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Dear Dr. De Lange, 

Thank you for submitting your manuscript entitled "MMS22L-TONSL functions in sister chromatid cohesion in a pathway parallel
to DSCC1-RFC" to Life Science Alliance. The manuscript was assessed by expert reviewers, whose comments are appended to
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To upload the revised version of your manuscript, please log in to your account: https://lsa.msubmit.net/cgi-bin/main.plex 
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touch in case you do not know or remember your login name. 

While you are revising your manuscript, please also attend to the below editorial points to help expedite the publication of your
manuscript. Please direct any editorial questions to the journal office. 

The typical timeframe for revisions is three months. Please note that papers are generally considered through only one revision
cycle, so strong support from the referees on the revised version is needed for acceptance. 

When submitting the revision, please include a letter addressing the reviewers' comments point by point. 

We hope that the comments below will prove constructive as your work progresses. 

Thank you for this interesting contribution to Life Science Alliance. We are looking forward to receiving your revised manuscript. 
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Novella Guidi, PhD 
Scientific Editor 
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Reviewer #1 (Comments to the Authors (Required)): 

Interested in the role of the DSCC1-RFC complex to DNA replication and sister chromatid cohesion (SCC), the authors
generated DSCC1 KO in RPE1-hTERT TP53KO cells and conducted CRSIPR-CAS9 synthetic lethal screens, revealing two
important synthetic lethal (SL)interactions. One involves DSCC1 and POLE3, which the authors show to be associated with
severe replication defects, the other one involves MMS22L-TONSL. The authors show that MMS22L-TONSL facilitates SCC
jointly with DDX11 and in parallel with DSCC1. These results are important for the field and could not be predicted based on the
current literature primarily limited to a synthetic lethal interaction between CTF18 (another component of the DSCC1-RFC
complex) and DDX11 due to severe cohesion defects and reported roles for budding yeast Mms22 in SCC. However, as such,
the paper seems to be a bit dry and does not offer much insight into the process. 

I think the paper would benefit by trying to address or at least comment on a few points listed below: 

1) Is the SL between DSCC1 and POLE3 loss associated with POLE3 role as H3-H4 chaperone?
2) Is the discovered function of MMS22L-TONSL shared also by Rtt101-Mms1(DDB1-CUL4) shown to facilitate cohesion in
yeast (Zhang et al, EMBO Reports, 2017)?
3) Mms1 and Mms22 were shown to stabilize the yeast replisome upon replication stress caused by HU treatment (Vaisica et al,
MBC, 2011). Does MMS22LL functions jointly or in parallel with POLE3-POLE4 in ensuring replication?
4) Although ESCO2 has a PIP in its N-terminus, the recruitment to chromatin in yeast can still happen in the absence of that
domain (Moldovan et al, Mol Cell, 2006). Does MMS22-TONSL impair ESCO2 recruitment to chromatin, providing thus an
alternative mechanism for ESCO2 recruitment and SCC establishment?

Reviewer #2 (Comments to the Authors (Required)): 

Sister chromatid cohesion (Cohesion) is crucial to ensure orderly segregation of chromosomes. Cohesion is established by co-
entrapment of sister DNAs within cohesin rings during S-phase. The precise mechanism by which this is achieved is still unclear.
A set of conserved proteins (but non-essential in yeast) associated with the replisome are important for cohesion establishment.
They are thought to promote cohesion by two independent pathways that operate in parallel during S-phase. Analysis of
cohesion of small circular mini-chromosomes in yeast suggests that Chl1 (DDX11), Ctf4 (AND1), Tof1 (TIMELESS) and Csm3
(TIPIN) are important to build cohesion using DNA associated cohesin rings. The Ctf18-RFC (DSCC1-RFC) is important for
loading soluble cohesin during S-phase to establish cohesion (Srinivasan et al eLife 2020). 
In the present study, Janne van Schie et al characterise the DSCC1-RFC in human cells (Ctf18-RFC). They generate DSCC1
knockout cells (in a P53 deficient cell line) and find that this leads to cohesion defects, reduction in replication fork speed and
accumulation of �-H2AX foci. They then perform a CRISPR screen to look for genes that become essential in the absence of
DSCC1 and identify several helicases (including DDX11), subunits of the polymerase epsilon complex and MMS22L. They find
that loss of POLE3 in DSCC1-KO cells leads to additive defects specifically in DNA replication, while the loss of MMS21L leads
to additive cohesion defects. Based on their observation that DDX11 is epistatic to MMS21L, they suggest that MMS21L and
DSCC1 operate in parallel pathways for cohesion. 

The observations reported here are interesting, they confirm the previously observed (in yeast and avian cells) genetic
interaction between CTF18-RFC and DDX11. The present study also highlights the importance of MMS22L for cohesion in
human cells (previously observed in yeast). The experiments are well executed, and the data are clear. The study reaffirms the
evolutionary conservation of parallel pathways operating during S phase to establish cohesion and thus warrants publication. I
have some comments: 

1: The authors measure additive defects in DNA replication in the POLE3 DSSC1-KO double mutant cells, they conclude that
the synthetic lethality of the DSCC1 cells upon POLE3 deletion is therefore specific to this additive defect DNA replication
(perhaps reflected in the speed of replication). This might well be the case, there are reports in yeast cells that an interaction



between CTF18-RFC and Pol epsilon is not necessary for cohesion (Grabarczyk et al 2018). However, comparing figure 1A with
figure S3E it looks like there is a noticeable and perhaps significant increase in the cohesion defects in DSCC1-KO cells upon
POLE3 deletion. Could the authors comment on this? 

