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SUMMARY

Eukaryotic replisomes are driven by the mini chromosome maintenance (MCM [M]) helicase
complex, an offset ring locked around the template for leading strand synthesis by CDC45 (C) and
GINS (G) proteins. Although the CDC45 MCM GINS (CMG) structure implies that interstrand
crosslinks (ICLs) are absolute blocks to replisomes, recent studies indicate that cells can restart
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DNA synthesis on the side of the ICL distal to the initial encounter. Here, we report that restart
requires ATR and is promoted by FANCD2 and phosphorylated FANCM. Following introduction
of genomic ICLs and dependent on ATR and FANCD2 but not on the Fanconi anemia core
proteins or FAAP24, FANCM binds the replisome complex, with concomitant release of the GINS
proteins. /n situ analysis of replisomes proximal to ICLs confirms the ATR-dependent release of
GINS proteins while CDC45 is retained on the remodeled replisome. The results demonstrate the
plasticity of CMG composition in response to replication stress.
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In Brief

Replication of the mammalian genome is driven by the replisome complex, which unwinds DNA
and must overcome many impediments. Huang et al. find that the encounter of the CMG with a
strong block triggers a change in replisome composition that is important for restart of replication
past the obstruction.

INTRODUCTION

Replication stress is provoked by numerous impediments to the replisome, including
covalent DNA lesions, DNA protein complexes, alternate DNA structures, breaks, and
insufficient precursor nucleotides. Among the most potent blocks to replication are
interstrand crosslinks (ICLs). They are formed by highly toxic cancer chemotherapy drugs
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and DNA reactive compounds generated during normal cellular metabolism, including lipid
peroxidation products (Niedernhofer et al., 2003), aldehydes (Pontel et al., 2015), and abasic
sites (Price et al., 2017). ICLs are of additional interest because of the hyper-sensitivity to
them of cells from patients with Fanconi anemia (FA). The FA proteins are involved in ICL
repair, homologous recombination, mitochondrial function, and the regulation of
inflammatory pathways (Brosh et al., 2017; Mamrak et al., 2017; Sumpter and Levine,
2017). The FA core complex ubiquitinates FANCD2 and FANCI, which contribute to ICL
repair and genome stability pathways. Other FA proteins also support genome integrity. For
example, the translocase FANCM (Meetei et al., 2005), although recently disqualified as a
true FA protein (Bogliolo et al., 2018; Catucci et al., 2018), is important for resistance to
replication stress and is implicated in DNA, including ICL, repair (Blackford et al., 2012;
Kelsall et al., 2012; Pan et al., 2017; Wang et al., 2013).

ICLs are absolute blocks to unwinding of the double helix and, consequently, have always
been considered absolute blocks to replication (Marmur and Grossman, 1961). This
traditional view is consistent with the structure of the CDC45 MCM GINS (CMG)
replisome. It is composed of the hetero-hexamer mini chromo-some maintenance (MCM)
complex, which forms an offset ring that encircles duplex DNA when loaded in G, phase
cells (Bochman and Schwacha, 2009; Li et al., 2015). The complexes are activated in S
phase and, by a poorly understood conformational transition, are locked around the single-
strand template for leading-strand synthesis by the binding of CDC45 and the GINS proteins
(SLD5, PSF1, PSF2, and PSF3) (Costa et al., 2011; Georgescu et al., 2017; O’Donnell and
Li, 2018; Yeeles et al., 2015). The closed structure implies that an ICL would block forward
movement of the CMG. Although the composition and structure of the CMG have been the
focus of intense biochemical research, the consequences of DNA damage to that structure /in
vivo have received much less attention.

