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Abstract: It is widely accepted that DNA replication fork stalling is a common occurrence during
cell proliferation, but there are robust mechanisms to alleviate this and ensure DNA replication is
completed prior to chromosome segregation. The SMC5/6 complex has consistently been implicated
in the maintenance of replication fork integrity. However, the essential role of the SMC5/6 complex
during DNA replication in mammalian cells has not been elucidated. In this study, we investigate
the molecular consequences of SMC5/6 loss at the replication fork in mouse embryonic stem cells
(mESCs), employing the auxin-inducible degron (AID) system to deplete SMC5 acutely and reversibly
in the defined cellular contexts of replication fork stall and restart. In SMC5-depleted cells, we
identify a defect in the restart of stalled replication forks, underpinned by excess MRE11-mediated
fork resection and a perturbed localization of fork protection factors to the stalled fork. Previously,
we demonstrated a physical and functional interaction of SMC5/6 with the COP9 signalosome
(CSN), a cullin deneddylase that enzymatically regulates cullin ring ligase (CRL) activity. Employing
a combination of DNA fiber techniques, the AID system, small-molecule inhibition assays, and
immunofluorescence microscopy analyses, we show that SMC5/6 promotes the localization of fork
protection factors to stalled replication forks by negatively modulating the COP9 signalosome (CSN).
We propose that the SMC5/6-mediated modulation of the CSN ensures that CRL activity and their
roles in DNA replication fork stabilization are maintained to allow for efficient replication fork restart
when a replication fork stall is alleviated.

Keywords: structural maintenance of chromosomes; SMC5/6; DNA replication; DNA damage; DNA
repair; embryonic stem cells

1. Introduction

In proliferating cells, genome duplication is a major genotoxic-stress-inducing event.
DNA replication machinery must counteract intrinsic obstacles within the genome, such
as repetitive sequences, secondary structure, and DNA lesions. Impediments to DNA
synthesis also occur in the form of nucleotide deficits, superhelical strain at replication
termination regions, and obstruction by transcription machinery [1]. These challenges
to DNA synthesis lead to temporary stalling of the replication fork, during which the
decoupling of replicative helicase and polymerase generates stretches of single-stranded
DNA (ssDNA) [2,3]. Replication protein A (RPA) binds and stabilizes the ssDNA at the
fork [4,5]. The stalled fork is detected by the ataxia telangiectasia and Rad3-related (ATR)
kinase, which triggers a signaling cascade that arrests cell cycle progression and initiates
DNA repair mechanisms [6,7].

Nucleotide depletion typically causes stalled DNA replication forks to undergo a
process known as regression [8,9]. DNA replication fork regression involves the unwinding
of a portion of the already replicated DNA that results in the formation of a four-stranded
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DNA structure known as a “chicken foot”, which is structurally similar to a Holliday junc-
tion (Figure 1). This regression process can be stimulated by two alternative remodeling
pathways. One pathway requires the SNF2-family ATPase-dependent DNA translocases
of SMARCAL1, ZRANB3, and HLTF [10], and the other relies on the F-box DNA helicase,
FBH1 [11]. Both pathways require the loading of RAD51 nucleofilaments that displace RPA
at the end of the extruded arm of nascent DNA [12]. The “chicken foot” structure stabilizes
the stalled fork and allows time for the resolution of replication stress. However, the
extruded arm of nascent DNA is inherently susceptible to nucleolytic processing by specific
nucleases [1-3,13-15]. The remodeling pathways mediated by the SNF2-DNA translocases
and FBH1 helicase are susceptible to attack from different nucleases [16]. The SNF2-DNA
translocase-mediated pathway is susceptible to MRE11 and EXO1 nuclease attack, whereas
the FBH1 helicase pathway is sensitive to DNA2 processing [14,15,17-20]. To prevent
destabilization of the “chicken foot” structure by nuclease activity, these two remodeling
pathways recruit different replication fork protection factors. The SNF2-DNA translo-
cases stimulate the recruitment of breast cancer proteins BRCA1 and BRCA2, together
with the Fanconi anemia (FA) complex, FANCD2-FANCI, and BRCA interacting protein
ABROL, to protect against MRE11 and EXO1 nucleases [21-25]. In contrast, during FBH1
helicase-mediated fork protection from DNA2, nuclease activity is ensured through the
recruitment of the FA factor FANCA and the P53 binding protein 53BP1, as well as the
Von Hippel-Lindau (VHL) tumor suppressor and Biorientation Defect 1-like (BODIL)
proteins [25-29]. Although there are likely structural differences between the two DNA
replication fork regression pathways, these are yet to be elucidated. Nevertheless, once
the nucleotide levels rise, the “chicken foot” structure is unwound and the nascent fork
structure is restored to allow for the resumption of DNA synthesis without additional
processing (Figure 1). On the other hand, a prolonged nucleotide deficit will lead to the
“chicken foot” structure being processed by the SLX4-MUS81-EME1 structure-specific
endonuclease complex [16,30,31]. This process has been termed a form of replication fork
collapse and leads to the formation of a double-strand break (DSB), which is repaired via
homologous recombination [14,32].

Also crucial in the replication stress response is the enactment of large-scale structural
changes promoting faithful genome duplication. Structural maintenance of chromosomes
(SMC) complexes cohesin and condensin have well-defined roles in sister chromatid co-
hesion, chromosome compaction, and chromosome assembly, which are unsurprisingly
essential for DNA replication, allowing for the spatial reorganization of chromatin, the
relief of superhelical tension, and the reestablishment of sister chromatid cohesion upon
genome duplication [33-40]. The functions of the third SMC complex family member,
SMC5/6, are more enigmatic, but are clearly important for DNA replication fidelity [41-43].
In mammalian cells, SMC5/6 ensures the stability of DNA replication forks, the completion
of DNA replication, and faithful chromosome segregation [44—-46]. Studies using budding
and fission yeasts have shown that Smc5/6 accumulates at loci in the genome that are prone
to replication stress, and that play a role in fork stabilization and DNA damage repair via
homologous recombination (HR) mechanisms [47-54]. These results indicate an essential
role of the SMC5/6 complex in processing DNA replication intermediates.

In vitro studies of the DNA binding properties of isolated human SMC5/6 compo-
nents have revealed a strong preference of the SMC5 and SMC6 monomers for binding
single-stranded DNA (ssDNA) [55-57]. However, heterodimerization significantly in-
creases the affinity of the complex for double-stranded DNA (dsDNA) substrates [56]. It
was later discovered that certain residues within the Smc5/6 hinge domain, termed the
‘latch” and ‘hub’, are key points of interaction with ssDNA, and these ssDNA interactions,
while not required for the chromatin association of SMC5/6, have been implicated in the
replication stress response [58]. Recent revelations into the structure and DNA-binding
properties of SMC5/6 have illuminated a potential role as a molecular machine, facilitating
the entrapment, compaction, and stabilization of replication-associated DNA tertiary struc-
tures [59,60]. Using correlative single-molecule fluorescence and force microscopy;, it has
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Figure 1. DNA replication fork stalling, regression, and restart during nucleotide depletion and
recovery. When nucleotide levels drop, DNA replication forks stall and regress to form a “chicken foot”
structure. This is stimulated by two alternative pathways that both require RAD51 nucleofilament
formation on the exposed nascent DNA of the extruded arm. One pathway requires the action of the
FBH1 helicase and the other requires the SMARCAL1, ZANRB3, and HLTF DNA translocases. This
regressed fork is susceptible to nuclease degradation via MRE11, EXO1, or DNA2 nucleases (depicted
as blue partial circle). To combat this, DNA replication fork protection factors that are specific to each
alternative pathway are loaded (e.g., 53BP1 or FANCD2-FANCI). Prolonged nucleotide deficiency
may lead to the replication fork being broken by the SLX4-MUS81-EME1 endonuclease complex and
subsequent repair via homologous recombination. See relevant text for further details.

Other studies have suggested that SMC5/6 functions as a hub of protein—protein
interaction by way of its coiled-coil arms which, in notable contrast to the other SMC
complexes, contain extensive binding sites for other proteins as revealed by cross-linking
MS [62]. Indeed, SMC5/6 physically interacts with replication-fork-associated proteins
like the FANCD2-I subcomplex and functions epistatically with FA core complex factors
FANCC, FANCM, and FANC]J in the repair of various replication-associated DNA lesions
in DT40 and HeLa cells [63]. It was postulated that SMC5/6 operates downstream of
fork stabilization by FANCD2-I, though this warrants further investigation. Proximity
labeling studies in human cells have also identified SMC5/6 as a putative interaction
partner of 53BP1 and BRCA1 [64], which function in the FBH1 helicase- and SNF2-DNA
translocase-mediated replication fork protection pathways, respectively [25]. ChIP-seq
analysis has demonstrated that BRCA1 and SMC5/6 occupy many of the same genomic
loci upon treatment with HU [65]. Therefore, it is foreseeable that SMC5/6 could promote
fork protection by regulating the activity of 53BP1 and BRCAL.

For DNA structures to be maintained and efficiently transition from one state to another,
it is essential that protein stabilization and turnover are controlled. It has been demonstrated
that cullin ring ligases (CRLs) are involved in controlling these processes. CRLs localize to
actively replicating regions of DNA upon replication stress induction [66—69]. In particular,
CRL4 has been shown to be required for the retention of replication fork protection factors
and has been functionally connected with the FA pathway, stimulating the fork protection
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activity of FANCD2 [70-72]. However, the precise function of CRL-mediated protein
turnover in promoting replication fork protection is largely unelucidated. The E3 ubiquitin
ligase activity of CRLs is negatively regulated by the COP9 signalosome (CSN), a cullin
deneddylase, components of which are also found to be constitutively associated with
the active replication fork [69]. Taken together, these findings reflect the importance of
regulated protein turnover at the replisome, maintaining replication fork stability through
a yet unknown mechanism.

Intriguingly, physical interactions between the multiple components of the SMC5/6
complex and the CSN were reported [73]. It was also shown that the chromatin localization
of SMC5/6 to sites of DNA damage is enhanced when the activity of the CSN is inhibited,
suggesting that these two complexes are functionally and physically linked, and their
molecular relationship appears to be an antagonistic one [73]. SMC5/6 has also been
connected to CRL4 in its emerging capacity as a viral restriction factor. The hepatitis B virus
protein HBx forms a complex with CRL4 to target components of SMC5/6 for proteasomal
degradation [74-76]. However, it has been demonstrated that even in the absence of viral
infection and HBx protein, SMC5/6 interacts with CRL4, and its levels show a dependence
on CRL activity [77]. Therefore, it is likely that a broader role for the apparent interaction
between SMC5/6, the CSN, and CRL4 exists.

In this study, we investigate the molecular consequences of SMC5/6 loss at the repli-
cation fork in mouse embryonic stem cells (mESCs), employing the auxin-inducible degron
(AID) system to deplete SMC5 acutely and reversibly in the defined cellular contexts of
replication fork stall and restart. We demonstrate that SMC5/6 is required to protect a
stalled replication fork from MRE11 nuclease activity by stabilizing the localization of DNA
replication fork protection factors. Further, we show evidence that the SMC5/6 complex
is preventing the CSN from deactivating CRL functions that are required for stabilizing a
stalled replication fork and subsequently ensure replication restart.

2. Results
2.1. SMC5/6 Is Required for Replication Fork Restart following Exogenous Replication Blockade

To investigate the role of SMC5/6 during the response to replication stress, we utilized
mESCs harboring the AID system (homozygous for Smc5-AID and the OsTirl transgene)
for an acute and reversible depletion of SMC5 protein (Figure 2A). In agreement with
previous studies [44,78], SMC5 was fully depleted after 1 h of indole-3-acetic acid (IAA)
administration, and following the removal of IAA, SMCS5 protein levels gradually recovered
and were restored to basal levels (Figure 2A, Supplementary Figure S1A).

Having established the utility of the AID system for the rapid and reversible deple-
tion of SMC5, we sought to determine the requirement for SMC5/6 during replication
fork restart following an exogenous replication blockade. We performed DNA fiber as-
says in which cells were pulsed with the thymidine analog CldU, followed by treatment
with the ribonucleotide reductase inhibitor hydroxyurea (HU) to induce replication fork
stalling, and subsequent pulse labeling with the nucleotide analog IdU (Figure 2B,C,
Supplementary Figure S1B,C). We found that the frequency of ongoing replication forks
after the removal of HU in SMC5-depleted mESCs was 1.9-fold lower than that of non-
IAA-treated control cells (Figure 2D). Moreover, SMC5 depletion led to a 2.6-fold increase
in rates of fork stalling and a 2.0-fold increase in new origin firing. Strikingly, the with-
drawal of IAA for 1 h, allowing for the return of the SMC5 protein, restored replication fork
restart rates to levels nearly indistinguishable from the control. These observations were
recapitulated when the replication block was mediated by the DNA polymerase inhibitor
aphidicolin (Supplementary Figure S1D,E). Overall, our results indicate that SMC5/6 is
required during recovery from the replication stall for efficient replication fork restart.
Intriguingly, when SMC5 was depleted only during recovery from HU treatment, fork
restart was slightly impaired, but this defect was markedly less severe than that of SMC5
depletion during the entire experimental workflow (Figure 2D). This suggests that the
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Figure 2. SMC5/6 is required for replication fork restart. (A) Western blot analysis of SMC5-
AID protein levels prior to IAA treatment and after 3 h of IAA (100 uM) treatment followed by
removal of IAA for 0 h, 13 h, and 25 h in Smc5-AID heterozygous (Het) and homozygous (Hom)
mESCs. The upper band represents SMC5-AID protein, while the lower band represents endogenous
SMCS5 protein, present only in Smc5-AID heterozygous mESCs. 2,2,2-Trichloroethanol (TCE) was
incorporated in the gel to visualize total loaded protein (lower panel). (B) Schematic of CldU (250 uM)
and IdU (250 uM) labeling, HU (2 mM) treatment, and three different IAA treatment conditions. IAA
was either present for the entire time course (IAA), washed out (IAA release), or added (IAA add)
30 min prior to release from HU. (C) Representative images of DNA fibers depicting ongoing and
stalled replication forks, and newly fired origins. (D) Quantification of replication event frequency in
control, IAA, TAA release, and IAA add conditions. Data represent mean + S.E.M. (control condition:
n = 307 fibers; IAA condition: n = 491 fibers; IAA release condition: n = 430 fibers; IAA add condition:
n = 191 fibers; 3 experiments were performed for each condition). Pearson’s chi-squared test was
used with Yates’ continuity correction. * p < 0.05, ** p < 0.005, *** p < 0.0005, **** p < 0.0001. See
Supplementary Table S2 for p-values and statistics.