2. Wapl depletion is shown to suppress the synthetic lethality of the CTF18 DDX11 double mutants in avian cells (Kawasumi et
al 2021). If the authors wanted to make a strong case that the synthetic lethality of DSCC1 with POLE3 and DDX11/MMS21 was
indeed because of specific defects in replication and cohesion respectively. One would expect Wapl depletion to suppress the
synthetic lethality of DSCC1 with DDX11/MMS21 and not with POLE3. This is perhaps not within the remit of the current
manuscript, in which case, the authors should be a bit cautious about assigning specificities for the synthetic interactions.

3. In Discussion the authors state: Furthermore, since it is conceivable that all cohesin needs to be acetylated in order to
contribute to SCC, it is unclear why DSCC1-RFC would specifically contribute to the de novo loading pathway (Srinivasan et al.,
2020).

There is a flaw in their logic here. Eco1/ESCO1 abbreviated for establishment of cohesion is a misnomer. It is clear in almost
every living system tested thus far that Eco1 is not fundamental for establishment of cohesion in the absence of Wapl mediated
release. The analysis of ctf18 mutants in yeast that were defective in Wapl mediated release (and therefore emancipated from
Eco1) revealed that they were defective in de novo generation of cohesion in S-phase. The authors observe that levels of Smc3,
acetylated Smc3 as well as Sororin on chromatin is lower in DSCC1-KO cells and this is exacerbated by deletion of DDX11 or
MMS22L. These observations are consistent with a defect in generation of cohesion in the absence of DSCC1-RFC. 

Reviewer #3 (Comments to the Authors (Required)): 

The authors investigate DSSC1-RFC, the leading strand alternative PCNA clamp loader. DSSC1-RFC facilitates DNA
replication, repair and sister chromatid cohesion (SSC). Here, they perform a genome-wide Crispr screen to find mutated human
genes that have negative synthetic interactions with DSSC1-KO. Previous work identified two pathways involving replisome
associated proteins in establishment of SSC, one defined by DSSC1 and the other by DDX11. In a model proposed by Nasmyth
and coworkers, DSSC1 generates cohesion with cohesin loaded at the replication fork whereas DDX11 generates cohesion with
cohesin loaded on unreplicated DNA. As shown here and elsewhere, synthetic lethality occurs when both DSSC1 and DDX11
are mutated. The author's Crispr screen identified many genes involved in DNA replication and cell cycle progression but they
follow up with just two. The first is MMS22L, which together with TONSL forms a protein complex at the replication fork. As
shown here and in yeast, MMS22L participates in SSC. Since the authors show that MMS22L and DSSC1 contribute to SCC in
additive ways, they conclude that they act in different but parallel pathways. They infer that MMS22L-TONSL contributes via the
pathway defined by DDX11, which is supported by earlier prior work in yeast. Their work builds on work from Nasmyth and Zou
labs by showing that human MMS22L participates in a different cohesion establishment pathway (presumably the DDX1
pathway) than the pathway defined by DSSC1. Putting all this together in humans by an unbiased screen is a timely and worthy
advance. 

The second gene characterized is POLE3, which together with POLE4, generates a protein complex that, like DSSC1,
associates with the leading strand polymerase. They show that POLE3 and DSSC1 contribute to replication in additive ways,
suggesting that they act in different but parallel pathways. Only loss of DSSC1 causes H2AX foci, a marker of DNA damage.
POLE3 mutation does not create cohesion defects on its own and does not exacerbate defects in DSSC1-KO. Thus, the
synthetic relationship between the two is not likely related to cohesion. 

Major issues: 
1) In figure 4C, the authors claim that there is an additive effect on levels of chromatin-bound cohesin, Smc3 acetylation and
sororin when MMSS2L and DSSC1 are co-depleted. That effect is imperceptible by eye, particularly when compounded by slight
differences in loading (the H3 control), which are noticeable by eye. Without quantitation, I am not convinced. The weakness of
this panel maybe reflected by the fact that the authors don't mention it in the Discussion. This should be remedied with
quantitation or removed.
2) In figure 4C, the band labelled "Total Smc3" should just say Smc3 since it is only measuring the Smc3 in the chromatin pellet.
This experiment should also include a control that either shows that the Smc3 level in whole cell lysate does not change or that
the level of Smc3 in the soluble fraction increases.
3) In figure 4A, the authors show that MMS22L and DDX11 depletions both cause additive effects on cohesion when either is
combined with DSSC1-KO. This suggests that both operate in pathways parallel to DSSC1. Does this mean they operate in the
same parallel pathway? It should be possible to test by co-depletion of MMS22L and DDX11. Otherwise, the authors should
reiterate that MMS22L and DDX11 are placed in the same pathway by the yeast data of Zou et al.
3) Discussion - Zou and coworkers showed that MMS22L and its partners (DDB and CUL4) are required for proper cohesion in
yeast. Notably, these MMS22L partner proteins were not picked up in the Crispr Screen. This is troubling because the authors
argue that synthetic lethality arises from compounding cohesion loss by depletion of both MMS22L and DSSC1. This should
either be tested directly by depleting DDB and CUL4 in the DSSC1-KO, or by finding a better explanation. In the second to last
paragraph, the argument that MMS22L must have "shared and separate" roles in ESCO2 regulation is irrelevant if cohesion is



the only role that matters for synthetic lethality.