The repair events that follow the encounter of replication forks with ICLs have been
elucidated by the very influential work from the Walter laboratory (Knipscheer et al., 2012;
Raschle et al., 2008). They report collisions of replication forks on both sides of an ICL
carried on a plasmid replicating in a Xenopus egg extract. In their scheme, the structure
formed by the dual fork collisions is the substrate for subsequent repair of the ICL (Zhang et
al., 2015). CMG removal and fork remodeling allow access to repair enzymes, including the
SLX4 nuclease platform, the XPF/ERCC1 incision endonuclease, and, for some ICLs, the
NEIL3 glycosylase (Amunugama et al., 2018) (Fullbright et al., 2016; Klein Douwel et al.,
2014; Long et al., 2014; Semlow et al., 2016; Yang et al., 2017).

The experimental system based on Xenopus egg extracts affords a detailed view of the
molecular events following dual replication fork collisions with plasmid-borne ICLs.
However, it does not address questions about replication in the vicinity of genomic ICLs in
living mammalian cells, in which origins are widely separated. Thus, we developed an
experimental strategy based on visualization of antigen-tagged ICLs in the vicinity of
replication tracts on DNA fibers (Huang et al., 2013). As expected, we found evidence for
both single- and double-fork collisions with ICLs. However, the most common pattern was
consistent with the resumption of DNA synthesis on the distal side of the ICL, moving in the
same direction as before the collision. Although unexpected, these observations have been
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recently confirmed and extended by the Lopes group (Mutreja et al., 2018). We found that
the translocase activity of FANCM was required for a major fraction of the “replication
traverse” patterns (Figures 1A and 1B). Proteins shown to be partners of FANCM, such as
MHF (Huang et al., 2013), BLM (Ling et al., 2016), and PCNA (Rohleder et al., 2016), were
also important.

Although early, and more recent, data demonstrate the resilience of the replication
machinery in the face of blocks (Rupp and Howard-Flanders, 1968; Yeeles and Marians,
2011; Taylor and Yeeles, 2018), it is challenging to reconcile the locked structure of the
CMG with the high frequency of the traverse patterns. Consequently, we have examined the
composition of replisomes proximal to ICLs during replication. We find that although
CDC45 persists, there is a FANCM-, FANCD2-, and ATR-dependent absence of GINS
proteins in ICL proximal replisomes.

Phosphorylation of FANCM by ATR Is Required for Replication Traverse of ICLs

Replication stress activates the ATR kinase, which phosphorylates FANCM and members of
the MCM complex (Andreassen et al., 2004; Cortez et al., 2004; Matsuoka et al., 2007;
Singh et al., 2013; Sobeck et al., 2009). We asked if knock down of ATR would influence
replication fork encounters with ICLs. The results were striking; in the absence of ATR,
traverse frequency was reduced to a few percent (Figure 1C). There was a corresponding
increase in the frequency of stalled single forks, whereas dual fork collisions were
unaffected. As expected, there was a small increase in the frequency of ICL encounters with
forks resulting from the activation of dormant origins (Ge et al., 2007) (Figure 1A, iii). We
obtained the same results when cells were exposed to an inhibitor of ATR, VE-821 (Figure
S1A). ATR interacting protein (ATRIP) is an essential partner of ATR, and suppression of
this protein also sharply reduced traverse frequency (Figure 1D).

ATR deficiency had no effect on the replication patterns in the vicinity of angelicin, a
psoralen analog that forms only monoadducts (Figures 1E and S1B). These results clearly
distinguished replication fork encounters with the trimethylpsoralen (TMP) adducts versus
single-strand adducts. The implication that the ICLs were intact at the time of the fork
encounter is supported by our observation of traverse patterns in cells deficient in the
ERCC1/XPF ICL repair pathway (Huang et al., 2013) and the NEIL3 repair pathway
(Semlow et al., 2016) (Figure S1C). Furthermore, although replication restart of the
crosslinked template strands only takes a few minutes (Huang et al., 2013), un-hooking of
the population of ICLs after replication fork collisions occurs over several hours (Figures
S1D and S1E). Consequently, the restart patterns cannot be explained by replication past the
single-strand remnant of an unhooked ICL.

