitment should be SUMO-dependent as well. This might need more explanat ion to
fully appreciate its significance.

Minor point : 
1. Fig. 2J: Equal expression of Myc-PIAS4 is not demonstrated. A blot  for Myc-PIAS4 should be
included in the input.
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Point-by-point reply to the referees’ comments 

Referee #3: 

In the revised manuscript, the authors included new data demonstrating PIAS4 recruitment to 
DNMT1-DPCs and increased interaction of PIAS4 with DNMT1 after 5-azadC treatment, 
strengthening the notion that the SUMO pathway is activated locally at DNMT1-DPCs. A 
possible explanation for the weak effect of PIAS4 depletion is discussed properly. 

The authors also provided new data demonstrating SUMO-dependent recruitment of RNF4 to the 
chromatin in response to formaldehyde treatment. In addition, they showed that SUMO 
inhibition caused mitotic defects after formaldehyde treatment. These data strengthened their 
notion that the SUMO-RNF4 pathway might be a general cellular response to a class of DPCs 
and that this mechanism is important for preventing mitotic defects due to post-replicative DPCs. 

I believe that these revisions improved the manuscript significantly. If the authors address the 
concerns related to the newly added data (explained below), the manuscript would be suitable for 
publication in EMBO J. 

Major point: 
1. Fig. EV1J: It is not clear what the Y-axis shows. The axis title indicates "rel. to FA-treated"
but does that mean the values are relative to the 0 hr time point? In that case, how exactly were 
the presented values calculated (the median of the 0 hr sample does not seem to be 1)? 
We apologize for the confusion. The data in this panel was represented as the number of SUMO 
foci/cell relative to cells exposed to a 1-hour formaldehyde pulse (recovery time point 0), but to 
avoid ambiguity we now display the data as SUMO foci/cell relative to untreated cells (Fig. EV1J). 
All data points were normalized to the mean of SUMO foci counts in the reference condition, which 
is why the median of this sample was not 1. 

Please see also our response to the point below. 

2. Fig. EV1J: If the Y-axis is the relative values, why do they need to present data that way? The
authors should simply plot the actual numbers of SUMO foci in each sample. The problem of 
comparing relative values between siCTRL and siRNF4 is that it is not clear whether the same 
amount of SUMO foci was observed at the 0 hr time point. If the foci are lower in siCTRL cells 
for some reason, it is difficult to assess whether RNF4 plays an important role in dissolving 
formaldehyde-induced DPCs, because there might be simply fewer DPCs to repair in the siCTRL 
cells, which could provide an alternative explanation for the faster resolution of SUMO foci. 
The reason we chose to present the data in Fig. EV1J as relative values is that we consistently 
observed across multiple experiments that RNF4-depleted cells accrue a higher number of SUMO 
foci following formaldehyde treatment relative to control cells (see new Fig. EV1K), in full 
agreement with an important role of RNF4 in counteracting formaldehyde-induced DPCs. 
Displaying the data as relative values in our opinion facilitates direct comparison of the rate of 
SUMO foci resolution in control and RNF4-depleted cells. However, to also convey the important 
point that formaldehyde-induced SUMO foci accumulate to a higher level in RNF4-depleted cells, 
we now additionally include a plot of the data in Fig. EV1J that depicts the total number of SUMO 
foci (new Fig. EV1K). Reflecting the reviewer’s concern that the lower number of SUMO foci in 

3rd Jul 20212nd Authors' Response to Reviewers
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control cells could be a contributing factor to their faster resolution relative to cells lacking RNF4, 
which we cannot formally exclude, we rephrased the sentence describing this data so that it now 
reads: “Moreover, RNF4 was required for counteracting chromatin-associated SUMO2/3 foci 
resulting from formaldehyde-induced DPC formation (Fig. EV1J,K)” (page 9). 