Minor issues: 
1) Page 4, first paragraph - Reference to figure 3F is wrong.
2) Top sentence of figure 6, "but is epistatic with DDX11." - Clarify that epistasis regards viability (fig 4D-E), not cohesion (fig
4A).
4) Middle of page 3 - "This may relate to the role of DSCC1-RFC in de novo cohesin loading" should read "de novo cohesin
loading pathway" since the authors acknowledge that the mechanistic bases for the two pathways have not been worked out, as
they properly state in the last paragraph of the Discussion.
5) On page 5 - "cohesion defects caused by DSCC1-RFC loss cannot be rescued by ESCO1 or ESCO2 overexpression
(Kawasumi 2021)." In my view this is a tricky citation since it is a negative result, and there are many ways that an
overexpression experiment can fail.
6) The figure legends are skeletal, thereby forcing the reader to look in other places to find out what was done exactly.



1st Authors' Response to Reviewers           November 4, 2022

Reviewer #1 (Comments to the Authors (Required)):  

Interested in the role of the DSCC1-RFC complex to DNA replication and sister chromatid 
cohesion (SCC), the authors generated DSCC1 KO in RPE1-hTERT TP53KO cells and 
conducted CRSIPR-CAS9 synthetic lethal screens, revealing two important synthetic lethal 
(SL)interactions. One involves DSCC1 and POLE3, which the authors show to be associated 
with severe replication defects, the other one involves MMS22L-TONSL. The authors show 
that MMS22L-TONSL facilitates SCC jointly with DDX11 and in parallel with DSCC1. 
These results are important for the field and could not be predicted based on the current 
literature primarily limited to a synthetic lethal interaction between CTF18 (another 
component of the DSCC1-RFC complex) and DDX11 due to severe cohesion defects and 
reported roles for budding yeast Mms22 in SCC. However, as such, the paper seems to be a 
bit dry and does not offer much insight into the process.  

I think the paper would benefit by trying to address or at least comment on a few points listed 
below:  

1) Is the SL between DSCC1 and POLE3 loss associated with POLE3 role as H3-H4
chaperone?

We address this point in an updated second paragraph of the Discussion: 

“We find additive replication defects upon depletion of POLE3 and DSCC1, indicating that 
they have separate effects on fork progression. DSCC1-RFC has a leading strand orientation 
and can interact with POLE, the catalytic subunit of the leading strand polε complex (Garcia-
Rodriguez et al., 2015; Grabarczyk et al., 2018; Murakami et al., 2010; Stokes et al., 2020). 
This suggests that DSCC1-loaded PCNA specifically enhances POLE processivity. POLE3-4 
is known to stabilize the Polε complex, although loss of POLE3-4 does not completely 
abolish DNA replication (Bellelli et al., 2018b). When combined, decreased levels of POLE 
(due to POLE3-4 depletion) and decreased processivity of the remaining POLE (due to 
DSCC1 depletion), may therefore result in a lethal failure to complete DNA replication. 
Besides stabilizing Polε, POLE3-4 also exhibits histone cycling activity at DNA replication 
forks (Bellelli et al., 2018a). Interestingly, POLE3ΔC, which lacks the H3-H4 interaction but 
retains the interaction with Polε components, displays defective PCNA unloading and RPA 
accumulation (Bellelli et al., 2018a). However, POLE3ΔC rescues ATR inhibitor sensitivity 
(Hustedt et al., 2019), suggesting that the H3-H4 binding is not required for mitigating DNA 
replication stress. Therefore, it remains to be determined whether the role of POLE3 as H3-
H4 chaperone contributes to the observed synthetic lethality with DSCC1.” 

2) Is the discovered function of MMS22L-TONSL shared also by Rtt101-Mms1(DDB1-
CUL4) shown to facilitate cohesion in yeast (Zhang et al, EMBO Reports, 2017)?

We address this point in an updated fourth paragraph of the Discussion: 

“In yeast, Mms22 promotes Eco1-dependent Smc3 acetylation and SCC in collaboration with 
Rtt101-Mms1 (Zhang et al., 2017). This raises the question whether this role is conserved in 
human DDB1-Cul4. Indeed, DDB1 and Cul4A/B were reported to contribute to SCC in 
HEK293T cells via MMS22L-dependent ESCO2 recruitment (Sun et al., 2019). However, 
these genes were not synthetically lethal with DSCC1 in our CRISPR screen. This may be due 



to poor efficacy of the used guide RNAs, and CUL4A and CUL4B may be partially 
redundant. Remarkably, DDB1-CUL4 has also been reported to induce ESCO2 degradation 
by interaction with ESCO2 via VRBP1, which is a substrate recognition component 
alternative to MMS22L (Minamino et al., 2018). This does not support a major role for 
CUL4-DDB1 in promoting SCC. Moreover, multiple proteomics studies did not detect an 
interaction of MMS22L with CUL4A/B or DDB1, but identify TONSL as the main MMS22L 
interactor in human cells (Duro et al., 2010; O'Connell et al., 2010; O'Donnell et al., 2010). 
Here we show that TONSL, which is absent in yeast, contributes to SCC establishment. This 
suggests potential differences between MMS22L function in yeast and human cells. 
MMS22L-TONSL can be recruited to chromatin by binding to H4K20me0, a mark of post-
replicative chromatin, via a specific domain in TONSL (Saredi et al., 2016). Thereby, 
MMS22L-TONSL can discriminate replicated from unreplicated DNA (Saredi et al., 2016), 
theoretically placing it in an ideal position to establish SCC by recruiting ESCO2 exclusively 
on newly replicated DNA. It will be interesting to assess a potential requirement for DDB1-
CUL4 in this process.” 