FANCM is phosphorylated on multiple sites by ATR (Sobeck et al., 2009). Among them,
serine 1045 phosphorylation has been shown to be important for recruitment to ICLs (Singh
etal., 2013). We expressed FANCM or the phospho-resistant mutant of FANCM (S1045A)
in FANCM knockout cells. The frequency of traverse in cells expressing the mutant FANCM
was reduced to levels similar to those observed in FANCM-deficient cells (Figure 1F),
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demonstrating that phosphorylation of FANCM on S1045 by ATR is required for FANCM’s
role in replication traverse of genomic ICLs.

The CDCY7 kinase can phosphorylate MCM2 at some of the same sites as ATR (Charych et
al., 2008), including at S108 (Figure S1F). We examined the relevance of this kinase on
traverse frequencies by performing the assay in cells treated with CDC7-specific inhibitors
PHA-767491 (Huang et al., 2013) or XL413 (Figure S1G). Neither inhibitor affected the
pattern distribution. We concluded that ATR, not CDC7, was the key kinase controlling
replication traverse.

FANCM Interacts with the MCM Complex

FANCM is known to associate with many proteins involved in various functions in support
of genome stability (Blackford et al., 2012; Collis and Boulton, 2010; Deans and West,
2009; Gari et al., 2008). Given the importance of FANCM to replication restart past the
ICLs, we asked if the list of interactors would extend to the MCM proteins. Cells were
transfected with a plasmid encoding a FLAG-FANCM fusion protein, exposed to TMP/UVA
and incubated for 1 h in the presence or absence of the ATR inhibitor VE821. Chromatin
extracts were prepared and immunoprecipitated with an antibody against FLAG. The level of
chromatin-associated FANCM was increased in the TMP/UVA-treated sample, consistent
with previous reports (Kim et al., 2008). Western analysis of the immunoprecipitate
demonstrated the presence of MCM2 and phosphorylated MCM2 (at S108) in the sample.
MCMS5, another member of the helicase complex, was also present. The appearance of these
proteins in the immunoprecipitate (IP) was dependent on TMP/UVA and was abolished by
incubation of the cells with the ATR inhibitor (Figure 2A). Treatment of the cell extracts
with phosphatase prior to incubation with the antibody eliminated the MCM proteins in the
IP. Thus, the association of the MCM proteins with FANCM required phosphorylation
(Figure 2B).

To examine the interaction of FANCM and the MCM complex at the level of individual
cells, we applied the proximity ligation assay (PLA), which reports the close association of
proteins in cells (Soderberg et al., 2008). The PLA between MCM2 and FLAG-FANCM was
performed in cells exposed to UVA only, cells exposed either to TMP/UVA, or TMP/UVA in
the presence of the ATR inhibitor. The frequency of PLA signals in nuclei from UVA-only
treated cells was quite low, was greatly increased by TMP/UVA treatment, and returned to
control levels when the ATR inhibitor was included (Figures 2C and 2D). The same results
were obtained with the endogenous FANCM as one of the partners of the PLA, indicating
that the FLAG tag did not influence the behavior of FANCM (Figures S2A and S2B).

The Translocase Activity of FANCM Is Not Required for the MCM Interaction

The translocase activity of FANCM is ablated by the K117R mutation, which inactivates the
ATPase (Meetei et al., 2005). In a coimmunoprecipitation (colP) experiment, FLAG-
FANCMK117R associated with the MCM proteins, including pMCM2S108, in an ATR-
dependent manner, indicating that the translocase activity was not necessary for the
interaction (Figure 2E). However, FANCM knockout cells expressing the K117R variant
showed reduced traverse frequencies (Figure 2F). This result is consistent with our prior

Cell Rep. Author manuscript; available in PMC 2019 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Huang et al.

Page 6

report that cells expressing a different translocase mutant (FANCMD203A) had lowered
traverse frequencies, comparable to those observed in FANCM knockout cells (Huang et al.,
2013).