2.2. SMC5/6 Promotes Localization of Fork Protection Factors to Stalled Replication Forks

Given the fork instability phenotype observed upon SMC5 depletion, we sought to
determine whether certain replication fork protection pathways were perturbed in SMC5-
depleted cells. By the assessment of DNA resection at a stalled replication fork, it was
shown that there are two main replication fork protection pathways that act downstream
of RAD51: one pathway that relies on the FA protein FANCD?2, and the other on 53BP1 [25].
Therefore, we assessed the localization of FANCD2 and 53BP1 fork protection factors to
stalled replication forks in SMC5-depleted mESCs via an immunofluorescence microscopy
analysis of replication-fork-associated proteins in HU-treated, EdU-labeled mESCs, using
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the nuclear clearance approach (Figure 3A) [79,80]. This approach includes a brief incuba-
tion of mESCs in nonionic detergent to remove all non-chromatin-associated proteins in the
cell. The remaining protein signals detect mark sites that are bound to the chromatin. We
observed that while the number of foci for FANCD2 and 53BP1 did not change between
the SMC5-depleted and control groups, the intensity of their signals significantly changed
when SMC5 was depleted. In SMC5-depleted mESCs, we observed a 1.3-fold decrease
in levels of EdU-associated FANCD2 (Figure 3B,C). Previous studies have shown that
the recruitment of FANCD?2 to the replication fork is required for the retention and fork
processing activity of the fork remodeler FANCM [81,82]. Consistent with this, we also
observed a 1.4-fold decrease in levels of EdU-associated FANCM upon SMC5 depletion,
with no reduction in the number of foci per cell (Figure 3D,E). We also recorded a 1.4-fold
reduction in 53BP1 levels that colocalized with EAU in SMC5-depleted mESCs (Figure 3EG).
In addition to FANCM, FANCD?2, and 53BP1, we assessed SMARCAL1, BRCA1, BRCA2,
and CtIP. However, we did not observe discernable differences between SMC5-depleted
and control conditions for these factors using the nuclear clearance technique. Thus, the
SMC5/6 complex is important for physical fork protection by both the FANCD2 and
53BP1 pathways and promotes the recruitment and/or retention of FANCM. These data
demonstrate the multifaceted role of the SMC5/6 complex in mounting an appropriate
replication stress response. Given that FANCM has been shown to regulate homologous-
recombination-mediated repair mechanisms at stalled replication forks in mESCs [83], it
is possible that the absence of SMC5/6 leads to fork collapse and an inability to undergo
error-free homologous recombinational repair, a theory that is supported by prior work
using budding and fission yeast and mammalian cells [42,43].
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Figure 3. SMC5/6 promotes localization of fork protection factors to stalled replication forks.
(A) Schematic of EAU labeling and HU and IAA treatment for immunofluorescence (IF) analy-
sis following nuclear clearance preparation of mESCs. (B) Representative nuclear clearance images
of FANCD2 (green) staining and EdU (magenta) incorporation in control and IAA-treated Smic5-
AID mESCs. Scale bar: 5 um. (C) Quantification of average FANCD?2 focus intensity per nucleus
in control and TAA-treated Smc5-AID mESCs following nuclear clearance preparation. Data rep-
resent mean + S.E.M. (control condition: n = 40 cells; IAA condition: n = 41 cells; 3 experiments
were performed for each condition). Unpaired two-tailed Mann-Whitney test; **** p < 0.0001.
(D) Representative nuclear clearance images of FANCM (green) staining and EdU (magenta) in-
corporation in control and IAA-treated Smc5-AID mESCs. Scale bar: 5 um. (E) Quantification of
average FANCM focus intensity per nucleus in control and IAA-treated Smc5-AID mESCs following
nuclear clearance preparation. Data represent mean £ S.E.M. (control condition: n = 41 cells; IAA
condition: n =43 cells; 3 experiments were performed for each condition). Unpaired two-tailed
Mann-Whitney test; **** p < 0.0001. (F) Representative nuclear clearance images of 53BP1 (green)
staining and EdAU (magenta) incorporation in control and IAA-treated Smc5-AID mESCs. Scale bar:
5 um. (G) Quantification of average 53BP1 focus intensity per nucleus in control and IAA-treated
Smc5-AID mESCs following nuclear clearance preparation. Data represent mean + S.E.M. (control
condition: n = 43 cells; IAA condition: n = 45 cells; 3 experiments were performed for each condition).
Unpaired two-tailed Mann—Whitney test; **** p < 0.0001. See Supplementary Table S2 for p-values
and statistics.

2.3. Loss of SMC5/6 Leads to MRE11-Dependent Replication Fork Destabilization

During replication fork stalling, ssDNA is coated by RPA, which is then displaced by
RADS51 [84]. RAD51 mediates fork regression in conjunction with several DNA translocases
and helicases, including FANCM [3,32]. The extruded arm of the nascent DNA arm of the
“chicken foot” structure must be stabilized and protected by factors such as RAD51, BRCA2,
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and FANCD2-I (among many others) to prevent uncontrolled processing by nucleases [1,2].
When fork protection is lost, excess resection, initiated by MRE11 nuclease, ultimately
results in the cleavage of the regressed fork “chicken foot” structure [1,14,32]. This process,
termed replication fork collapse, generates a single-ended DSB which must resume DNA
synthesis via HR-directed methods [14,32]. The maintenance of fork protection is therefore
critically important for preventing the excess processing of stalled replication forks, fork
collapse, and unscheduled recombination.

We hypothesized that SMC5/6 might play a role in the prevention of the MRE11-
dependent resection of stalled replication forks. To assess whether MRE11 nuclease activity
was responsible for the replication fork restart defect of SMC5-depleted mESCs, we per-
formed DNA fiber assays in the presence of HU and mirin, an inhibitor of MRE11 3'-5'
exonuclease activity (Figure 4A) [85]. In agreement with previous studies, treatment with
mirin alone did not significantly impair fork restart ability in mESCs [14,86]. Strikingly, we
observed that the fork restart defect of IAA-treated mESCs was rescued by concurrent treat-
ment with mirin (Figure 4B). This phenotype was recapitulated when the replication block
was mediated by the DNA polymerase inhibitor aphidicolin (Supplementary Figure S2A,B).
Consistent with these observations, treatment with PEMO01, an inhibitor of MRE11 en-
donuclease activity [87], also rescued the fork restart defect of SMC5-depleted mESCs
(Supplementary Figure S2C,D). This observation may indicate that MRE11 endonuclease
activity is required to stimulate exonuclease activity and efficient end resection, as previ-
ously reported [88,89]. We also inhibited the 5'-3’ exonuclease activity of DNA2 in similar
DNA fiber assays (Supplementary Figure S2E). However, DNA2 inhibition did not restore
fork protection in SMC5-depleted mESCs (Supplementary Figure S2F). This aligns with
what has been observed when BRCA1 or BRCAZ2 are depleted, which are rescued by MRE11
depletion or inhibition but not DNA2 depletion or inhibition [14,90]. However, it is also
possible that these observations are due to redundancy with other exonucleases, including
with EXO1 [91].

Next, we sought to determine whether SMC5 depletion led to an increased MRE11-
dependent degradation of nascent DNA at stalled forks. We performed DNA fiber assays
in which mESCs were sequentially pulsed with CldU and IdU, followed by treatment
with HU, in the presence or absence of IAA and mirin (Figure 4C). We found that the
IdU-containing track length, measured in unidirectional replication forks with both CldU
and IdU incorporation, was 1.4-fold shorter in SMC5-depleted mESCs compared to the
control (Figure 4D). In contrast, the track lengths were restored to levels similar to the
control upon treatment with mirin. Overall, these data suggest that SMC5/6 prevents an
excessive MRE11-dependent resection of stalled replication forks, and that this activity is
essential to preserve replication fork restart competence.
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Figure 4. Fork restart defect upon SMC5/6 loss is underpinned by MRE11-dependent replication
fork destabilization. (A) Schematic of CldU and IdU labeling and HU, IAA, and mirin treatment.
(B) Quantification of replication event frequency in control and IA A-treated mESCs, with or without
mirin treatment. Data represent mean £ S.E.M. (control condition: n = 459 fibers; mirin condition:
n = 390 fibers; IAA condition: n = 489 fibers; mirin+IAA condition: n = 512 fibers; 3 experiments
were performed for each condition). Pearson’s chi-squared test with Yates’ continuity correction;
**** p < 0.0001. (C) Schematic of CIdU and IdU labeling and HU, IAA, and mirin treatment. (D) Quan-
tification of CldU to IdU track length ratio in dual-labeled fibers in control and IAA-treated mESCs,
with or without mirin treatment. Data represent mean + S.E.M. (control condition: n = 48 fibers; mirin
condition: n = 55 fibers; IAA condition: n = 59 fibers; mirin+IAA condition: n = 51 fibers; 3 experi-
ments were performed for each condition). Unpaired two-tailed Mann-Whitney test; **** p < 0.0001.
(E) Schematic of CldU and IdU labeling and HU, IAA, and ML216 treatment. (F) Quantification of
replication event frequency in control and IAA-treated mESCs, with or without ML216 treatment.
Data represent mean + S.E.M. (control condition: n = 383 fibers; ML216 condition: n = 414 fibers; IAA
condition: n = 434 fibers; ML216+IAA condition: n = 535 fibers; 2 experiments were performed for
each condition). Pearson’s chi-squared test with Yates’ continuity correction; * p < 0.05, *** p < 0.0005,
#*** p < 0.0001. See Supplementary Table S2 for p-values and statistics.

2.4. Loss of SMC5/6 Causes More Severe Fork Restart Defect Than Inhibition of BLM Helicase

Bloom'’s syndrome (BLM) helicase is known to stabilize stalled replication forks and
prevent replication fork collapse [92,93]. The function of the SMC5/6 complex has been
repeatedly linked with the BLM helicase, particularly in budding yeast studies, where the
SMC5/6 complex has been shown to interact and regulate BLM function [48,49,54,94,95].
Therefore, we sought to determine the contribution of BLM following a DNA replication
fork stall (Figure 4E). We performed DNA fiber assays using ML216, a selective inhibitor of
BLM helicase DNA unwinding activity [96]. We found that SMC5 depletion resulted in a
fork restart defect 1.3-fold more severe than that of BLM inhibition, while the inhibition of
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BLM helicase concurrently with SMC5 depletion did not significantly exacerbate the fork
restart defect caused by SMC5 depletion [50] (Figure 4D). These results suggest that SMC5/6
and BLM may be epistatic and function in the same pathway. Additionally, the data imply
that SMC5/6 has additional roles apart from promoting the BLM helicase functions that are
required for the efficient restart of stalled replication forks. This observation is consistent
with prior observations that suggest there are roles for the SMC5/6 complex that are
independent of the BLM helicase [49,97,98].

2.5. SMC5/6 Depletion Leads to Nuclear Accumulation of CSN Components and CSN- and
CRL4-Dependent Replication Fork Destabilization

Next, we sought to determine the mechanism by which SMC5/6 stabilizes replication
forks and promotes fork restart. In recent years, the SMC5/6 complex has been shown to
act as a restriction factor for several viruses, preventing their replication [74,75,99-104]. The
Hepatitis B virus protein X (HBx), which is required for viral replication and transcription,
interacts with the cullin-ring ligase complex CRL4 and SMC5/6 to promote viral replication
within the cell [74,75,102]. Murphy and colleagues propose that HBx acts as a link between
CRL4 and SMC5/6 complexes, targeting SMC5/6 components for CRL4-mediated protea-
somal degradation [75]. However, recent work has demonstrated that even in the absence
of hepatitis virus infection, SMC6 interacts with CRL4 and, upon pevonedistat-mediated
CRL4 inhibition, SMC5/6 levels increase [77].

CRL4 is an essential regulator of DNA replication, transcription, and repair, as well as
cell cycle progression [105-112]. The activity of CUL4 and other cullins requires NEDDS,
a small ubiquitin-like protein that is covalently conjugated to cullins and facilitates the
recruitment of E2 for the ubiquitination of CRL substrates. CRL activity is modulated
by the CSN, a deneddylase that removes NEDDS8 from the cullin component of CRLs,
rendering the CRL enzymatically inactive [113-115]. The CSN comprises nine distinct
subunits (CSN1-9), of which CSN5 is the catalytic subunit directly responsible for cullin
deneddylation [113-115]. Intriguingly, multiple components of the SMC5/6 complex have
been shown to physically interact with components of the CSN, suggesting that there may
be a functional interplay between these two complexes [73]. Considering the established
roles of CRL4 and its accessory factors in DNA replication, it can be postulated that SMC5/6
modulates the activity of CRL4 at the replication fork via regulation of the CSN.