3) Mms1 and Mms22 were shown to stabilize the yeast replisome upon replication stress
caused by HU treatment (Vaisica et al, MBC, 2011). Does MMS22LL functions jointly or in
parallel with POLE3-POLE4 in ensuring replication?

Whereas POLE3 promotes normal fork progression, depletion of MMS22L appears not to 
lead to reduced fork speed (own observations and data by O’Donnel et al, 2010). Rather, 
MMS22L promotes the recovery from DNA replication stress (O’Donnel, 2010). This 
suggests that MMS22L and POLE3-4 have separate functions in DNA replication. 

4) Although ESCO2 has a PIP in its N-terminus, the recruitment to chromatin in yeast can still
happen in the absence of that domain (Moldovan et al, Mol Cell, 2006). Does MMS22-
TONSL impair ESCO2 recruitment to chromatin, providing thus an alternative mechanism for
ESCO2 recruitment and SCC establishment?

We agree with the reviewer that this is an important question. It is noticeable that ESCO2 
contains three PCNA binding domains, as well as an MCM3 interaction domain and a 
MMS22L binding domain, that could contribute to its recruitment to chromatin. We now 
include a new Figure 4B and 4C to assess the ESCO2 recruitment in response to 
DSCC1/MMS22L depletion. DSCC1-ko cells show a reduction of ESCO2 and AcSMC3 on 
chromatin, likely due to a reduction of PCNA loading. MMS22L depletion also causes 
decreased ESCO2 levels on chromatin, which is further reduced by combined depletion of 
DSCC1 and MMS22L. This indicates that DSCC1 and MMS22L facilitate separate ESCO2 
recruitment mechanisms: DSCC1 via PCNA loading and MMS22L via ESCO2’s MMS22L 
interaction motif. This role of MMS22L/Mms22 in ESCO2 recruitment to chromatin is also 
supported by Zhang et al, 2017 and Sun et al, 2019. 

Reviewer #2 (Comments to the Authors (Required)):  

Sister chromatid cohesion (Cohesion) is crucial to ensure orderly segregation of 
chromosomes. Cohesion is established by co-entrapment of sister DNAs within cohesin rings 
during S-phase. The precise mechanism by which this is achieved is still unclear. A set of 
conserved proteins (but non-essential in yeast) associated with the replisome are important for 
cohesion establishment. They are thought to promote cohesion by two independent pathways 
that operate in parallel during S-phase. Analysis of cohesion of small circular mini-
chromosomes in yeast suggests that Chl1 (DDX11), Ctf4 (AND1), Tof1 (TIMELESS) and 



Csm3 (TIPIN) are important to build cohesion using DNA associated cohesin rings. The 
Ctf18-RFC (DSCC1-RFC) is important for loading soluble cohesin during S-phase to 
establish cohesion (Srinivasan et al eLife 2020).  
In the present study, Janne van Schie et al characterize the DSCC1-RFC in human cells 
(Ctf18-RFC). They generate DSCC1 knockout cells (in a P53 deficient cell line) and find that 
this leads to cohesion defects, reduction in replication fork speed and accumulation of γ-
H2AX foci. They then perform a CRISPR screen to look for genes that become essential in 
the absence of DSCC1 and identify several helicases (including DDX11), subunits of the 
polymerase epsilon complex and MMS22L. They find that loss of POLE3 in DSCC1-KO 
cells leads to additive defects specifically in DNA replication, while the loss of MMS21L 
leads to additive cohesion defects. Based on their observation that DDX11 is epistatic to 
MMS21L, they suggest that MMS21L and DSCC1 operate in parallel pathways for cohesion.  

The observations reported here are interesting, they confirm the previously observed (in yeast 
and avian cells) genetic interaction between CTF18-RFC and DDX11. The present study also 
highlights the importance of MMS22L for cohesion in human cells (previously observed in 
yeast). The experiments are well executed, and the data are clear. The study reaffirms the 
evolutionary conservation of parallel pathways operating during S phase to establish cohesion 
and thus warrants publication. I have some comments:  

We thank the reviewer for these kind words 

1: The authors measure additive defects in DNA replication in the POLE3 DSSC1-KO double 
mutant cells, they conclude that the synthetic lethality of the DSCC1 cells upon POLE3 
deletion is therefore specific to this additive defect DNA replication (perhaps reflected in the 
speed of replication). This might well be the case, there are reports in yeast cells that an 
interaction between CTF18-RFC and Pol epsilon is not necessary for cohesion (Grabarczyk et 
al 2018). However, comparing figure 1A with figure S3E it looks like there is a noticeable 
and perhaps significant increase in the cohesion defects in DSCC1-KO cells upon POLE3 
deletion. Could the authors comment on this?  