FANCM interacts with the FA core proteins, in support of FANCD2 monoubiquitylation
(Xue et al., 2008). Previously, we found that the FA core proteins were not required for the
traverse pathway (Huang et al., 2013). It was of interest to assess the relevance of FAAP24,
another protein associated with FANCM, and the core complex. It is implicated in ICL
repair and checkpoint responses (Ciccia et al., 2007; Collis et al., 2008; Horejsi et al., 2009;
Huang et al., 2010; Wang et al., 2013). However, the frequency of traverse patterns was not
affected by knock down of FAAP24 (Figure S2C). These results indicated that the
transactions engaged by FANCM/FAAP24 are distinct from the traverse pathway.

Altogether, these results demonstrate that in cells treated with TMP/UVA, ATR is required
for the interaction of FANCM with the MCM proteins. Although the translocase activity of
FANCM is important for the traverse patterns, it is not required for the association with the
MCM complex.

The Association of FANCM with the MCM Proteins Is FANCD2 Dependent

FANCD2 and FANCI associate with the MCM proteins in a FA-core-protein-independent
response to replication stress (Los-saint et al., 2013). Although our previous experiments
showed that ubiquitination of FANCD2 was not required for traverse, they did not address a
role for the non-ubiquitinated form (Huang et al., 2013). When we examined the replication
patterns in PD20 cells with very little expression of FANCD?2 (Figure 3A) but expression of
FANCM similar to that in FANCD?2 positive cells (Figure S3A), we found a reduction in
traverse frequency, equivalent to that observed in FANCM-deficient cells. Similar results
were obtained with HelL a cells with CRISPR/Cas9-mediated knock out of FANCDZ (Figure
S3B). The wild-type level of traverse events was restored in cells expressing the
ubiquitination-resistant mutant form of FANCD2 (K561R) (Figure 3A), directly
demonstrating the absence of a requirement for ubiquitination.

In order to examine the influence of FANCD2 on the association of FANCM and the MCM
proteins, we expressed FLAG-FANCM in PD20 cells or PD20 cells complemented with
wild-type FANCD2. In the colP in PD20 cells, FLAG-FANCM failed to bring down the
MCM proteins, whereas in the complemented cells they were recovered (Figure 3B).
Similarly, the PLA between FLAG-FANCM and MCM2 was negative in the PD20 cells and
positive in the complemented cells (Figures 3C and 3D). These experiments demonstrated
that the association of FANCM with the MCM complex was dependent on FANCD?2, as well
as ATR (see below Figure 4G).

FANCD2 has been shown to bind the MCM complex following replication stress (Lossaint
et al., 2013). The observation that FANCD2 was required for the interaction of FANCM and
the MCM complex raised the possibility that FANCD2 and FANCM were associated with
the same complex. To consider this, we exposed cells expressing FLAG FANCM to TMP/
UVA, isolated chromatin, and performed IP against either the tagged FANCM or FANCD?2.
FANCM was present in the IP against FANCD2, whereas FANCD2 was present in the IP
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against FLAG FANCM. This argued that FANCD2 and FANCM were on a complex defined
by colP (Figure 3E).

FANCI associates with FANCD2, and these two proteins have joint as well as distinct roles
in response to replication stress (Castella et al., 2015; Sareen et al., 2012; Thompson et al.,
2017). We asked if FANCI deficiency would influence the frequency of traverse patterns.
The same decline in traverse frequency was observed with FANCDZ and FANC/ single
knockout cells (confirming the results with PD20 cells). Similar results were obtained with
FANCDZI FANC/ double knockout cells, indicating that the influence of these proteins on
traverse reflects involvement in a common pathway (Figure S3B).