To assess a potential interaction between SMC5/6 and the CSN in the context of DNA
replication, we performed Western blot analyses of chromatin-associated CSN components
in fractionated mESCs. We observed that levels of CSN1, CSN3, and CSN5 significantly
increased upon IAA treatment in the context of HU-mediated replication stress (Figure 54,
Supplementary Figure S3A). To complement the Western blot assessments, we performed
immunofluorescence analyses of chromatin-associated CSN1 in HU-treated mESCs, using
a nuclear clearance approach for the removal of cytoplasmic and nucleoplasmic signals and
an improved visualization of chromatin-bound proteins. In accordance with Western blot
analyses, we recorded an overall 1.4-fold increase in the intensity of CSN1 in IAA-treated
mESCs compared to the control cells (Figure 5B,C, Supplementary Figure S3B,C).

To assess the role of CSN regulation by SMC5/6 in replication fork restart, we per-
formed DNA fiber assays in the presence or absence of IAA and a CSN5 inhibitor (CSN5i-3)
(Figure 5D). Strikingly, we found that CSN5 inhibition in SMC5-depleted mESCs partially
restored fork restart ability to that of the control, with fork restart efficiency increasing
1.4-fold compared to CSNb5i-3-treated mESCs. We posited that the observed rescue of fork
restart by CSN inhibition might reflect a role of SMC5/6 in negatively regulating the CSN,
thereby promoting the functions of CRLs. Due to the established links between SMC5/6
and CRL4, we next assessed the role of CUL4 in promoting fork restart in SMC5-depleted
mESCs. We performed DNA fiber assays in the presence of a CUL4 inhibitor (compound
33-11) following HU washout, with or without CSN inhibition and SMC5 depletion. The
addition of CUL4 inhibitor alone had markedly negative effects on fork restart, with a
1.9-fold decrease in fork restart efficiency compared to the control cells, reflective of the
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established roles of CRL4 in promoting replication fork restart and stability (Figure 5E).
Moreover, the treatment of SMC5-depleted, CSN5-inhibited mESCs with the CRL4 inhibitor
abolished the rescue of fork restart rates observed with the inhibition of CSN5 (Figure 5E).
Therefore, we concluded that SMC5/6 negatively regulates CSN activity at the replication
fork to promote fork restart and that this fork restart is dependent on CRL4 activity. We
propose that the regulation of CSN by SMC5/6 is important for promoting the functions of
CRLA4 at the replication fork.
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Figure 5. SMC5/6 depletion leads to nuclear accumulation of CSN components and CSN- and CRL4-
dependent replication fork destabilization. (A) Western blot analysis of CSN1, CSN3, and CSN5
protein levels in chromatin fraction of control and IAA-treated mESCs after 3 h of HU treatment.



Int. J. Mol. Sci. 2024, 25,952

12 of 25

Alpha-tubulin (chromatin and cytosol fractions) and H4K12ac were used as controls. 2,2,2-
Trichloroethanol (TCE) was incorporated in the gel to visualize total loaded protein (lowest panel).
(B) Representative nuclear clearance images of CSN1 (green) staining in control and IAA-treated
Smc5-AID mESCs. Scale bar: 20 um. (C) Quantification of average CSN1 intensity per nucleus in
control and IAA-treated Smc5-AID mESCs following nuclear clearance preparation. Data represent
mean + S.E.M. (control condition: n = 78 cells; IAA condition: n = 81 cells). Unpaired two-tailed
Mann-Whitney test; **** p < 0.0001. (D) Schematic of CldU and IdU labeling and HU, IAA, CSN5i-3
(2.5 uM) (CSNi), and compound 33-11 (25 uM) (CUL4) treatment. (E) Quantification of replication
event frequency in control and IA A-treated mESCs, with or without CSN5i-3 and CUL4i treatment.
Data represent mean =+ S.E.M. (control condition: n = 309 fibers; IAA condition: n = 456 fibers; CSNi
condition: n = 237 fibers; CSNi+IAA condition: n = 418 fibers; CSNi+CUL4i condition: n = 275 fibers;
CSNi+CUL4i+IAA condition: n = 261 fibers). Three experiments were performed for each condition.
Pearson’s chi-squared test with Yates” continuity correction; ** p < 0.005, *** p < 0.0005, **** p < 0.0001.
Significance is not shown for all groups. See Supplementary Table S2 for p-values and statistics.
(F) Schematic of CldU and IdU labeling and HU, IAA, mirin (Mir), and compound 33-11 (CUL4i)
treatment. (G) Quantification of replication event frequency in control and IAA-treated mESCs,
with or without mirin and CUL4i treatment. Data represent mean + S.E.M. (control condition:
n = 367 fibers; IAA condition: n = 401 fibers; CUL4i condition: n = 355 fibers; CUL4i+IAA condition:
n = 280 fibers; CUL4i+Mirin condition: n = 322 fibers; CUL4i+Mirin+IAA condition: n = 212 fibers).
Three experiments were performed for each condition. Pearson’s chi-squared test with Yates’ conti-
nuity correction; * p < 0.05, **** p < 0.0001. Significance not shown for all groups. See Supplementary
Table S2 for p-values and statistics.

2.6. SMC5/6 and CRL4 Prevent MRE11-Dependent Replication Fork Instability

Given our observation that CSN inhibition rescued fork restart defects associated
with SMC5 depletion and that this rescue was dependent on CRL4 activity, we wondered
whether SMC5/6 may facilitate the fork protection functions of CRL4. We hypothesized that
the depletion of SMC5, causing disruption to CRL4 functions, would lead to subsequent
MRE11-mediated fork instability. To determine whether the fork restart defect in the
absence of SMC5/6 and CRL4 activity was MRE11-dependent, we performed DNA fiber
assays in the presence or absence of IAA, mirin, and the CUL4 inhibitor (Figure 5F). The
CULA4 inhibitor was added when HU was removed to specifically assess the consequences
of CRL4 inhibition when DNA replication is able to restart. We found that the addition
of mirin to mESCs treated with compound 33-11 rescued fork restart rate to levels almost
to that of the control condition, with a modest decrease of 1.2-fold (Figure 5G). Moreover,
the addition of mirin to mESCs treated with IAA, and subsequently the CUL4 inhibitor
following HU washout, led to the rescue of fork restart ability to levels similar to the control
(Figure 5G). Overall, these data suggest that an excess MRE11-dependent degradation
of stalled replication forks is responsible for fork instability in the absence of CRL4 and
SMC5/6 activity. Due to the various functions known of CRL4 during DNA replication
and repair [116], we acknowledge that CLR4 may be working in multiple pathways during
DNA replication fork recovery, independent to that of SMC5/6. For instance, CRL4,
together with its substrate receptor DCAF14, protects nascent DNA from MRE11 and
DNAZ2 nucleases [70]. On the other hand, we showed that replication fork protection is not
restored upon DNA2 inhibition in SMC5-depleted mESCs (Supplementary Figure S2F).

2.7. SMIC5/6 Promotes Localization of Fork Protection Factors to Stalled Replication Forks by
Negatively Modulating CSN

We next assessed the localization of the fork protection factors FANCD2 and 53BP1 to
the stalled replication forks in SMC5-depleted mESCs with CSN5 inhibition. We performed
immunofluorescence assessments of replication-fork-associated proteins in HU-treated,
EdU-labeled mESCs, using the nuclear clearance approach (Figure 6A). Strikingly, in
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SMC5-depleted mESCs, the addition of the CSN5 inhibitor restored the levels of EAU-
associated FANCD2 and 53BP1 in SMC5-depleted mESCs to levels similar to the control
(Figure 6B-E). Thus, we have shown evidence to suggest that SMC5/6 promotes the
recruitment of replication fork protection factors FANCD2 and 53BP1 to stalled replication
forks by negatively modulating the activity of the CSN.
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Figure 6. SMC5/6 promotes localization of fork protection factors to stalled replication forks by
negatively modulating CSN. (A) Schematic of EAU labeling and HU, IAA, and CSN5i-3 treatment for
immunofluorescence (IF) analysis with nuclear clearance. (B) Representative nuclear clearance images
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of FANCD2 (green) staining and EdU (magenta) incorporation in control, IAA-, and CSNb5i-3-treated
Smc5-AID mESCs. Scale bar: 5 pm. (C) Quantification of average FANCD?2 focus intensity per
nucleus in control, IAA-, and CSN5i-3-treated Smic5-AID mESCs following nuclear clearance prepa-
ration. Data represent mean £ S.E.M. (control condition: n = 40 cells; IAA condition: n = 41 cells;
CSNi+IAA condition: n = 47 cells). Three experiments were performed for each condition. Unpaired
two-tailed Mann-Whitney test; ** p < 0.0005, **** p < 0.0001. See Supplementary Table S2 for details.
(D) Representative nuclear clearance images of 53BP1 (green) staining and EdU (magenta) incorpora-
tion in control, IAA-, and CSNb5i-3-treated Smc5-AID mESCs. Scale bar: 5 um. (E) Quantification of
average 53BP1 focus intensity per nucleus in control, IAA-, and CSN5i-3-treated Smc5-AID mESCs fol-
lowing nuclear clearance preparation. Data represent mean + S.E.M. (control condition: n = 43 cells;
IAA condition: n = 45 cells; CSNi+IAA condition: n = 50 cells). Three experiments were performed
for each condition. Unpaired two-tailed Mann—-Whitney test; **** p < 0.0001. See Supplementary
Table S2 for p-values and statistics.

3. Discussion
3.1. SMC5/6 Promotes Replication Fork Stability and Restart

In this study, we have directly examined replication fork dynamics upon acute SMC5
depletion using fine-tuned auxin-mediated protein degradation in ESCs. We have demon-
strated a requirement for SMC5/6 function to enable the efficient restart of DNA replica-
tion forks following replication stalling. This requirement is underpinned by the role of
SMC5/6 in preventing the MRE11-mediated nucleolytic processing of stalled replication
forks, thereby promoting replication fork stability and preventing replication fork collapse.
Our observations are consistent with numerous studies on yeast describing the accumu-
lation of recombination intermediates stemming from fork collapse events upon Smc5/6
loss [41-43,117,118]. Our findings highlight a direct role of SMC5/6 in stabilizing stalled
replication forks and underscore the importance of this function to ensure the progression of
DNA replication. It is not surprising that recent studies assessing or modeling mutations of
SMC5/6 components seen in humans all demonstrate a degree of genome instability linked
with an inability to complete DNA replication prior to chromosome segregation [119-122].

The depletion of SMC5 only during recovery from replication stall does not cause a
severe fork restart defect, compared to the depletion of SMC5 during both replication stall
and recovery. This suggests that the functions of SMC5/6 specifically during fork stall are
critical to avert replication fork collapse. We propose that during a replication fork stall,
SMC5/6 enables replication fork protection by negatively modulating the activity of CSN
and promoting the activity of CRLs. This function is essential for maintaining the presence
of replication fork protection factors, the suppression of MRE11-mediated fork degradation,
and the prevention of fork collapse (Figure 7).

3.2. SMC5/6 Promotes the Functions of 53BP1 and the FA Pathway at Stalled Replication Forks

In DTA40 cells, it was shown that SMC5 acts in conjunction with FANCM when exposed
to cisplatin, which primarily causes the formation of intra-strand crosslinks that block high-
fidelity DNA polymerases [63,123]. Furthermore, components of the SMC5/6 complex
interact with the FANCD2-FANCI complex in human cells [63]. Our study showed that
the depletion of SMC5/6 results in a reduced localization of FANCM and FANCD?2 to
stalled replication forks. In contrast, other studies have reported that the depletion of
SMC5/6 does not affect FANCD2 localization following HU or aphidicolin treatment [63,98].
In fact, using the same AID system in mESCs, we showed that SMC5 depletion leads
to unresolved replication intermediates that persist into mitosis (termed mitotic DNA
synthesis, MiDAS), which is accompanied by increased FANCD2 foci [44]. However, the
major difference between these studies and the one presented here is the exposure times
within the experimental design. All prior studies assessed chronic exposures of HU or
aphidicolin and the long-term depletion of SMC5/6. In contrast, our study demonstrates
acute responses to DNA replication fork stall and recovery in the presence or absence of the
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SMC5/6 complex. Furthermore, we assessed pathways that respond to DNA replication
fork stall using small-molecule inhibitors that, as with the AID system, enable the rapid
perturbation of specific targets.
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Figure 7. Proposed mechanism for the SMC5/6 complex during DNA replication fork stalling
and stabilization during nucleotide depletion. (A) During nucleotide deficiency, regressed DNA
replication forks are protected by replication fork protectors, including FANCD2 and 53BP1. These
proteins rely on the ubiquitination function of CRL4. CRLs are only active when conjugated to
the small ubiquitin-like protein NEDD8 (N8). CSN-mediated deneddylation of CRLs renders them
enzymatically inactive. We propose that SMC5/6, through mechanism that is yet to be fully elucidated,
negatively regulates CSN to ensure that CRL4 remains active during DNA replication fork stalling
to safeguard replication forks against nuclease-mediated degradation. Thus, regressed forks can
subsequently undergo restoration of the DNA replication process when nucleotide levels rise. (B) In
the absence of the SMC5/6 complex (depicted by red cross out of SMC5/6), CSN levels increase,
which enhances their capacity to deneddylate CRL4 (depicted by larger inhibition arrow). Thus, the
diminished levels of active CRL4 result in decreased recruitment of key replication fork protection
factors (depicted by dashed lines), exposing the stalled DNA replication fork to degradation by MRE11
and potentially other nucleases, such as EXO1 and DNAZ2. Destabilization of the DNA replication
fork leads to an inability to restart replication following replenishment of available nucleotides.
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This study also shows that SMC5/6 is required for the stable recruitment of 53BP1 to
stalled replication forks. 53BP1 operates in a replication fork protection pathway distinct
from FANCD2-I [25]. Fork protection by 53BP1 controls recombinogenic processes at the
replication fork [26]. Lending credence to our observations, proximity labeling studies
with APEX-tagged 53BP1 have identified SMC6 as a high-confidence 53BP1 interaction
partner [64]. We have previously shown that the neurodevelopmental defects caused by
the mutation of Smc5 are not further affected by co-mutation with Trp53bp1, suggesting
that SMC5/6 and 53BP1 are potentially epistatic with one another [44].