Although the reviewer is right that there appears to be a small difference, the extra effect of 
POLE3 in DSCC1-KO cells in fig S2E is marginal and seems insufficient to explain the 
synthetic lethality. Importantly, effects on SCC must be compared to controls within the same 
experiment, which makes a direct comparison with Fig 1A not relevant. In addition, POLE3 
depletion in itself does not cause cohesion defects (Fig S2E) and the increase in mitosis 
following POLE3 depletion in DSCC1ko is small (Fig S2F). Therefore, replication defects are 
the most likely cause of the synthetic lethality between POLE3-4 and DSCC1. 

2. Wapl depletion is shown to suppress the synthetic lethality of the CTF18 DDX11 double
mutants in avian cells (Kawasumi et al 2021). If the authors wanted to make a strong case that
the synthetic lethality of DSCC1 with POLE3 and DDX11/MMS21 was indeed because of
specific defects in replication and cohesion respectively. One would expect Wapl depletion to
suppress the synthetic lethality of DSCC1 with DDX11/MMS21 and not with POLE3. This is
perhaps not within the remit of the current manuscript, in which case, the authors should be a
bit cautious about assigning specificities for the synthetic interactions.

We agree that rescue by WAPL depletion would support that cohesion loss underlies the 
observed synthetic lethality of DSCC1 and MMS22L. We attempted this using WAPL crRNA 
and siRNA (see Figure 1 below). In this set-up, it turned out to be difficult to restore viability. 
In one of three experiments we observed a partial rescue in DDX11 depleted cells and also a 



small effect in MMS22L depleted cells, possibly related to a different timing (Fig. 1C). Our 
observations are indeed different from those reported from chicken DT40 cells, in which 
auxin-mediated WAPL depletion suppressed lethality in CTF18-DDX11 double mutants 
(Kawasumi et al., 2021). Since prolonged WAPL depletion can also impair growth rate, it 
may be difficult to balance the effects of different gene depletions. Moreover, WAPL 
depletion could suppress lethality neither in CTF18-Chl1 double mutant in yeast (Kawasumi 
et al., 2021), nor of ESCO1-ESCO2 depleted vertebrate cells (Kawasumi et al, 2017). As the 
reviewer indicates, solving the exact degree and timing of toxicity of different forms of 
impaired SCC establishment is not within the scope of this manuscript, although admittedly it 
is an important question for the future. We agree that we cannot exclude that mechanisms 
other than enhanced cohesion loss contribute to the observed synthetic lethality of DSCC1 
and MMS22L, which we now indicate in the manuscript (p.5, line 6-9). 

Figure 1: Impact of WAPL depletion on viability in DSCC1ko cells depleted of DDX11, POLE3 or 
MMS22L.  
A, RPE1-iCas9-DSCC1ko cells were treated with 200 ng/mL doxycycline to induce Cas9 expression and 
transfected with crOR10A7 (control), crDDX11, crPOLE3 or crMMS22L; in all cases combined with either 
crOR10A7 or crWAPL. After three days, 1000 cells per well were seeded in a 96-wells plate and viability was 
measured after another six days using Cell-Titer Blue. 
B, Cells were treated with doxycycline and transfected with indicated crRNAs. After three days, 1000 cells per 
well were transfected with non-targeting siRNA or siWAPL in a 96-wells plate. After another five days, viability 
was measured. 
C, Cells were treated and transfected as in A. After two days, 1000 cells per well were seeded in a 96-wells plate 
and viability was measured after another five days. 

3. In Discussion the authors state: Furthermore, since it is conceivable that all cohesin needs
to be acetylated in order to contribute to SCC, it is unclear why DSCC1-RFC would
specifically contribute to the de novo loading pathway (Srinivasan et al., 2020).

There is a flaw in their logic here. Eco1/ESCO1 abbreviated for establishment of cohesion is a 
misnomer. It is clear in almost every living system tested thus far that Eco1 is not 
fundamental for establishment of cohesion in the absence of Wapl mediated release. The 
analysis of ctf18 mutants in yeast that were defective in Wapl mediated release (and therefore 
emancipated from Eco1) revealed that they were defective in de novo generation of cohesion 
in S-phase. The authors observe that levels of Smc3, acetylated Smc3 as well as Sororin on 
chromatin is lower in DSCC1-KO cells and this is exacerbated by deletion of DDX11 or 
MMS22L. These observations are consistent with a defect in generation of cohesion in the 
absence of DSCC1-RFC.  