3. Fig. 2I: What is the molecular basis of the SUMO-dependence of PIAS4 recruitment? While
the SUMO-dependent recruitment of RNF4 was explained in the manuscript, it is not 
immediately clear why PIAS4 recruitment should be SUMO-dependent as well. This might need 
more explanation to fully appreciate its significance. 
We agree with the reviewer that this point was not explained well in the revised manuscript. The 
SUMO-dependent recruitment of PIAS4 to 5-azadC-induced DPCs in human cells (Fig. 2I) is 
consistent with our findings in Xenopus egg extracts showing SUMO-dependent chromatin 
accumulation of PIAS4 upon PARP1 trapping (Fig. 2E; new Fig. EV2B) in a manner that depends 
on its dual SUMO-interacting motifs (SIMs) (Fig. EV2D,E; new Fig. EV2G); we now clarify this as 
follows in the text: “In cells, consistent with our observations in Xenopus egg extracts, PIAS4 was 
recruited to DNMT1 DPC sites in a SUMOylation-dependent manner and displayed increased 
binding to DNMT1 upon DPC formation (Fig. 2I,J; Fig. EV2K)…” (page 11). Interestingly, further 
analysis of the SUMOylation-dependent accumulation of PIAS4 at DNMT1 DPC sites revealed that 
this does not require the catalytic activity of PIAS4 itself, as an ectopically expressed inactive 
PIAS4 mutant displayed intact recruitment to DPCs even when endogenous PIAS4 was 
simultaneously depleted (new Fig. EV2M,N). This suggests a role for one or more other SUMO E3 
ligases in driving PIAS4 accumulation at DPC sites, in good agreement with our data indicating 
redundancy between PIAS4 and other SUMO E3s in promoting DNMT1 DPC SUMOylation in 
human cells (Fig. 2K; Fig. EV2K,L). 

Minor point: 
1. Fig. 2J: Equal expression of Myc-PIAS4 is not demonstrated. A blot for Myc-PIAS4 should be
included in the input. 
In this experiment, individual GFP immunoprecipitates were incubated with an equal amount of 
whole cell lysate prepared from a single plate of HeLa cells transfected with Myc-PIAS4 expression 
construct. We clarified this in the legend and added an immunoblot showing Myc-PIAS4 
expression in this lysate (new Fig. EV2J). 



12th Jul 2021ACCEPTED

Thank you for submit t ing your final revised manuscript for our considerat ion. I am pleased to inform 
you that we have now accepted it for publicat ion in The EMBO Journal. 



USEFUL LINKS FOR COMPLETING THIS FORM

http://www.antibodypedia.com
http://1degreebio.org
http://www.equator-network.org/reporting-guidelines/improving-bioscience-research-reporting-the-arrive-guidelines-for-reporting-animal-research/

http://grants.nih.gov/grants/olaw/olaw.htm
http://www.mrc.ac.uk/Ourresearch/Ethicsresearchguidance/Useofanimals/index.htm
http://ClinicalTrials.gov
http://www.consort-statement.org
http://www.consort-statement.org/checklists/view/32-consort/66-title

è
http://www.equator-network.org/reporting-guidelines/reporting-recommendations-for-tumour-marker-prognostic-studies-remark/

è
http://datadryad.org

è
http://figshare.com

è
http://www.ncbi.nlm.nih.gov/gap

è
http://www.ebi.ac.uk/ega

http://biomodels.net/

http://biomodels.net/miriam/
è http://jjj.biochem.sun.ac.za
è http://oba.od.nih.gov/biosecurity/biosecurity_documents.html
è http://www.selectagents.gov/
è

è
è

è
è

� common tests, such as t-test (please specify whether paired vs. unpaired), simple χ2 tests, Wilcoxon and Mann-Whitney 
tests, can be unambiguously identified by name only, but more complex techniques should be described in the methods 
section;

� are tests one-sided or two-sided?
� are there adjustments for multiple comparisons?
� exact statistical test results, e.g., P values = x but not P values < x;
� definition of ‘center values’ as median or average;
� definition of error bars as s.d. or s.e.m. 

1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size?

1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used.

2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre-
established?

3. Were any steps taken to minimize the effects of subjective bias when allocating animals/samples to treatment (e.g. 
randomization procedure)? If yes, please describe. 