Taken together, our studies suggest that SMC5/6 is responsible for mediating 53BP1
and FANCD2-I DNA replication fork stall-response pathways. Our data suggest that the
role of the SMC5/6 is to help stabilize the DNA replication fork following fork regression.
Furthermore, this function is likely mediated in conjunction with CRLs and the CSN
(Figure 7). CRL4 has been functionally connected with the FA pathway, stimulating the
mono-ubiquitination of FANCD?2 in human cells, which is required for replication fork
stabilization [70,71,124]. In addition, 53BP1 localization to sites of DNA damage is regulated
by CRL4 [125]. Interestingly, it was shown that SMC5/6 localization to microlaser-induced
DNA damage is not dependent on 53BP1, which suggests that 53BP1 acts downstream
of the SMC5/6 complex in this context [126]. Future work should be directed towards
the comprehensive analysis of stalled replication forks in the presence and absence of the
SMC5/6 complex, and should determine the SMC5/6 interactome during replication fork
stall and recovery.

3.3. SMIC5/6 Mediates Replication Fork Protection and Stability by Negative Regulation of CSN

Insights from studies on the role of SMC5/6 as a viral restriction factor have directly
linked its function to that of CRLs and the CSN. Multiple components of the CSN and all
six components of SMC5/6 have been co-immunoprecipitated with CRL4 complexes in
the context of hepatitis virus infection [74,75]. However, the interaction of SMC5/6 with
CRL4 and the CSN also occurs in the endogenous cellular context, in the absence of viral
infection [73,77]. The CSN has been identified as a replication-fork-associated factor and
has also been implicated in repair pathway choice at DSBs, promoting end resection to
initiate homologous recombinational repair [69,127]. We have presented data to suggest
that, in the absence of SMC5/6, the CSN is left unregulated, leading to a loss of fork
protection, increased end resection activity at stalled replication forks, and an inability to
restart the replication fork (Figure 7). A preponderance of evidence suggests that most
proteins canonically involved in DSB repair also play related roles at stalled replication
forks [128]. Therefore, it is not surprising that in addition to its known roles in DSB repair,
the CSN would also have functions in regulating replication fork progression.

Our results, taken together with existing knowledge of CSN and CRL biology, favor
the notion that SMC5/6 is negatively impacting the ability of CSN to downregulate CRL
activity at replication forks. (Figure 7). Protein turnover at replication forks is a highly
dynamic and context-dependent process and, therefore, must be tightly controlled through
multiple layers of communication between the replisome and DNA-associated factors in
order to control recombinogenic processes and maintain replication fork integrity. We
envision that SMC5/6 exerts a broad role in the regulation of replication fork dynamics,
which are essential for preventing unscheduled recombination, mitotic catastrophe, and
genome instability.

Recent structural insights have revealed that SMC5/6 acts as a DNA loop extruder that
compacts DNA tertiary structures associated with DNA in a similar fashion to cohesin and
condensin [129,130]. It has been posited that, rather than driving global changes to chromo-
some superstructures like cohesin and condensin, SMC5/6 enacts smaller-scale changes,
specifically at the replication fork [59,60]. We foresee that this activity may be important for
stabilizing nascent DNA structures and replication intermediates, thereby protecting them
from enzymatic degradation and unscheduled recombination. The existence of extensive
protein binding sites on its coiled-coil arms also differentiates SMC5/6 from the other SMC
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family members [62]. We have observed a disruption of multiple proteins, directing various
modes of replication fork protection, upon SMC5/6 loss. We propose that SMC5/6 may act
as a hub for protein—protein interactions, modulating the functions of multiple proteins at
the replication fork. Perhaps therein lies the function of its E3 ubiquitin and SUMO ligase
subunits, NSMCE1 and NSMCE2, respectively [42,43,131,132]. An attractive possibility is
that the combined SUMOylation and ubiquitination activities of SMC5/6, together with
changes in structural confirmation and protein interaction partners, provide multiple layers
of regulation in response to different events at the replication fork.

We have linked the function of SMC5/6 to that of the CSN in the context of DNA
replication stalled replication fork stability and restart. Little is currently known about
how the CSN is regulated. Our observed functional interplay between SMC5/6 and CSN
activity opens numerous avenues of further investigation, for example, determining more
specifically how SMC5/6 and CSN components interact. It is known that the kleisin subunit
of the SMC5/6 complex, NSMCE4A, directly interacts with CSN1 (GPS1) [73]. However,
a more comprehensive assessment will be required. Perhaps clues can be drawn from
the structural knowledge of the interaction between CSN and SCF complexes. These
studies have revealed that in the context of cullin regulation, CSN5 and CSN4 interact
with the winged helix domain and RING domain of CUL1 and its associated E3 ubiquitin
ligase RBX1, respectively, in order to promote cullin deneddylation [133]. Considering that
the NSMCE4A-NSMCE3-NSMCE1 subcomplex of SMC5/6 contains similarly positioned
winged helix and RING domains [134,135], perhaps a similar mode of interaction occurs
between CSN and SMC5/6, promoting CSN4 ubiquitination and /or occluding CSN5 access
to its CRL substrates.

4. Materials and Methods
4.1. mESC Culture

The C57BL6/] (B6) mESCs used in this study were established and maintained
in 2i/LIF medium, as previously described [78,136]. Briefly, mESC culture medium
included 1:1 mixture of DMEM/F12 (Invitrogen, 11320-033, Waltham, MA, USA) and
neurobasal medium (Invitrogen, 21103-049) with 1% N2 supplement (Invitrogen, 17502-
048) and 2% B27 supplement (Invitrogen, 17504-044), 1 mM L-Glutamine (Sigma, G8540,
St. Louis, MO, USA), 1% MEM non-essential amino acids (Invitrogen, 11140-050), 50 uM
-mercaptoethanol (Gibco, 21985023, Thermo Fisher Scientific, Waltham, MA, USA),
50 ng/mL BSA (Sigma, A1470), 10 ng/mL human LIF (PeproTech, 300-05, Cranbury, NJ,
USA), 1 uM MEK inhibitor PD 0325901 (Cayman, 13034, Ann Arbor, MI, USA), and 3 uM
GSK-3 inhibitor CHIR 99021 (Cayman, 13122-10). Cells were grown under feeder-free
conditions on 0.2% gelatin and passaged every 3 days with TrypLE Express (Life Tech-
nologies, 12604013, Carlsbad, CA, USA). The B6 mESCs used in this study have been
previously reported [78]. These mESCs harbored homozygous transgenes of the Oryza
sativa TIR1 auxin receptor (TIR1) (driven by the elongation factor 1« (EF1x) promoter) that
were incorporated into the H11 locus. These mESCs also expressed SMC5-DDK-mini-AID
(AID47) from the endogenous locus either as heterozygous or homozygous alleles. More-
over, 100 uM of Indole-3-acetic acid (IAA) was added to the culture media to deplete SMC5.
RNAI silencing transfection to deplete CSN1 was performed as previously described [73].

4.2. DNA Fiber Assay

mESCs were treated 40-48 h after passage. mESCs were incubated in culture with
250 uM 5-chloro-2’-deoxyuridine (CldU, Sigma, C6891) for 20 min, washed twice with PBS,
incubated with 2 mM hydroxyurea (HU, Sigma, H8627) for 3 h, washed twice with PBS, and
incubated with 250 uM 5-Iodo-2'-deoxyuridine (IdU, Sigma 17125) for 20 min. Then, 100 uM
IAA (Sigma, 15148), 50 uM mirin (Cayman, 13208), 10 uM PFEMO1 (Tocris, 622210, Bristol,
UK), 10 uM DNA2-IN-C5 (Aobious, AOB9082, Gloucester, MA, USA), 2.5 uM CSN5i-3
(Novartis Pharma, Basel, Switzerland), 25 uM compound 33-11 (ChemBridge Corporation,
6655693, San Diego, CA, USA), or 5 uM ML216 (Aobious, AOB1300) were added at the
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indicated time points. In place of HU treatment, aphidicolin (Cayman Chemical, 14007)
was used at 15 uM. Labeled mESCs were treated with TrypLE and resuspended in PBS at
2 x 10° cells/mL. DNA fiber spreading and immunostaining were performed as previously
described [137]. Primary antibodies used were rat anti-BrdU (CldU) (Abcam, Waltham,
USA) and mouse anti-BrdU (IdU) (Becton Dickinson, Franklin Lakes, NJ, USA). Secondary
antibodies used were Alexa Fluor anti-rat 568 and Alexa Fluor anti-mouse 488. Antibody
information is presented in Supplementary Table S1.

4.3. mESC Immunocytochemistry

mESCs were treated with 20 uM 5-Ethynyl-2’-deoxyuridine (EdU, Sigma, T511285)
and 2 mM HU, with or without 100 uM TAA or 2.5 uM CSNBb5i-3. After 3 h of treatment, the
cells were collected and nuclear clearance was performed as previously described [79,80].
Briefly, mESCs in single-cell suspension were suspended in 1 mL of nuclear clearance buffer
(1.1915 g HEPES, 2.92 g NaCl, 0.142 g Mg(l, 0.19 g EGTA, 51.3 g Sucrose, 1 mL Triton, 1 g
BSA, add diH20 for 500 mL) and incubated at room temperature for 8 min. mESCs were
centrifuged at 200x g, followed by cell fixation and immunocytochemistry, as described
previously [136]. For EAU detection, nuclear clearance preparations were washed three
times in PBS and incubated with ‘click” reaction cocktail containing 0.1 M Tris (pH 8.5),
10 uM cyanine 5-azide (Lumiprobe, 13030, Hunt Valley, MD, USA), 1 mM CuSOy, and
0.1 M L-ascorbic acid (Sigma, A7506) added last. All reaction components were dissolved
in PBS. Slides were incubated with the reaction cocktail for 20 min and washed in PBS with
0.5% Triton three times for 10 min each. The antibodies used are listed in Supplementary
Table S1. Samples were mounted using Vectashield with 4/,6-diamidino-2-phenylindole
(DAPI, Vector Laboratories, H-1200, Newark, CA, USA).

4.4. Western Blot Analysis

Subcellular fractionation was performed as previously described [45]. Nuclear pellets
were lysed in RIPA buffer (Santa Cruz Biotechnology, sc-24948A, Dallas, TX, USA). Equal
amounts of protein were separated by SDS-PAGE and transferred to PVDF membranes
(Bio-Rad, 1620177, Hercules, CA, USA). Primary and secondary antibody information is
provided in Supplementary Table S1. We used horseradish peroxidase (HRP)-conjugated
goat anti-mouse-IgG and anti-rabbit-IgG secondary antibodies (Invitrogen). The signal was
detected using Clarity Western ECL Substrate (Bio-Rad, 170-5061) and imaged using the
Syngene XR5 system and GeneSys V1.5.2 (Syngene, Bengaluru, Karnataka, India).

4.5. Microscopy

Images were captured using a Zeiss Cell Observer Z1 fluorescence microscope linked
to an ORCA-Flash 4.0 CMOS camera (Hamamatsu, Shizuoka, Japan), or a Zeiss Axiolmager
A2 linked to an AxioCam ERc 5s camera (Zeiss, Oberkochen, Germany). Images were
analyzed and processed using ZEN 2012 blue edition imaging software (V1.1.1.0, Zeiss).
Photoshop V13.0 (Adobe, San Jose, CA, USA) was used to prepare figure images.

4.6. Image Data Quantification

For measurements of DNA fiber length, a line was drawn along each dual-labeled DNA
fiber. The length of the line was measured. Image data quantification was performed using
Image] V1.54f (National Institutes of Health, MD, USA) [138,139]. For the measurement
of FANCD2, FANCM, and 53BP1 focal intensity in whole cells, the pixel intensity at
a point in the center of an individual focus was calculated using Image] V1.54f. This
was performed for three foci per cell, and the average of the three measurements was
calculated to determine the average focal intensity in each cell. For the measurement of
CSNI1 intensity, the average pixel intensity within an outlined area corresponding to the
nuclear boundary was calculated in each cell. All image data quantification was performed
using Image] V1.54f.
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4.7. Statistical Analysis

Statistical analyses were performed using RStudio 2021.09.4+403.pro3 and GraphPad
Prism 9.5.1. A non-parametric unpaired two-tailed Mann—-Whitney U-test or a chi-squared
test with Yates’ continuity correction was used for all assessments. p-values of less than
0.05 were considered significant. All data represent the means £+ S.E.M. unless noted
otherwise. * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001; and ns (not significant)
indicates >0.05. Individual p-values for all graphs presented in each figure are available in
Supplementary Table S2.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms25020952 /s1. Reference [140] are cited in the supplementary materials.
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SMC structural maintenance of chromosomes

NSMCE non-SMC element

CSN COP9 signalosome

CRL cullin ring ligase

mESC mouse embryonic stem cell

AID auxin-inducible degron

ssDNA single-stranded DNA

dsDNA double-stranded DNA

HU hydroxyurea

Cldu 5-chloro-2'-deoxyuridine

1dU 5-iodo-2’-deoxyuridine

EdU 5-ethynyl-2'-deoxyuridine

IAA indole-3-acetic acid

DAPI 4’ 6-diamidino-2-phenylindole

RPA replication protein A

RAD51 radiation sensitive 51

FA Fanconi anemia

FANC FA complementation group

ATR ataxia telangiectasia and Rad3-related

SNF2 sucrose non-fermenting 2

SMARCALI1 SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin,
subfamily A like 1