We agree with this description, but we feel that it does not challenge our point of view (note 
that we use WAPL proficient cells). To better clarify our logic, we have now considerably 
altered this paragraph in the Discussion (third paragraph) 



“DSCC1 functions in the de novo loading pathway to establish SCC (Kawasumi et al., 2021; 
Srinivasan et al., 2020), in line with the synthetic lethality with DDX11 observed in this 
study. A recent preprint of the Branzei lab shows that PCNA can directly interact with the 
cohesin loader in yeast and human cells, thus providing a mechanistic explanation for the role 
of the PCNA loader DSCC1-RFC in SCC (Psakhye et al., 2022). In addition, PCNA is known 
to recruit ESCO2 and thereby promotes SMC3 acetylation (Bender et al., 2020; Liu et al., 
2020; Moldovan et al., 2006). Indeed we find partially impaired ESCO2 recruitment and 
SMC3 acetylation in DSCC1-KO cells. Interestingly, we also present evidence that MMS22L 
promotes a separate ESCO2 recruitment pathway: its depletion results in further reduced 
ESCO2 recruitment, additive cohesion defects and lethality in DSCC1-KO cells, but is 
epistatic in viability with DDX11. These genetic interactions place MMS22L in the cohesin 
conversion pathway. Similarly, the function of yeast Mms22 in cohesion is epistatic with the 
cohesin conversion component Ctf4 (Zhang et al., 2017), in line with a physical interaction of 
Mms22 and Ctf4 (Gambus et al., 2009; Mimura et al., 2010). Since both PCNA and MMS22L 
can recruit ESCO2 to the replisome (Bender et al., 2020; Sun et al., 2019; Zhang et al., 2017), 
we propose that different SCC establishment pathways in part rely on different mechanisms to 
recruit ESCO2 to the replisome (Fig 4F). It will be interesting to determine if ESCO2, 
recruited by either PCNA or MMS22L, exhibits different preferences for cohesin arising from 
different SCC establishment pathways.” 

Reviewer #3 (Comments to the Authors (Required)):  

The authors investigate DSSC1-RFC, the leading strand alternative PCNA clamp loader. 
DSSC1-RFC facilitates DNA replication, repair and sister chromatid cohesion (SSC). Here, 
they perform a genome-wide Crispr screen to find mutated human genes that have negative 
synthetic interactions with DSSC1-KO. Previous work identified two pathways involving 
replisome associated proteins in establishment of SSC, one defined by DSSC1 and the other 
by DDX11. In a model proposed by Nasmyth and coworkers, DSSC1 generates cohesion with 
cohesin loaded at the replication fork whereas DDX11 generates cohesion with cohesin 
loaded on unreplicated DNA. As shown here and elsewhere, synthetic lethality occurs when 
both DSSC1 and DDX11 are mutated. The author's Crispr screen identified many genes 
involved in DNA replication and cell cycle progression but they follow up with just two. The 
first is MMS22L, which together with TONSL forms a protein complex at the replication 
fork. As shown here and in yeast, MMS22L participates in SSC. Since the authors show that 
MMS22L and DSSC1 contribute to SCC in additive ways, they conclude that they act in 
different but parallel pathways. They infer that MMS22L-TONSL contributes via the pathway 
defined by DDX11, which is supported by earlier prior work in yeast. Their work builds on 
work from Nasmyth and Zou labs by showing that human MMS22L participates in a different 
cohesion establishment pathway (presumably the DDX1 pathway) than the pathway defined 
by DSSC1. Putting all this together in humans by an unbiased screen is a timely and worthy 
advance.  

The second gene characterized is POLE3, which together with POLE4, generates a protein 
complex that, like DSSC1, associates with the leading strand polymerase. They show that 
POLE3 and DSSC1 contribute to replication in additive ways, suggesting that they act in 
different but parallel pathways. Only loss of DSSC1 causes H2AX foci, a marker of DNA 
damage. POLE3 mutation does not create cohesion defects on its own and does not exacerbate 
defects in DSSC1-KO. Thus, the synthetic relationship between the two is not likely related to 
cohesion.  



Major issues: 
1) In figure 4C, the authors claim that there is an additive effect on levels of chromatin-bound
cohesin, Smc3 acetylation and sororin when MMSS2L and DSSC1 are co-depleted. That
effect is imperceptible by eye, particularly when compounded by slight differences in loading
(the H3 control), which are noticeable by eye. Without quantitation, I am not convinced. The
weakness of this panel maybe reflected by the fact that the authors don't mention it in the
Discussion. This should be remedied with quantitation or removed.

We now include a new Figure 4B and 4C to assess the ESCO2 recruitment to chromatin and 
AcSMC3 in response to DSCC1/MMS22L depletion. DSCC1-ko cells show a clear reduction 
of ESCO2 and AcSMC3. MMS22L depletion also causes decreased ESCO2 levels and has a 
small effect on AcSMC3. Combined depletion of DSCC1 and MMS22L further reduced 
ESCO2 and AcSMC3 on chromatin. This suggests that DSCC1 and MMS22L facilitate 
separate ESCO2 recruitment mechanisms: DSCC1 via PCNA loading and MMS22L via 
ESCO2’s MMS22L interaction motif. This is included in the Discussion (third paragraph). 

2) In figure 4C, the band labelled "Total Smc3" should just say Smc3 since it is only
measuring the Smc3 in the chromatin pellet. This experiment should also include a control
that either shows that the Smc3 level in whole cell lysate does not change or that the level of
Smc3 in the soluble fraction increases.

We agree with the reviewer and included these changes in the updated Figure 4C. 

3) In figure 4A, the authors show that MMS22L and DDX11 depletions both cause additive
effects on cohesion when either is combined with DSSC1-KO. This suggests that both operate
in pathways parallel to DSSC1. Does this mean they operate in the same parallel pathway? It
should be possible to test by co-depletion of MMS22L and DDX11. Otherwise, the authors
should reiterate that MMS22L and DDX11 are placed in the same pathway by the yeast data
of Zou et al.