For animal studies, include a statement about randomization even if no randomization was used.

4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results 
(e.g. blinding of the investigator)? If yes please describe.

4.b. For animal studies, include a statement about blinding even if no blinding was done

5. For every figure, are statistical tests justified as appropriate?

Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it.

Is there an estimate of variation within each group of data?

EMBO PRESS 

A- Figures 

Reporting Checklist For Life Sciences Articles (Rev. June 2017)

This checklist is used to ensure good reporting standards and to improve the reproducibility of published results. These guidelines are 
consistent with the Principles and Guidelines for Reporting Preclinical Research issued by the NIH in 2014. Please follow the journal’s 
authorship guidelines in preparing your manuscript.  

PLEASE NOTE THAT THIS CHECKLIST WILL BE PUBLISHED ALONGSIDE YOUR PAPER

Journal Submitted to: The EMBO Journal
Corresponding Author Name:  Niels Mailand

YOU MUST COMPLETE ALL CELLS WITH A PINK BACKGROUND ê

B- Statistics and general methods

the assay(s) and method(s) used to carry out the reported observations and measurements 
an explicit mention of the biological and chemical entity(ies) that are being measured.
an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.

a statement of how many times the experiment shown was independently replicated in the laboratory.

Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.

 

In the pink boxes below, please ensure that the answers to the following questions are reported in the manuscript itself. 
Every question should be answered. If the question is not relevant to your research, please write NA (non applicable).  
We encourage you to include a specific subsection in the methods section for statistics, reagents, animal models and human 
subjects.  

definitions of statistical methods and measures:

a description of the sample collection allowing the reader to understand whether the samples represent technical or 
biological replicates (including how many animals, litters, cultures, etc.).

The data shown in figures should satisfy the following conditions:

Source Data should be included to report the data underlying graphs. Please follow the guidelines set out in the author ship 
guidelines on Data Presentation.

Please fill out these boxes ê (Do not worry if you cannot see all your text once you press return)

a specification of the experimental system investigated (eg cell line, species name).

Data were obtained according to the field's best practice. No statistical method was used to 
predetermine sample size.

graphs include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should 
not be shown for technical replicates.
if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be 
justified

the exact sample size (n) for each experimental group/condition, given as a number, not a range;

Each figure caption should contain the following information, for each panel where they are relevant:

2. Captions

NA.

No data were excluded from the analyses.

The samples were not randomized. 

Manuscript Number: EMBOJ-2020-107413

Yes.

Data meet the assumptions of the tests. Normality tests were done with D'Agostino & Pearson test 
or Shapiro-Wilk test.

No.

NA.

The investigators were not blinded to group allocation during data collection and analysis.

NA.

1. Data

the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the 
experiments in an accurate and unbiased manner.
figure panels include only data points, measurements or observations that can be compared to each other in a scientifically 
meaningful way.



Is the variance similar between the groups that are being statistically compared?

6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog 
number and/or clone number, supplementary information or reference to an antibody validation profile. e.g., 
Antibodypedia (see link list at top right), 1DegreeBio (see link list at top right).

7. Identify the source of cell lines and report if they were recently authenticated (e.g., by STR profiling) and tested for 
mycoplasma contamination.

* for all hyperlinks, please see the table at the top right of the document

8. Report species, strain, gender, age of animals and genetic modification status where applicable. Please detail housing 
and husbandry conditions and the source of animals.

9. For experiments involving live vertebrates, include a statement of compliance with ethical regulations and identify the 
committee(s) approving the experiments.

10. We recommend consulting the ARRIVE guidelines (see link list at top right) (PLoS Biol. 8(6), e1000412, 2010) to ensure 
that other relevant aspects of animal studies are adequately reported. See author guidelines, under ‘Reporting 
Guidelines’. See also: NIH (see link list at top right) and MRC (see link list at top right) recommendations.  Please confirm 
compliance.

11. Identify the committee(s) approving the study protocol.

12. Include a statement confirming that informed consent was obtained from all subjects and that the experiments 
conformed to the principles set out in the WMA Declaration of Helsinki and the Department of Health and Human 
Services Belmont Report.