ZRANB3 zinc finger RANBP2-type containing 3

HLTF Helicase-like transcription factor

FBH1 F-box DNA helicase 1
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MRE11 meiotic recombination 11

EXO1 exonuclease 1

ABRO1 abraxas 2, BRISC complex subunit
BRCA breast cancer

53BP1 p53 binding protein 1

VHL Von Hippel-Lindau

BODIL bio-orientation defect 1-like

BLM Bloom syndrome

NEDDS neural precursor cell-expressed, developmentally down-regulated 8
HBx hepatitis B virus protein X

SUMO small ubiquitin-related modifier
S.EM. standard error of the mean

References

1. Zeman, M.K,; Cimprich, K.A. Causes and consequences of replication stress. Nat. Cell Biol. 2014, 16, 2-9. [CrossRef] [PubMed]

2. Cortez, D. Preventing replication fork collapse to maintain genome integrity. DNA Repair 2015, 32, 149-157. [CrossRef] [PubMed]

3. Liao, H. Ji, F; Helleday, T.; Ying, S. Mechanisms for stalled replication fork stabilization: New targets for synthetic lethality
strategies in cancer treatments. EMBO Rep. 2018, 19, e46263. [CrossRef] [PubMed]

4. Fan, J.; Pavletich, N.P. Structure and conformational change of a replication protein A heterotrimer bound to ssDNA. Genes Dev.
2012, 26, 2337-2347. [CrossRef] [PubMed]

5. Chen, R;; Wold, M.S. Replication protein A: Single-stranded DNA's first responder: Dynamic DNA-interactions allow replication
protein A to direct single-strand DNA intermediates into different pathways for synthesis or repair. Bioessays 2014, 36, 1156-1161.
[CrossRef] [PubMed]

6.  Cimprich, K.A,; Cortez, D. ATR: An essential regulator of genome integrity. Nat. Rev. Mol. Cell Biol. 2008, 9, 616—-627. [CrossRef]

7. Nam, E.A,; Cortez, D. ATR signalling: More than meeting at the fork. Biochem. J. 2011, 436, 527-536. [CrossRef]

8.  Rickman, K.A.; Noonan, RJ.; Lach, EP.; Sridhar, S.; Wang, A.T.; Abhyankar, A.; Huang, A.; Kelly, M.; Auerbach, A.D,;
Smogorzewska, A. Distinct roles of BRCA2 in replication fork protection in response to hydroxyurea and DNA interstrand
cross-links. Genes Dev. 2020, 34, 832-846. [CrossRef]

9.  Bianco, PR. DNA Helicase-SSB Interactions Critical to the Regression and Restart of Stalled DNA Replication forks in Escherichia
coli. Genes 2020, 11, 471. [CrossRef]

10. Joseph, S.A.; Taglialatela, A.; Leuzzi, G.; Huang, ].-W.; Cuella-Martin, R.; Ciccia, A. Time for remodeling: SNF2-family DNA
translocases in replication fork metabolism and human disease. DNA Repair 2020, 95, 102943. [CrossRef]

11.  Fugger, K; Mistrik, M.; Neelsen, K.J.; Yao, Q.; Zellweger, R.; Kousholt, A.N.; Haahr, P.; Chu, WK.; Bartek, J.; Lopes, M.; et al.
FBH1 catalyzes regression of stalled replication forks. Cell Rep. 2015, 10, 1749-1757. [CrossRef] [PubMed]

12.  Zellweger, R.; Dalcher, D.; Mutreja, K.; Berti, M.; Schmid, J.A.; Herrador, R.; Vindigni, A.; Lopes, M. Rad51-mediated replication
fork reversal is a global response to genotoxic treatments in human cells. J. Cell Biol. 2015, 208, 563-579. [CrossRef] [PubMed]

13.  Sogo, ].M.; Lopes, M.,; Foiani, M. Fork reversal and ssDNA accumulation at stalled replication forks owing to checkpoint defects.
Science 2002, 297, 599-602. [CrossRef] [PubMed]

14. Lemagon, D.; Jackson, J.; Quinet, A.; Brickner, J.R.; Li, S.; Yazinski, S.; You, Z; Ira, G.; Zou, L.; Mosammaparast, N.; et al. MRE11
and EXO1 nucleases degrade reversed forks and elicit MUS81-dependent fork rescue in BRCA2-deficient cells. Nat. Commun.
2017, 8, 860. [CrossRef] [PubMed]

15. Thangavel, S.; Berti, M.; Levikova, M.; Pinto, C.; Gomathinayagam, S.; Vujanovic, M.; Zellweger, R.; Moore, H.; Lee, EH,;
Hendrickson, E.A.; et al. DNA2 drives processing and restart of reversed replication forks in human cells. J. Cell Biol. 2015, 208,
545-562. [CrossRef] [PubMed]

16. Le, H.P; Heyer, W.-D.; Liu, J. Guardians of the genome: BRCA2 and its partners. Genes 2021, 12, 1229. [CrossRef] [PubMed]

17.  Schlacher, K.; Christ, N.; Siaud, N.; Egashira, A.; Wu, H.; Jasin, M. Double-strand break repair-independent role for BRCA2 in
blocking stalled replication fork degradation by MRE11. Cell 2011, 145, 529-542. [CrossRef]

18.  Mijic, S.; Zellweger, R.; Chappidi, N.; Berti, M.; Jacobs, K.; Mutreja, K.; Ursich, S.; Ray Chaudhuri, A.; Nussenzweig, A.; Janscak,
P; et al. Replication fork reversal triggers fork degradation in BRCA2-defective cells. Nat. Commun. 2017, 8, 859. [CrossRef]

19. Kolinjivadi, A.M.; Sannino, V.; De Antoni, A.; Zadorozhny, K.; Kilkenny, M.; Técher, H.; Baldi, G.; Shen, R.; Ciccia, A.; Pellegrini,
L.; et al. Smarcall-Mediated Fork Reversal Triggers Mrell-Dependent Degradation of Nascent DNA in the Absence of Brca2 and
Stable Rad51 Nucleofilaments. Mol. Cell 2017, 67, 867-881.e7. [CrossRef]

20. Ying, S.; Hamdy, EC.; Helleday, T. Mrell-dependent degradation of stalled DNA replication forks is prevented by BRCA2 and
PARP1. Cancer Res. 2012, 72, 2814-2821. [CrossRef]

21. Gari, K,; Décaillet, C.; Delannoy, M.; Wu, L.; Constantinou, A. Remodeling of DNA replication structures by the branch point
translocase FANCM. Proc. Natl. Acad. Sci. USA 2008, 105, 16107-16112. [CrossRef] [PubMed]

22.  Schlacher, K.; Wu, H.; Jasin, M. A distinct replication fork protection pathway connects Fanconi anemia tumor suppressors to

RAD51-BRCA1/2. Cancer Cell 2012, 22, 106-116. [CrossRef] [PubMed]


https://doi.org/10.1038/ncb2897
https://www.ncbi.nlm.nih.gov/pubmed/24366029
https://doi.org/10.1016/j.dnarep.2015.04.026
https://www.ncbi.nlm.nih.gov/pubmed/25957489
https://doi.org/10.15252/embr.201846263
https://www.ncbi.nlm.nih.gov/pubmed/30108055
https://doi.org/10.1101/gad.194787.112
https://www.ncbi.nlm.nih.gov/pubmed/23070815
https://doi.org/10.1002/bies.201400107
https://www.ncbi.nlm.nih.gov/pubmed/25171654
https://doi.org/10.1038/nrm2450
https://doi.org/10.1042/BJ20102162
https://doi.org/10.1101/gad.336446.120
https://doi.org/10.3390/genes11050471
https://doi.org/10.1016/j.dnarep.2020.102943
https://doi.org/10.1016/j.celrep.2015.02.028
https://www.ncbi.nlm.nih.gov/pubmed/25772361
https://doi.org/10.1083/jcb.201406099
https://www.ncbi.nlm.nih.gov/pubmed/25733714
https://doi.org/10.1126/science.1074023
https://www.ncbi.nlm.nih.gov/pubmed/12142537
https://doi.org/10.1038/s41467-017-01180-5
https://www.ncbi.nlm.nih.gov/pubmed/29038425
https://doi.org/10.1083/jcb.201406100
https://www.ncbi.nlm.nih.gov/pubmed/25733713
https://doi.org/10.3390/genes12081229
https://www.ncbi.nlm.nih.gov/pubmed/34440403
https://doi.org/10.1016/j.cell.2011.03.041
https://doi.org/10.1038/s41467-017-01164-5
https://doi.org/10.1016/j.molcel.2017.07.001
https://doi.org/10.1158/0008-5472.CAN-11-3417
https://doi.org/10.1073/pnas.0804777105
https://www.ncbi.nlm.nih.gov/pubmed/18843105
https://doi.org/10.1016/j.ccr.2012.05.015
https://www.ncbi.nlm.nih.gov/pubmed/22789542

Int. J. Mol. Sci. 2024, 25,952 21 of 25

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.
35.

36.

37.
38.

39.
40.
41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Lossaint, G.; Larroque, M.; Ribeyre, C.; Bec, N.; Larroque, C.; Décaillet, C.; Gari, K.; Constantinou, A. FANCD2 binds MCM
proteins and controls replisome function upon activation of s phase checkpoint signaling. Mol. Cell 2013, 51, 678-690. [CrossRef]
[PubMed]

Xu, S.; Wu, X.; Wu, L.; Castillo, A.; Liu, J.; Atkinson, E.; Paul, A.; Su, D.; Schlacher, K.; Komatsu, Y.; et al. Abrol maintains genome
stability and limits replication stress by protecting replication fork stability. Genes Dev. 2017, 31, 1469-1482. [CrossRef] [PubMed]
Liu, W.; Krishnamoorthy, A.; Zhao, R.; Cortez, D. Two replication fork remodeling pathways generate nuclease substrates for
distinct fork protection factors. Sci. Adv. 2020, 6, eabc3598. [CrossRef]

Xu, Y.; Ning, S.; Wei, Z; Xu, R.; Xu, X,; Xing, M.; Guo, R.; Xu, D. 53BP1 and BRCA1 control pathway choice for stalled replication
restart. eLife 2017, 6, €30523. [CrossRef] [PubMed]

Thakar, T.; Moldovan, G.-L. The emerging determinants of replication fork stability. Nucleic Acids Res. 2021, 49, 7224-7238.
[CrossRef]

Higgs, M.R.; Reynolds, ].J.; Winczura, A.; Blackford, A.N.; Borel, V.; Miller, E.S.; Zlatanou, A.; Nieminuszczy, J.; Ryan, E.L.; Davies,
N.J.; et al. BODI1L is required to suppress deleterious resection of stressed replication forks. Mol. Cell 2015, 59, 462-477. [CrossRef]
Espana-Agusti, J.; Warren, A.; Chew, S.K.; Adams, D.].; Matakidou, A. Loss of PBRM1 rescues VHL dependent replication stress
to promote renal carcinogenesis. Nat. Commun. 2017, 8, 2026. [CrossRef]

Hanada, K.; Budzowska, M.; Davies, S.L.; van Drunen, E.; Onizawa, H.; Beverloo, H.B.; Maas, A.; Essers, J.; Hickson, I.D.; Kanaar,
R. The structure-specific endonuclease Mus81 contributes to replication restart by generating double-strand DNA breaks. Nat.
Struct. Mol. Biol. 2007, 14, 1096-1104. [CrossRef]

Berti, M.; Cortez, D.; Lopes, M. The plasticity of DNA replication forks in response to clinically relevant genotoxic stress. Nat. Rev.
Mol. Cell Biol. 2020, 21, 633-651. [CrossRef] [PubMed]

Quinet, A.; Lemagon, D.; Vindigni, A. Replication fork reversal: Players and guardians. Mol. Cell 2017, 68, 830-833. [CrossRef]
Hagstrom, K.A.; Meyer, B.J. Condensin and cohesin: More than chromosome compactor and glue. Nat. Rev. Genet. 2003, 4,
520-534. [CrossRef] [PubMed]

Remeseiro, S.; Losada, A. Cohesin, a chromatin engagement ring. Curr. Opin. Cell Biol. 2013, 25, 63-71. [CrossRef]

Jeppsson, K.; Kanno, T.; Shirahige, K.; Sjogren, C. The maintenance of chromosome structure: Positioning and functioning of
SMC complexes. Nat. Rev. Mol. Cell Biol. 2014, 15, 601-614. [CrossRef] [PubMed]

Kschonsak, M.; Haering, C.H. Shaping mitotic chromosomes: From classical concepts to molecular mechanisms. Bioessays 2015,
37,755-766. [CrossRef] [PubMed]

Uhlmann, F. SMC complexes: From DNA to chromosomes. Nat. Rev. Mol. Cell Biol. 2016, 17, 399-412. [CrossRef]

Morales, C.; Losada, A. Establishing and dissolving cohesion during the vertebrate cell cycle. Curr. Opin. Cell Biol. 2018, 52, 51-57.
[CrossRef]

Makrantoni, V.; Marston, A.L. Cohesin and chromosome segregation. Curr. Biol. 2018, 28, R688-R693. [CrossRef]

Skibbens, R.V. Condensins and cohesins—One of these things is not like the other! J. Cell Sci. 2019, 132, jcs220491. [CrossRef]
Murray, J.M.; Carr, AM. Smc5/6: A link between DNA repair and unidirectional replication? Nat. Rev. Mol. Cell Biol. 2008, 9,
177-182. [CrossRef]

Palecek, J.J. SMC5/6: Multifunctional player in replication. Genes 2018, 10, 7. [CrossRef] [PubMed]

Aragoén, L. The Smc5/6 Complex: New and Old Functions of the Enigmatic Long-Distance Relative. Annu. Rev. Genet. 2018, 52,
89-107. [CrossRef] [PubMed]