Figure 4D shows that MMS22L is epistatic with DDX11 on viability, whereas it is 
synthetically lethal with DSCC1. Considering the severe effect on cohesion following single 
depletion of MMS22L or DDX11, an additive effect on cohesion would most likely have an 
impact on viability as well. The observed epistasis therefore hints that MMS22L and DDX11 
operate in the same cohesion establishment pathway. Mms22 was reported to interact 
physically with Ctf4, another component of the cohesin conversion pathway (Gambus et al, 
2009 and Mimura et al, 2010), and Mms22 function in cohesion is epistatic with Ctf4 (Zhang 
et al, 2017). We updated the third paragraph of the discussion where we address this issue. 

3) Discussion - Zou and coworkers showed that MMS22L and its partners (DDB and CUL4)
are required for proper cohesion in yeast. Notably, these MMS22L partner proteins were not
picked up in the Crispr Screen. This is troubling because the authors argue that synthetic
lethality arises from compounding cohesion loss by depletion of both MMS22L and DSSC1.
This should either be tested directly by depleting DDB and CUL4 in the DSSC1-KO, or by
finding a better explanation. In the second to last paragraph, the argument that MMS22L must
have "shared and separate" roles in ESCO2 regulation is irrelevant if cohesion is the only role
that matters for synthetic lethality.



We assume that the reviewer refers to two papers from the Lou laboratory (Zhang et al, 2017 
and Sun et al, 2019). We agree that the putative involvement of DDB1-Cul4 required more 
extensive discussion, which we now include in the fourth paragraph of the Discussion: 

“In yeast, Mms22 promotes Eco1-dependent Smc3 acetylation and SCC in collaboration with 
Rtt101-Mms1 (Zhang et al., 2017). This raises the question whether this role is conserved in 
human DDB1-Cul4. Indeed, DDB1 and Cul4A/B were reported to contribute to SCC in 
HEK293T cells via MMS22L-dependent ESCO2 recruitment (Sun et al., 2019). However, 
these genes were not synthetically lethal with DSCC1 in our CRISPR screen. This may be due 
to poor efficacy of the used guide RNAs, and CUL4A and CUL4B may be partially 
redundant. Remarkably, DDB1-CUL4 has also been reported to induce ESCO2 degradation 
by interaction with ESCO2 via VRBP1, which is a substrate recognition component 
alternative to MMS22L (Minamino et al., 2018). This does not support a major role for 
CUL4-DDB1 in promoting SCC. Moreover, multiple proteomics studies did not detect an 
interaction of MMS22L with CUL4A/B or DDB1, but identify TONSL as the main MMS22L 
interactor in human cells (Duro et al., 2010; O'Connell et al., 2010; O'Donnell et al., 2010). 
Here we show that TONSL, which is absent in yeast, contributes to SCC establishment. This 
suggests potential differences between MMS22L function in yeast and human cells. 
MMS22L-TONSL can be recruited to chromatin by binding to H4K20me0, a mark of post-
replicative chromatin, via a specific domain in TONSL (Saredi et al., 2016). Thereby, 
MMS22L-TONSL can discriminate replicated from unreplicated DNA (Saredi et al., 2016), 
theoretically placing it in an ideal position to establish SCC by recruiting ESCO2 exclusively 
on newly replicated DNA. It will be interesting to assess a potential requirement for DDB1-
CUL4 in this process.” 

Minor issues: 
1) Page 4, first paragraph - Reference to figure 3F is wrong.

We thank the reviewer for noticing this mistake. 

2) Top sentence of figure 6, "but is epistatic with DDX11." - Clarify that epistasis regards
viability (fig 4D-E), not cohesion (fig 4A).

We modified this. 

4) Middle of page 3 - "This may relate to the role of DSCC1-RFC in de novo cohesin
loading" should read "de novo cohesin loading pathway" since the authors acknowledge that
the mechanistic bases for the two pathways have not been worked out, as they properly state
in the last paragraph of the Discussion.

We modified this. 

5) On page 5 - "cohesion defects caused by DSCC1-RFC loss cannot be rescued by ESCO1 or
ESCO2 overexpression (Kawasumi 2021)." In my view this is a tricky citation since it is a
negative result, and there are many ways that an overexpression experiment can fail.

We now include an updated third paragraph of the Discussion, in which we omitted this 
reference. 



6) The figure legends are skeletal, thereby forcing the reader to look in other places to find out
what was done exactly.

We updated the figure legends. 
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Dear Dr. de Lange, 

Thank you for submitting your revised manuscript entitled "MMS22L-TONSL functions in sister chromatid cohesion in a pathway
parallel to DSCC1-RFC". We would be happy to publish your paper in Life Science Alliance pending final revisions necessary to
meet our formatting guidelines. 

Along with points mentioned below, please tend to the following: 

-please add the Twitter handle of your host institute/organization as well as your own or/and one of the authors in our system
-please add the author contributions and a conflict of interest statement to the main manuscript text
-please use the [10 author names, et al.] format in your references (i.e. limit the author names to the first 10)

If you are planning a press release on your work, please inform us immediately to allow informing our production team and
scheduling a release date. 