13. For publication of patient photos, include a statement confirming that consent to publish was obtained.

14. Report any restrictions on the availability (and/or on the use) of human data or samples.

15. Report the clinical trial registration number (at ClinicalTrials.gov or equivalent), where applicable.

16. For phase II and III randomized controlled trials, please refer to the CONSORT flow diagram (see link list at top right) 
and submit the CONSORT checklist (see link list at top right) with your submission. See author guidelines, under ‘Reporting 
Guidelines’. Please confirm you have submitted this list.

17. For tumor marker prognostic studies, we recommend that you follow the REMARK reporting guidelines (see link list at 
top right). See author guidelines, under ‘Reporting Guidelines’. Please confirm you have followed these guidelines.

18: Provide a “Data Availability” section at the end of the Materials & Methods, listing the accession codes for data 
generated in this study and deposited in a public database (e.g. RNA-Seq data: Gene Expression Omnibus GSE39462, 
Proteomics data: PRIDE PXD000208 etc.) Please refer to our author guidelines for ‘Data Deposition’.

Data deposition in a public repository is mandatory for: 
a. Protein, DNA and RNA sequences 
b. Macromolecular structures 
c. Crystallographic data for small molecules 
d. Functional genomics data 
e. Proteomics and molecular interactions

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the 
journal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of datasets 
in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ or in unstructured 
repositories such as Dryad (see link list at top right) or Figshare (see link list at top right).
20. Access to human clinical and genomic datasets should be provided with as few restrictions as possible while respecting 
ethical obligations to the patients and relevant medical and legal issues. If practically possible and compatible with the 
individual consent agreement used in the study, such data should be deposited in one of the major public access-
controlled repositories such as dbGAP (see link list at top right) or EGA (see link list at top right).
21. Computational models that are central and integral to a study should be shared without restrictions and provided in a 
machine-readable form.  The relevant accession numbers or links should be provided. When possible, standardized format 
(SBML, CellML) should be used instead of scripts (e.g. MATLAB). Authors are strongly encouraged to follow the MIRIAM 
guidelines (see link list at top right) and deposit their model in a public database such as Biomodels (see link list at top 
right) or JWS Online (see link list at top right). If computer source code is provided with the paper, it should be deposited 
in a public repository or included in supplementary information.

22. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top 
right) and list of select agents and toxins (APHIS/CDC) (see link list at top right). According to our biosecurity guidelines, 
provide a statement only if it could.

C- Reagents

D- Animal Models

E- Human Subjects

All parental cell lines were obtained from ATCC. All cell lines used in this study were regularly 
tested negative for mycoplasma infection. The cell lines were not authenticated.

F tests were performed for parametric analyses.

Catalog numbers, sources and RRID numbers of all commercial antibodies used in this study are 
provided in the Methods section (page 24-25).

NA.

NA.

NA.

G- Dual use research of concern

F- Data Accessibility

NA.

NA.

NA.

NA.

NA.

NA.

NA.

NA.

A Data Availability section is included at the end of the Materials & Methods section. As stated in 
this section, the mass spectrometry proteomics data (Dataset EV1) have been deposited to the 
ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier 
PXD021947 (https://www.ebi.ac.uk/pride/archive/projects/PXD021947). All other data supporting 
the findings of this study are available within the article and supplementary information.

All mass spectrometry proteomics data obtained in this study have been provided (Dataset EV1). In 
addition, as described above, all mass spectrometry data have been deposited to the 
ProteomeXchange Consortium.

NA.

NA.


	Mechanism and function of DNA replication-independent DNA-protein crosslink repair via the SUMO-RNF4 pathway
	Review Timeline:
	Transaction Report:

	Merged Decision Summary PDF Section 1
	Merged Decision Summary PDF Section 2
	Merged Decision Summary PDF Section 3
	Merged Decision Summary PDF Section 4
	Merged Decision Summary PDF Section 5
	Merged Decision Summary PDF Section 6
	Merged Decision Summary PDF Section 7
	Merged Decision Summary PDF Section 8