Atkins, A.; Xu, M.J; Li, M.; Rogers, N.P,; Pryzhkova, M.V.; Jordan, PW. SMC5/6 is required for replication fork stability and
faithful chromosome segregation during neurogenesis. Elife 2020, 9, e61171. [CrossRef]

Gallego-Paez, L.M.; Tanaka, H.; Bando, M.; Takahashi, M.; Nozaki, N.; Nakato, R.; Shirahige, K.; Hirota, T. Smc5/6-mediated
regulation of replication progression contributes to chromosome assembly during mitosis in human cells. Mol. Biol. Cell 2014, 25,
302-317. [CrossRef]

Venegas, A.B.; Natsume, T.; Kanemaki, M.; Hickson, I.D. Inducible Degradation of the Human SMC5/6 Complex Reveals an
Essential Role Only during Interphase. Cell Rep. 2020, 31, 107533. [CrossRef]

Meng, X.; Wei, L.; Peng, X.P.; Zhao, X. Sumoylation of the DNA polymerase ¢ by the Smc5/6 complex contributes to DNA
replication. PLoS Genet. 2019, 15, €1008426. [CrossRef] [PubMed]

Chen, Y.-H.; Choi, K.; Szakal, B.; Arenz, ].; Duan, X.; Ye, H.; Branzei, D.; Zhao, X. Interplay between the Smc5/6 complex and the
Mphl helicase in recombinational repair. Proc. Natl. Acad. Sci. USA 2009, 106, 21252-21257. [CrossRef]

Bonner, ].N.; Choi, K.; Xue, X.; Torres, N.P,; Szakal, B.; Wei, L.; Wan, B.; Arter, M.; Matos, J.; Sung, P,; et al. Smc5/6 Mediated
Sumoylation of the Sgs1-Top3-Rmil Complex Promotes Removal of Recombination Intermediates. Cell Rep. 2016, 16, 368-378.
[CrossRef]

Agashe, S.; Joseph, C.R; Reyes, T.A.C.; Menolfi, D.; Giannattasio, M.; Waizenegger, A.; Szakal, B.; Branzei, D. Smc5/6 functions
with Sgs1-Top3-Rmil to complete chromosome replication at natural pause sites. Nat. Commun. 2021, 12, 2111. [CrossRef]
Ampatzidou, E; Irmisch, A.; O’Connell, M.J.; Murray, ].M. Smc5/6 is required for repair at collapsed replication forks. Mol. Cell.
Biol. 2006, 26, 9387-9401. [CrossRef] [PubMed]

Irmisch, A.; Ampatzidou, E.; Mizuno, K.; O’Connell, M.J.; Murray, ].M. Smc5/6 maintains stalled replication forks in a
recombination-competent conformation. EMBO J. 2009, 28, 144-155. [CrossRef] [PubMed]


https://doi.org/10.1016/j.molcel.2013.07.023
https://www.ncbi.nlm.nih.gov/pubmed/23993743
https://doi.org/10.1101/gad.299172.117
https://www.ncbi.nlm.nih.gov/pubmed/28860160
https://doi.org/10.1126/sciadv.abc3598
https://doi.org/10.7554/eLife.30523
https://www.ncbi.nlm.nih.gov/pubmed/29106372
https://doi.org/10.1093/nar/gkab344
https://doi.org/10.1016/j.molcel.2015.06.007
https://doi.org/10.1038/s41467-017-02245-1
https://doi.org/10.1038/nsmb1313
https://doi.org/10.1038/s41580-020-0257-5
https://www.ncbi.nlm.nih.gov/pubmed/32612242
https://doi.org/10.1016/j.molcel.2017.11.022
https://doi.org/10.1038/nrg1110
https://www.ncbi.nlm.nih.gov/pubmed/12838344
https://doi.org/10.1016/j.ceb.2012.10.013
https://doi.org/10.1038/nrm3857
https://www.ncbi.nlm.nih.gov/pubmed/25145851
https://doi.org/10.1002/bies.201500020
https://www.ncbi.nlm.nih.gov/pubmed/25988527
https://doi.org/10.1038/nrm.2016.30
https://doi.org/10.1016/j.ceb.2018.01.010
https://doi.org/10.1016/j.cub.2018.05.019
https://doi.org/10.1242/jcs.220491
https://doi.org/10.1038/nrm2309
https://doi.org/10.3390/genes10010007
https://www.ncbi.nlm.nih.gov/pubmed/30583551
https://doi.org/10.1146/annurev-genet-120417-031353
https://www.ncbi.nlm.nih.gov/pubmed/30476445
https://doi.org/10.7554/eLife.61171
https://doi.org/10.1091/mbc.e13-01-0020
https://doi.org/10.1016/j.celrep.2020.107533
https://doi.org/10.1371/journal.pgen.1008426
https://www.ncbi.nlm.nih.gov/pubmed/31765372
https://doi.org/10.1073/pnas.0908258106
https://doi.org/10.1016/j.celrep.2016.06.015
https://doi.org/10.1038/s41467-021-22217-w
https://doi.org/10.1128/MCB.01335-06
https://www.ncbi.nlm.nih.gov/pubmed/17030601
https://doi.org/10.1038/emboj.2008.273
https://www.ncbi.nlm.nih.gov/pubmed/19158664

Int. J. Mol. Sci. 2024, 25,952 22 of 25

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Menolfi, D.; Delamarre, A.; Lengronne, A.; Pasero, P; Branzei, D. Essential Roles of the Smc5/6 Complex in Replication through
Natural Pausing Sites and Endogenous DNA Damage Tolerance. Mol. Cell 2015, 60, 835-846. [CrossRef]

Bermudez-Lopez, M.; Ceschia, A.; de Piccoli, G.; Colomina, N.; Pasero, P.; Aragén, L.; Torres-Rosell, J. The Smc5/6 complex is
required for dissolution of DNA-mediated sister chromatid linkages. Nucleic Acids Res. 2010, 38, 6502—-6512. [CrossRef] [PubMed]
Roy, M.-A; Siddiqui, N.; D’Amours, D. Dynamic and selective DNA-binding activity of Smc5, a core component of the Smc5-Smc6
complex. Cell Cycle 2011, 10, 690-700. [CrossRef] [PubMed]

Roy, M.-A.; Dhanaraman, T.; D’Amours, D. The Smc5-Smc6 heterodimer associates with DNA through several independent
binding domains. Sci. Rep. 2015, 5, 9797. [CrossRef] [PubMed]

Roy, M.-A.; D’Amours, D. DNA-binding properties of Smc6, a core component of the Smc5-6 DNA repair complex. Biochem.
Biophys. Res. Commun. 2011, 416, 80-85. [CrossRef] [PubMed]

Alt, A.; Dang, H.Q.; Wells, O.S.; Polo, L.M.; Smith, M.A_; McGregor, G.A.; Welte, T.; Lehmann, A.R.; Pearl, L.H.; Murray, ] M.; et al.
Specialized interfaces of Smc5/6 control hinge stability and DNA association. Nat. Commun. 2017, 8, 14011. [CrossRef]

Serrano, D.; Cordero, G.; Kawamura, R.; Sverzhinsky, A.; Sarker, M.; Roy, S.; Malo, C.; Pascal, ].M.; Marko, ].F.; D’Amours, D.
The Smc5/6 Core Complex Is a Structure-Specific DNA Binding and Compacting Machine. Mol. Cell 2020, 80, 1025-1038.e5.
[CrossRef]

Gutierrez-Escribano, P.; Hormefio, S.; Madariaga-Marcos, J.; Solé-Soler, R.; O’Reilly, EJ.; Morris, K.; Aicart-Ramos, C.; Aramayo,
R.; Montoya, A.; Kramer, H.; et al. Purified smc5/6 complex exhibits DNA substrate recognition and compaction. Mol. Cell 2020,
80, 1039-1054.e6. [CrossRef]

Chang, J.T.-H.; Li, S.; Beckwitt, E.C.; Than, T.; Haluska, C.; Chandanani, ].; O’Donnell, M.E.; Zhao, X.; Liu, S. Smc5/6’s multifaceted
DNA binding capacities stabilize branched DNA structures. Nat. Commun. 2022, 13, 7179. [CrossRef] [PubMed]

Yu, Y,; Li, S,; Ser, Z.; Sanyal, T.; Choi, K.; Wan, B.; Kuang, H.; Sali, A.; Kentsis, A.; Patel, D.J.; et al. Integrative analysis reveals
unique structural and functional features of the Smc5/6 complex. Proc. Natl. Acad. Sci. USA 2021, 118, e2026844118. [CrossRef]
[PubMed]

Rossi, F.; Helbling-Leclerc, A.; Kawasumi, R.; Jegadesan, N.K.; Xu, X.; Devulder, P.; Abe, T.; Takata, M.; Xu, D.; Rosselli, F.; et al.
SMC5/6 acts jointly with Fanconi anemia factors to support DNA repair and genome stability. EMBO Rep. 2020, 21, e48222.
[CrossRef] [PubMed]

Gupta, R.; Somyajit, K.; Narita, T.; Maskey, E.; Stanlie, A.; Kremer, M.; Typas, D.; Lammers, M.; Mailand, N.; Nussenzweig, A.;
et al. DNA repair network analysis reveals shieldin as a key regulator of NHE] and PARP inhibitor sensitivity. Cell 2018, 173,
972-988.e23. [CrossRef] [PubMed]

Barlow, J.H.; Faryabi, R.B.; Callén, E.; Wong, N.; Malhowski, A.; Chen, H.T.; Gutierrez-Cruz, G.; Sun, H.-W.; McKinnon, P.; Wright,
G.; et al. Identification of early replicating fragile sites that contribute to genome instability. Cell 2013, 152, 620-632. [CrossRef]
[PubMed]

Sang, Y.; Yan, F,; Ren, X. The role and mechanism of CRL4 E3 ubiquitin ligase in cancer and its potential therapy implications.
Oncotarget 2015, 6, 42590-42602. [CrossRef]

Sirbu, B.M.; McDonald, W.H.; Dungrawala, H.; Badu-Nkansah, A.; Kavanaugh, G.M.; Chen, Y.; Tabb, D.L.; Cortez, D. Identification
of proteins at active, stalled, and collapsed replication forks using isolation of proteins on nascent DNA (iPOND) coupled with
mass spectrometry. J. Biol. Chem. 2013, 288, 31458-31467. [CrossRef]

Jang, S.-M.; Redon, C.E.; Aladjem, M.I. Chromatin-Bound Cullin-Ring Ligases: Regulatory Roles in DNA Replication and
Potential Targeting for Cancer Therapy. Front. Mol. Biosci. 2018, 5, 19. [CrossRef]

Wessel, S.R.; Mohni, K.N.; Luzwick, ].W.; Dungrawala, H.; Cortez, D. Functional analysis of the replication fork proteome
identifies BET proteins as PCNA regulators. Cell Rep. 2019, 28, 3497-3509.e4. [CrossRef]

Townsend, A.; Lora, G.; Engel, J.; Tirado-Class, N.; Dungrawala, H. DCAF14 promotes stalled fork stability to maintain genome
integrity. Cell Rep. 2021, 34, 108669. [CrossRef]

Codilupi, T.; Taube, D.; Naegeli, H. CRL4 ubiquitin ligase stimulates Fanconi anemia pathway-induced single-stranded DNA-RPA
signaling. BMC Cancer 2019, 19, 1042. [CrossRef] [PubMed]

Terai, K.; Abbas, T.; Jazaeri, A.A.; Dutta, A. CRL4(Cdt2) E3 ubiquitin ligase monoubiquitinates PCNA to promote translesion
DNA synthesis. Mol. Cell 2010, 37, 143-149. [CrossRef] [PubMed]

Horvath, A.; Rona, G.; Pagano, M.; Jordan, PW. Interaction between NSMCE4A and GPS1 links the SMC5/6 complex to the
COP9 signalosome. BMC Mol. Cell Biol. 2020, 21, 36. [CrossRef]

Decorsiere, A.; Mueller, H.; van Breugel, P.C.; Abdul, F; Gerossier, L.; Beran, RK,; Livingston, C.M.; Niu, C.; Fletcher, S.P;
Hantz, O,; et al. Hepatitis B virus X protein identifies the Smc5/6 complex as a host restriction factor. Nature 2016, 531, 386-389.
[CrossRef] [PubMed]

Murphy, CM.; Xu, Y,; Li, F; Nio, K.; Reszka-Blanco, N.; Li, X.; Wu, Y.; Yu, Y.; Xiong, Y.; Su, L. Hepatitis B virus X protein promotes
degradation of SMC5/6 to enhance HBV replication. Cell Rep. 2016, 16, 2846-2854. [CrossRef]