LSA now encourages authors to provide a 30-60 second video where the study is briefly explained. We will use these videos on
social media to promote the published paper and the presenting author (for examples, see
https://twitter.com/LSAjournal/timelines/1437405065917124608). Corresponding or first-authors are welcome to submit the
video. Please submit only one video per manuscript. The video can be emailed to contact@life-science-alliance.org 

To upload the final version of your manuscript, please log in to your account: https://lsa.msubmit.net/cgi-bin/main.plex 
You will be guided to complete the submission of your revised manuscript and to fill in all necessary information. Please get in
touch in case you do not know or remember your login name. 

To avoid unnecessary delays in the acceptance and publication of your paper, please read the following information carefully. 

A. FINAL FILES:

These items are required for acceptance. 

-- An editable version of the final text (.DOC or .DOCX) is needed for copyediting (no PDFs). 

-- High-resolution figure, supplementary figure and video files uploaded as individual files: See our detailed guidelines for
preparing your production-ready images, https://www.life-science-alliance.org/authors 

-- Summary blurb (enter in submission system): A short text summarizing in a single sentence the study (max. 200 characters
including spaces). This text is used in conjunction with the titles of papers, hence should be informative and complementary to
the title. It should describe the context and significance of the findings for a general readership; it should be written in the
present tense and refer to the work in the third person. Author names should not be mentioned. 

B. MANUSCRIPT ORGANIZATION AND FORMATTING:

Full guidelines are available on our Instructions for Authors page, https://www.life-science-alliance.org/authors 

We encourage our authors to provide original source data, particularly uncropped/-processed electrophoretic blots and
spreadsheets for the main figures of the manuscript. If you would like to add source data, we would welcome one PDF/Excel-file
per figure for this information. These files will be linked online as supplementary "Source Data" files. 

**Submission of a paper that does not conform to Life Science Alliance guidelines will delay the acceptance of your



manuscript.**

**It is Life Science Alliance policy that if requested, original data images must be made available to the editors. Failure to provide
original images upon request will result in unavoidable delays in publication. Please ensure that you have access to all original
data images prior to final submission.** 

**The license to publish form must be signed before your manuscript can be sent to production. A link to the electronic license to
publish form will be sent to the corresponding author only. Please take a moment to check your funder requirements.** 

**Reviews, decision letters, and point-by-point responses associated with peer-review at Life Science Alliance will be published
online, alongside the manuscript. If you do want to opt out of having the reviewer reports and your point-by-point responses
displayed, please let us know immediately.** 

Thank you for your attention to these final processing requirements. Please revise and format the manuscript and upload
materials within 7 days. 

Thank you for this interesting contribution, we look forward to publishing your paper in Life Science Alliance. 

Sincerely, 

Novella Guidi, PhD 
Scientific Editor 
Life Science Alliance 

------------------------------------------------------------------------------ 
Reviewer #1 (Comments to the Authors (Required)): 

This study provides information on the roles of DSCC1 and MMS21L in cohesion versus other characterized pathways. THe
paper has been improved during revision and warrants publication in Life Science Alliance. 

Reviewer #2 (Comments to the Authors (Required)): 

Van Schie et al have satisfactorily addressed the referees comments. The revised manuscript highlights the role of DScc1-RFC
and MMS21L in recruitement of Esco2 to the replication forks in order to acetylate cohesin and stabilise cohesion. I stand by by
initial assessment: The experiments are well executed, and the data are clear. The study reaffirms the evolutionary conservation
of parallel pathways operating during S phase to establish cohesion and warrants publication. 

Reviewer #3 (Comments to the Authors (Required)): 

The revised manuscript by Schie and de Lange dealt adequately with my concerns with the first submission. This work
represents a a timely and worthy advance. I do not seek further revision. 
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Dear Dr. de Lange, 

Thank you for submitting your Research Article entitled "MMS22L-TONSL functions in sister chromatid cohesion in a pathway
parallel to DSCC1-RFC". It is a pleasure to let you know that your manuscript is now accepted for publication in Life Science
Alliance. Congratulations on this interesting work. 

The final published version of your manuscript will be deposited by us to PubMed Central upon online publication. 

Your manuscript will now progress through copyediting and proofing. It is journal policy that authors provide original data upon
request. 

Reviews, decision letters, and point-by-point responses associated with peer-review at Life Science Alliance will be published
online, alongside the manuscript. If you do want to opt out of having the reviewer reports and your point-by-point responses
displayed, please let us know immediately. 

***IMPORTANT: If you will be unreachable at any time, please provide us with the email address of an alternate author. Failure
to respond to routine queries may lead to unavoidable delays in publication.*** 

Scheduling details will be available from our production department. You will receive proofs shortly before the publication date.
Only essential corrections can be made at the proof stage so if there are any minor final changes you wish to make to the
manuscript, please let the journal office know now. 

DISTRIBUTION OF MATERIALS: 
Authors are required to distribute freely any materials used in experiments published in Life Science Alliance. Authors are
encouraged to deposit materials used in their studies to the appropriate repositories for distribution to researchers. 

You can contact the journal office with any questions, contact@life-science-alliance.org 

Again, congratulations on a very nice paper. I hope you found the review process to be constructive and are pleased with how
the manuscript was handled editorially. We look forward to future exciting submissions from your lab. 

Sincerely, 

Novella Guidi, PhD 
Scientific Editor 
Life Science Alliance 
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