Riviere, L.; Quioc-Salomon, B.; Fallot, G.; Halgand, B.; Féray, C.; Buendia, M.-A.; Neuveut, C. Hepatitis B virus replicating in
hepatocellular carcinoma encodes HBx variants with preserved ability to antagonize restriction by Smc5/6. Antivir. Res. 2019,
172,104618. [CrossRef]


https://doi.org/10.1016/j.molcel.2015.10.023
https://doi.org/10.1093/nar/gkq546
https://www.ncbi.nlm.nih.gov/pubmed/20571088
https://doi.org/10.4161/cc.10.4.14860
https://www.ncbi.nlm.nih.gov/pubmed/21293191
https://doi.org/10.1038/srep09797
https://www.ncbi.nlm.nih.gov/pubmed/25984708
https://doi.org/10.1016/j.bbrc.2011.10.149
https://www.ncbi.nlm.nih.gov/pubmed/22086171
https://doi.org/10.1038/ncomms14011
https://doi.org/10.1016/j.molcel.2020.11.011
https://doi.org/10.1016/j.molcel.2020.11.012
https://doi.org/10.1038/s41467-022-34928-9
https://www.ncbi.nlm.nih.gov/pubmed/36418314
https://doi.org/10.1073/pnas.2026844118
https://www.ncbi.nlm.nih.gov/pubmed/33941673
https://doi.org/10.15252/embr.201948222
https://www.ncbi.nlm.nih.gov/pubmed/31867888
https://doi.org/10.1016/j.cell.2018.03.050
https://www.ncbi.nlm.nih.gov/pubmed/29656893
https://doi.org/10.1016/j.cell.2013.01.006
https://www.ncbi.nlm.nih.gov/pubmed/23352430
https://doi.org/10.18632/oncotarget.6052
https://doi.org/10.1074/jbc.M113.511337
https://doi.org/10.3389/fmolb.2018.00019
https://doi.org/10.1016/j.celrep.2019.08.051
https://doi.org/10.1016/j.celrep.2020.108669
https://doi.org/10.1186/s12885-019-6305-x
https://www.ncbi.nlm.nih.gov/pubmed/31690264
https://doi.org/10.1016/j.molcel.2009.12.018
https://www.ncbi.nlm.nih.gov/pubmed/20129063
https://doi.org/10.1186/s12860-020-00278-x
https://doi.org/10.1038/nature17170
https://www.ncbi.nlm.nih.gov/pubmed/26983541
https://doi.org/10.1016/j.celrep.2016.08.026
https://doi.org/10.1016/j.antiviral.2019.104618

Int. J. Mol. Sci. 2024, 25, 952 23 of 25

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Minor, M.M.; Hollinger, EB.; McNees, A.L.; Jung, S.Y,; Jain, A.; Hyser, ]. M.; Bissig, K.-D.; Slagle, B.L. Hepatitis B Virus HBx
Protein Mediates the Degradation of Host Restriction Factors through the Cullin 4 DDB1 E3 Ubiquitin Ligase Complex. Cells
2020, 9, 834. [CrossRef] [PubMed]

Pryzhkova, M.V,; Xu, M.].; Jordan, PW. Adaptation of the AID system for stem cell and transgenic mouse research. Stem Cell Res.
2020, 49, 102078. [CrossRef]

Carroll, T.D.; Newton, L.P,; Chen, Y.; Blow, ].].; Nathke, I. Lgr5+ intestinal stem cells reside in an unlicensed G1 phase. J. Cell Biol.
2018, 217, 1667-1685. [CrossRef]

Ranjan, R.; Snedeker, J.; Wooten, M.; Chu, C.; Bracero, S.; Mouton, T.; Chen, X. Differential condensation of sister chromatids acts
with Cdcé to ensure asynchronous S-phase entry in Drosophila male germline stem cell lineage. Dev. Cell 2022, 57, 1102-1118.€7.
[CrossRef]

Sobeck, A.; Stone, S.; Landais, I.; de Graaf, B.; Hoatlin, M.E. The Fanconi anemia protein FANCM is controlled by FANCD2 and
the ATR/ATM pathways. J. Biol. Chem. 2009, 284, 25560-25568. [CrossRef] [PubMed]

Xue, Y,; Li, Y.; Guo, R.; Ling, C.; Wang, W. FANCM of the Fanconi anemia core complex is required for both monoubiquitination
and DNA repair. Hum. Mol. Genet. 2008, 17, 1641-1652. [CrossRef] [PubMed]

Panday, A.; Willis, N.A.; Elango, R.; Menghi, F,; Duffey, E.E.; Liu, E.T.; Scully, R. FANCM regulates repair pathway choice at
stalled replication forks. Mol. Cell 2021, 81, 2428-2444.e6. [CrossRef] [PubMed]

Bhat, K.P,; Cortez, D. RPA and RAD51: Fork reversal, fork protection, and genome stability. Nat. Struct. Mol. Biol. 2018, 25,
446-453. [CrossRef] [PubMed]

Dupré, A.; Boyer-Chatenet, L.; Sattler, R.M.; Modi, A.P; Lee, J.-H.; Nicolette, M.L.; Kopelovich, L.; Jasin, M.; Baer, R.; Paull, T.T.;
et al. A forward chemical genetic screen reveals an inhibitor of the Mre11-Rad50-Nbs1 complex. Nat. Chem. Biol. 2008, 4, 119-125.
[CrossRef] [PubMed]

Chaudhury, L; Stroik, D.R.; Sobeck, A. FANCD2-controlled chromatin access of the Fanconi-associated nuclease FANT1 is crucial
for the recovery of stalled replication forks. Mol. Cell. Biol. 2014, 34, 3939-3954. [CrossRef] [PubMed]

Shibata, A.; Moiani, D.; Arvai, A.S.; Perry, ].; Harding, S.M.; Genois, M.-M.; Maity, R.; van Rossum-Fikkert, S.; Kertokalio, A.;
Romoli, F; et al. DNA double-strand break repair pathway choice is directed by distinct MRE11 nuclease activities. Mol. Cell
2014, 53, 7-18. [CrossRef]

Garcia, V.; Phelps, S.E.L.; Gray, S.; Neale, M.]. Bidirectional resection of DNA double-strand breaks by Mrell and Exol. Nature
2011, 479, 241-244. [CrossRef]

Cannavo, E.; Reginato, G.; Cejka, P. Stepwise 5 DNA end-specific resection of DNA breaks by the Mre11-Rad50-Xrs2 and Sae2
nuclease ensemble. Proc. Natl. Acad. Sci. USA 2019, 116, 5505-5513. [CrossRef]

Rondinelli, B.; Gogola, E.; Yticel, H.; Duarte, A.A.; van de Ven, M.; van der Sluijs, R.; Konstantinopoulos, P.A.; Jonkers, J.;
Ceccaldi, R.; Rottenberg, S.; et al. EZH2 promotes degradation of stalled replication forks by recruiting MUS81 through histone
H3 trimethylation. Nat. Cell Biol. 2017, 19, 1371-1378. [CrossRef]

Karanja, K.K.; Cox, S.W,; Duxin, J.P; Stewart, S.A.; Campbell, ].L. DNA2 and EXOL in replication-coupled, homology-directed
repair and in the interplay between HDR and the FA/BRCA network. Cell Cycle 2012, 11, 3983-3996. [CrossRef]

Shorrocks, A.-M.K.; Jones, S.E.; Tsukada, K.; Morrow, C.A.; Belblidia, Z.; Shen, J.; Vendrell, L.; Fischer, R.; Kessler, B.M.; Blackford,
A.N. The Bloom syndrome complex senses RPA-coated single-stranded DNA to restart stalled replication forks. Nat. Commun.
2021, 12, 585. [CrossRef] [PubMed]

Ling, C.; Huang, J.; Yan, Z.; Li, Y.; Ohzeki, M.; Ishiai, M.; Xu, D.; Takata, M.; Seidman, M.; Wang, W. Bloom syndrome complex
promotes FANCM recruitment to stalled replication forks and facilitates both repair and traverse of DNA interstrand crosslinks.
Cell Discov. 2016, 2, 16047. [CrossRef]

Peng, X.P; Lim, S.; Li, S.; Marjavaara, L.; Chabes, A.; Zhao, X. Acute Smc5/6 depletion reveals its primary role in rDNA replication
by restraining recombination at fork pausing sites. PLoS Genet. 2018, 14, e1007129. [CrossRef] [PubMed]

Zapatka, M.; Pocifio-Merino, I.; Heluani-Gahete, H.; Bermudez-Lopez, M.; Tarrés, M.; Ibars, E.; Solé-Soler, R.; Gutiérrez-Escribano,
P; Apostolova, S.; Casas, C.; et al. Sumoylation of Smc5 Promotes Error-free Bypass at Damaged Replication Forks. Cell Rep. 2019,
29, 3160-3172.e4. [CrossRef] [PubMed]

Rosenthal, A.S.; Dexheimer, T.S.; Gileadi, O.; Nguyen, G.H.; Chu, W.K; Hickson, I.D.; Jadhav, A.; Simeonov, A.; Maloney, D.]J.
Synthesis and SAR studies of 5-(pyridin-4-yl)-1,3,4-thiadiazol-2-amine derivatives as potent inhibitors of Bloom helicase. Bioorg.
Med. Chem. Lett. 2013, 23, 5660-5666. [CrossRef] [PubMed]

Bermudez-Lépez, M.; Villoria, M.T.; Esteras, M.; Jarmuz, A.; Torres-Rosell, ].; Clemente-Blanco, A.; Aragon, L. Sgs1’s roles in
DNA end resection, HJ dissolution, and crossover suppression require a two-step SUMO regulation dependent on Smc5/6. Genes
Dev. 2016, 30, 1339-1356. [CrossRef]

Pond, K.W.; de Renty, C.; Yagle, M.K.; Ellis, N.A. Rescue of collapsed replication forks is dependent on NSMCE2 to prevent
mitotic DNA damage. PLoS Genet. 2019, 15, €1007942. [CrossRef]

Livingston, C.M.; Ramakrishnan, D.; Strubin, M.; Fletcher, S.P,; Beran, R K. Identifying and Characterizing Interplay between
Hepatitis B Virus X Protein and Smc5/6. Viruses 2017, 9, 69. [CrossRef]

Xu, W,; Ma, C.; Zhang, Q.; Zhao, R.; Hu, D.; Zhang, X.; Chen, J.; Liu, E; Wu, K; Liu, Y; et al. PJA1 Coordinates with the SMC5/6
Complex to Restrict DNA Viruses and Episomal Genes through Interferon-independent Manner. J. Virol. 2018, 92, e00825-18.
[CrossRef]


https://doi.org/10.3390/cells9040834
https://www.ncbi.nlm.nih.gov/pubmed/32235678
https://doi.org/10.1016/j.scr.2020.102078
https://doi.org/10.1083/jcb.201708023
https://doi.org/10.1016/j.devcel.2022.04.007
https://doi.org/10.1074/jbc.M109.007690
https://www.ncbi.nlm.nih.gov/pubmed/19633289
https://doi.org/10.1093/hmg/ddn054
https://www.ncbi.nlm.nih.gov/pubmed/18285517
https://doi.org/10.1016/j.molcel.2021.03.044
https://www.ncbi.nlm.nih.gov/pubmed/33882298
https://doi.org/10.1038/s41594-018-0075-z
https://www.ncbi.nlm.nih.gov/pubmed/29807999
https://doi.org/10.1038/nchembio.63
https://www.ncbi.nlm.nih.gov/pubmed/18176557
https://doi.org/10.1128/MCB.00457-14
https://www.ncbi.nlm.nih.gov/pubmed/25135477
https://doi.org/10.1016/j.molcel.2013.11.003
https://doi.org/10.1038/nature10515
https://doi.org/10.1073/pnas.1820157116
https://doi.org/10.1038/ncb3626
https://doi.org/10.4161/cc.22215
https://doi.org/10.1038/s41467-020-20818-5
https://www.ncbi.nlm.nih.gov/pubmed/33500419
https://doi.org/10.1038/celldisc.2016.47
https://doi.org/10.1371/journal.pgen.1007129
https://www.ncbi.nlm.nih.gov/pubmed/29360860
https://doi.org/10.1016/j.celrep.2019.10.123
https://www.ncbi.nlm.nih.gov/pubmed/31801080
https://doi.org/10.1016/j.bmcl.2013.08.025
https://www.ncbi.nlm.nih.gov/pubmed/24012121
https://doi.org/10.1101/gad.278275.116
https://doi.org/10.1371/journal.pgen.1007942
https://doi.org/10.3390/v9040069
https://doi.org/10.1128/JVI.00825-18

Int. J. Mol. Sci. 2024, 25,952 24 of 25

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.
112.

113.

114.

115.
116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Yiu, S.P.T.; Guo, R.; Zerbe, C.; Weekes, M.P.; Gewurz, B.E. Epstein-Barr virus BNRF1 destabilizes SMC5/6 cohesin complexes to
evade its restriction of replication compartments. Cell Rep. 2022, 38, 110411. [CrossRef] [PubMed]

Bentley, P.; Tan, M.J.A.; McBride, A.A.; White, E.A.; Howley, PM. The SMC5/6 complex interacts with the papillomavirus E2
protein and influences maintenance of viral episomal DNA. . Virol. 2018, 92, e00356-18. [CrossRef] [PubMed]

Dupont, L.; Bloor, S.; Williamson, J.C.; Cuesta, S.M.; Shah, R.; Teixeira-Silva, A.; Naamati, A.; Greenwood, E.].D.; Sarafianos, S.G.;
Matheson, N.J.; et al. The SMC5/6 complex compacts and silences unintegrated HIV-1 DNA and is antagonized by Vpr. Cell Host
Microbe 2021, 29, 792-805.e6. [CrossRef] [PubMed]

Han, C.; Zhang, D.; Gui, C.; Huang, L.; Chang, S.; Dong, L.; Bai, L.; Wu, S.; Lan, K. KSHV RTA antagonizes SMC5/6 complex-
induced viral chromatin compaction by hijacking the ubiquitin-proteasome system. PLoS Pathog. 2022, 18, €1010744. [CrossRef]
Higa, L.A.A.; Mihaylov, L.S.; Banks, D.P,; Zheng, ].; Zhang, H. Radiation-mediated proteolysis of CDT1 by CUL4-ROC1 and CSN
complexes constitutes a new checkpoint. Nat. Cell Biol. 2003, 5, 1008-1015. [CrossRef]

Wertz, LE.; O'Rourke, K.M.; Zhang, Z.; Dornan, D.; Arnott, D.; Deshaies, R.J.; Dixit, V.M. Human De-etiolated-1 regulates c-Jun
by assembling a CUL4A ubiquitin ligase. Science 2004, 303, 1371-1374. [CrossRef] [PubMed]

Hu, J.; McCall, C.M,; Ohta, T.; Xiong, Y. Targeted ubiquitination of CDT1 by the DDB1-CUL4A-ROC1 ligase in response to DNA
damage. Nat. Cell Biol. 2004, 6, 1003-1009. [CrossRef] [PubMed]

Sugasawa, K.; Okuda, Y.; Saijo, M.; Nishi, R.; Matsuda, N.; Chu, G.; Mori, T.; Iwai, S.; Tanaka, K.; Tanaka, K.; et al. UV-induced
ubiquitylation of XPC protein mediated by UV-DDB-ubiquitin ligase complex. Cell 2005, 121, 387-400. [CrossRef]

Jin, J.; Arias, E.E.; Chen, J.; Harper, ].W.; Walter, ].C. A family of diverse Cul4-Ddbl-interacting proteins includes Cdt2, which is
required for S phase destruction of the replication factor Cdt1. Mol. Cell 2006, 23, 709-721. [CrossRef]

Ghosh, P; Wu, M.; Zhang, H.; Sun, H. mTORC1 signaling requires proteasomal function and the involvement of CUL4-DDB1
ubiquitin E3 ligase. Cell Cycle 2008, 7, 373-381. [CrossRef]

Zheng, N.; Shabek, N. Ubiquitin ligases: Structure, function, and regulation. Annu. Rev. Biochem. 2017, 86, 129-157. [CrossRef]
Panagopoulos, A.; Taraviras, S.; Nishitani, H.; Lygerou, Z. Crl4cdt2: Coupling genome stability to ubiquitination. Trends Cell Biol.
2020, 30, 290-302. [CrossRef] [PubMed]

Rao, F; Lin, H.; Su, Y. Cullin-RING Ligase Regulation by the COP9 Signalosome: Structural Mechanisms and New Physiologic
Players. Adv. Exp. Med. Biol. 2020, 1217, 47-60. [CrossRef] [PubMed]

Schwechheimer, C. The COP9 signalosome (CSN): An evolutionary conserved proteolysis regulator in eukaryotic development.
Biochim. Biophys. Acta 2004, 1695, 45-54. [CrossRef]

Kato, J.; Yoneda-Kato, N. Mammalian COP9 signalosome. Gernes Cells 2009, 14, 1209-1225. [CrossRef]

Mirsanaye, A.S.; Typas, D.; Mailand, N. Ubiquitylation at stressed replication forks: Mechanisms and functions. Trends Cell Biol.
2021, 31, 584-597. [CrossRef] [PubMed]

Verver, D.E.; Hwang, G.H.; Jordan, PW.; Hamer, G. Resolving complex chromosome structures during meiosis: Versatile
deployment of Smc5/6. Chromosoma 2016, 125, 15-27. [CrossRef]

De Piccoli, G.; Torres-Rosell, J.; Aragoén, L. The unnamed complex: What do we know about Smc5-Smc6? Chromosome Res. 2009,
17,251-263. [CrossRef]

van der Crabben, S.N.; Hennus, M.P.; McGregor, G.A; Ritter, D.I.; Nagamani, S.C.S.; Wells, O.S.; Harakalova, M.; Chinn, LK.; Alt,
A.; Vondrova, L.; et al. Destabilized SMC5/6 complex leads to chromosome breakage syndrome with severe lung disease. J. Clin.
Investig. 2016, 126, 2881-2892. [CrossRef]

Payne, F,; Colnaghi, R.; Rocha, N.; Seth, A.; Harris, J.; Carpenter, G.; Bottomley, W.E.; Wheeler, E.; Wong, S.; Saudek, V.; et al.
Hypomorphism in human NSMCE2 linked to primordial dwarfism and insulin resistance. . Clin. Investig. 2014, 124, 4028-4038.
[CrossRef]

Grange, L.J.; Reynolds, ].J.; Ullah, E; Isidor, B.; Shearer, R.F; Latypova, X.; Baxley, R.M.; Oliver, A.W.; Ganesh, A.; Cooke, S.L.;
et al. Pathogenic variants in SLF2 and SMC5 cause segmented chromosomes and mosaic variegated hyperploidy. Nat. Commun.
2022, 13, 6664. [CrossRef] [PubMed]

Zhu, W,; Shi, Y.; Zhang, C.; Peng, Y.; Wan, Y.; Xu, Y.; Liu, X.; Han, B.; Zhao, S.; Kuang, Y,; et al. In-frame deletion of SMCS5 related
with the phenotype of primordial dwarfism, chromosomal instability and insulin resistance. Clin. Transl. Med. 2023, 13, e1007.
[CrossRef] [PubMed]

Hu, J.; Lieb, J.D.; Sancar, A.; Adar, S. Cisplatin DNA damage and repair maps of the human genome at single-nucleotide
resolution. Proc. Natl. Acad. Sci. USA 2016, 113, 11507-11512. [CrossRef] [PubMed]

Tan, W.; van Twest, S.; Leis, A.; Bythell-Douglas, R.; Murphy, V.J.; Sharp, M.; Parker, M.W.; Crismani, W.; Deans, A.]. Monoubiqui-
tination by the human Fanconi anemia core complex clamps FANCI:FANCD2 on DNA in filamentous arrays. Elife 2020, 9, e54128.
[CrossRef]

Zeng, M.; Ren, L.; Mizuno, K; Nestoras, K.; Wang, H.; Tang, Z.; Guo, L.; Kong, D.; Hu, Q.; He, Q.; et al. CRL4(Wdr70) regulates
H2B monoubiquitination and facilitates Exol-dependent resection. Nat. Commun. 2016, 7, 11364. [CrossRef] [PubMed]

Réschle, M.; Smeenk, G.; Hansen, R.K,; Temu, T.; Oka, Y.; Hein, M.Y.; Nagaraj, N.; Long, D.T.; Walter, ].C.; Hofmann, K; et al. DNA
repair. Proteomics reveals dynamic assembly of repair complexes during bypass of DNA cross-links. Science 2015, 348, 1253671.
[CrossRef]


https://doi.org/10.1016/j.celrep.2022.110411
https://www.ncbi.nlm.nih.gov/pubmed/35263599
https://doi.org/10.1128/JVI.00356-18
https://www.ncbi.nlm.nih.gov/pubmed/29848583
https://doi.org/10.1016/j.chom.2021.03.001
https://www.ncbi.nlm.nih.gov/pubmed/33811831
https://doi.org/10.1371/journal.ppat.1010744
https://doi.org/10.1038/ncb1061
https://doi.org/10.1126/science.1093549
https://www.ncbi.nlm.nih.gov/pubmed/14739464
https://doi.org/10.1038/ncb1172
https://www.ncbi.nlm.nih.gov/pubmed/15448697
https://doi.org/10.1016/j.cell.2005.02.035
https://doi.org/10.1016/j.molcel.2006.08.010
https://doi.org/10.4161/cc.7.3.5267
https://doi.org/10.1146/annurev-biochem-060815-014922
https://doi.org/10.1016/j.tcb.2020.01.005
https://www.ncbi.nlm.nih.gov/pubmed/32044173
https://doi.org/10.1007/978-981-15-1025-0_4
https://www.ncbi.nlm.nih.gov/pubmed/31898221
https://doi.org/10.1016/j.bbamcr.2004.09.023
https://doi.org/10.1111/j.1365-2443.2009.01349.x
https://doi.org/10.1016/j.tcb.2021.01.008
https://www.ncbi.nlm.nih.gov/pubmed/33612353
https://doi.org/10.1007/s00412-015-0518-9
https://doi.org/10.1007/s10577-008-9016-8
https://doi.org/10.1172/JCI82890
https://doi.org/10.1172/JCI73264
https://doi.org/10.1038/s41467-022-34349-8
https://www.ncbi.nlm.nih.gov/pubmed/36333305
https://doi.org/10.1002/ctm2.1007
https://www.ncbi.nlm.nih.gov/pubmed/36627765
https://doi.org/10.1073/pnas.1614430113
https://www.ncbi.nlm.nih.gov/pubmed/27688757
https://doi.org/10.7554/eLife.54128
https://doi.org/10.1038/ncomms11364
https://www.ncbi.nlm.nih.gov/pubmed/27098497
https://doi.org/10.1126/science.1253671

Int. J. Mol. Sci. 2024, 25, 952 25 of 25

127.

128.

129.

130.
131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Meir, M,; Galanty, Y.; Kashani, L.; Blank, M.; Khosravi, R.; Ferndndez-Avila, M.].; Cruz-Garcia, A.; Star, A.; Shochot, L.; Thomas,
Y.; et al. The COP9 signalosome is vital for timely repair of DNA double-strand breaks. Nucleic Acids Res. 2015, 43, 4517-4530.
[CrossRef] [PubMed]

Rickman, K.; Smogorzewska, A. Advances in understanding DNA processing and protection at stalled replication forks. . Cell
Biol. 2019, 218, 1096-1107. [CrossRef]

Pradhan, B.; Kanno, T.; Umeda Igarashi, M.; Loke, M.S.; Baaske, M.D.; Wong, ].S.K.; Jeppsson, K.; Bjorkegren, C.; Kim, E. The
Smc5/6 complex is a DNA loop-extruding motor. Nature 2023, 616, 843-848. [CrossRef]

Taschner, M.; Gruber, S. DNA segment capture by Smc5/6 holocomplexes. Nat. Struct. Mol. Biol. 2023, 30, 619-628. [CrossRef]
Peng, X.P.; Zhao, X. The multi-functional Smc5/6 complex in genome protection and disease. Nat. Struct. Mol. Biol. 2023, 30,
724-734. [CrossRef] [PubMed]

Solé-Soler, R.; Torres-Rosell, J. Smc5/6, an atypical SMC complex with two RING-type subunits. Biochem. Soc. Trans. 2020, 48,
2159-2171. [CrossRef]

Mosadeghi, R.; Reichermeier, K.M.; Winkler, M.; Schreiber, A.; Reitsma, ].M.; Zhang, Y.; Stengel, E.; Cao, J.; Kim, M.; Sweredoski,
M.J.; et al. Structural and kinetic analysis of the COP9-Signalosome activation and the cullin-RING ubiquitin ligase deneddylation
cycle. eLife 2016, 5, €12102. [CrossRef] [PubMed]

Palecek, J.J.; Gruber, S. Kite proteins: A superfamily of smc/kleisin partners conserved across bacteria, archaea, and eukaryotes.
Structure 2015, 23, 2183-2190. [CrossRef] [PubMed]

Hallett, S.T.; Campbell Harry, L.; Schellenberger, P.; Zhou, L.; Cronin, N.B.; Baxter, J.; Etheridge, T.].; Murray, ] M.; Oliver, A.-W.
Cryo-EM structure of the Smc5/6 holo-complex. Nucleic Acids Res. 2022, 50, 9505-9520. [CrossRef] [PubMed]

Pryzhkova, M.V; Jordan, PW. Conditional mutation of Smc5 in mouse embryonic stem cells perturbs condensin localization and
mitotic progression. . Cell Sci. 2016, 129, 1619-1634. [CrossRef]

Huang, J.; Liu, S.; Bellani, M. A.; Thazhathveetil, A K.; Ling, C.; de Winter, ].P.; Wang, Y.; Wang, W.; Seidman, M.M. The DNA
translocase FANCM /MHF promotes replication traverse of DNA interstrand crosslinks. Mol. Cell 2013, 52, 434-446. [CrossRef]
Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to Image]: 25 years of image analysis. Nat. Methods 2012, 9, 671-675.
[CrossRef]

Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676—682. [CrossRef]

Ohgane, K.; Yoshioka, H. Quantification of Gel Bands by an Image ] Macro, Band /Peak Quantification Tool V1. 2019. Available
online: https://doi.org/10.17504 / protocols.io.7vghn3w (accessed on 25 October 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/nar/gkv270
https://www.ncbi.nlm.nih.gov/pubmed/25855810
https://doi.org/10.1083/jcb.201809012
https://doi.org/10.1038/s41586-023-05963-3
https://doi.org/10.1038/s41594-023-00956-2
https://doi.org/10.1038/s41594-023-01015-6
https://www.ncbi.nlm.nih.gov/pubmed/37336994
https://doi.org/10.1042/BST20200389
https://doi.org/10.7554/eLife.12102
https://www.ncbi.nlm.nih.gov/pubmed/27031283
https://doi.org/10.1016/j.str.2015.10.004
https://www.ncbi.nlm.nih.gov/pubmed/26585514
https://doi.org/10.1093/nar/gkac692
https://www.ncbi.nlm.nih.gov/pubmed/35993814
https://doi.org/10.1242/jcs.179036
https://doi.org/10.1016/j.molcel.2013.09.021
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.17504/protocols.io.7vghn3w

	Introduction 
	Results 
	SMC5/6 Is Required for Replication Fork Restart following Exogenous Replication Blockade 
	SMC5/6 Promotes Localization of Fork Protection Factors to Stalled Replication Forks 
	Loss of SMC5/6 Leads to MRE11-Dependent Replication Fork Destabilization 
	Loss of SMC5/6 Causes More Severe Fork Restart Defect Than Inhibition of BLM Helicase 
	SMC5/6 Depletion Leads to Nuclear Accumulation of CSN Components and CSN- and CRL4-Dependent Replication Fork Destabilization 
	SMC5/6 and CRL4 Prevent MRE11-Dependent Replication Fork Instability 
	SMC5/6 Promotes Localization of Fork Protection Factors to Stalled Replication Forks by Negatively Modulating CSN 

	Discussion 
	SMC5/6 Promotes Replication Fork Stability and Restart 
	SMC5/6 Promotes the Functions of 53BP1 and the FA Pathway at Stalled Replication Forks 
	SMC5/6 Mediates Replication Fork Protection and Stability by Negative Regulation of CSN 

	Materials and Methods 
	mESC Culture 
	DNA Fiber Assay 
	mESC Immunocytochemistry 
	Western Blot Analysis 
	Microscopy 
	Image Data Quantification 
	Statistical Analysis 

	References