FANCD?2 interacts with and/or cooperates with multiple proteins in ICL repair and the
response to replication stress. These include the homologous recombination (HR) proteins
BRCAL1/2 in the protection of stalled forks (Schlacher et al., 2012; Tacconi et al., 2017), the
nuclease platform SLX4, and the incision nuclease ERCC1/XPF (Bhagwat et al., 2009;
Klein Douwel et al., 2014; Yamamoto et al., 2011). We examined the influence of
deficiencies in each of these genes on the frequency of traverse patterns. Traverse
frequencies were unaffected by knock out of £RCCI (Huang et al., 2013), BRCAZ, or
BRCA1 or knock down of SLX4 (Figures S3C, S3D, and S3E). These results distinguished
the role of FANCD?2 in traverse from its functions in ICL repair and protection of nascent
DNA at stalled forks.

Finally, we performed the traverse assay in cells in which the expression of both FANCM
and FANCD?2 was suppressed. There was no further reduction in traverse frequency in the
double, relative to the single, knockdown cells (Figure 3F). We concluded that FANCDZ2 and
FANCM were epistatic with respect to their contribution to traverse of the ICLs.

The results of these experiments demonstrated the requirement of FANCD2 for the FANCM
interaction with the MCM complex and explained the contribution of FANCD2 to the
traverse patterns.

FANCM Association with MCM Proteins Is Coincident with the Release of GINS

We asked if treatment of cells with TMP/UVA would influence the composition of the
CMG. After exposure to TMP/UVA, chromatin extracts were prepared and subjected to IP
against MCM2 or pMCM2S108. FANCM, PSF1, and CDCA45 appeared in the colP against
MCMZ2, the majority of which would not have encountered an ICL (the fiber analyses
indicate that during the labeling period less than 10% of replication forks encounter an ICL).
CDC45 was present when pMCM2S108 was the target of the IP. On the other hand, the
GINS protein PSF1 was almost completely eliminated (Figure 4A). We repeated the analysis
with FANCM as the target of the IP. pMCM2S108, MCM proteins, and CDC45 were
recovered, but PSF1 was again absent (Figure 4B).

To determine the influence of the association of FANCM with the MCM complex on the
components of the replisome, the colP analysis was performed on chromatin proteins from
FANCM knockout cells treated with TMP/UVA.. The target of the IP was pMCM2S108.
While CDC45 was in both samples, the GINS proteins were in the IP from FANCM ~/~
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cells, but, as before, not in the IP from the FANCM *'* cells (Figure 4C). The interaction
between FANCM and the GINS complex was further examined by PLA. Although both the
wild-type and the translocase dead FANCM (K117R) were positive in the assay with
pMCM2S108, neither were positive with PSF1 (Figures 4D, 4E, and 4F). The latter
observation was further supported by an IP analysis with the translocase dead FLAG-KR117
variant of FANCM as the target. The MCM and CDC45 proteins were recovered but the
GINS protein PSF1 was not (Figure S4A). Thus, the interaction of FANCM with the MCM
proteins, regardless of translocase activity, was incompatible with the association of the
GINS with the replisome.

Phosphorylation of FANCM Is Required for Association with the MCM Proteins

The requirement for phosphorylation of FANCM and the interaction with the MCM complex
were examined by expressing the S1045A variant of FANCM in FANCM knockout cells and
examining the composition of the MCM complex defined by pMCM2S108. PSF1 was not
recovered in the IP against pMCM2S108 from cells expressing the wild-type FANCM. As
expected, the wild-type FANCM was associated with the complex. However, in the IP from
cells expressing FANCMS1045A, PSF1 was present, whereas the FANCM variant was not
(Figure S4B). These results demonstrated the requirement for phosphorylation of FANCM at
S1045 for the interaction with the MCM complex and the concomitant loss of the GINS
proteins. We also performed PLA between FANCMS1045A and PSF1, pMCM2, and
CDC45, with negative results (Figure S4C).

In the light of the requirement for FANCMS1045 phosphorylation, we examined the
importance of phosphorylation of MCM2 on the ATR substrate site S108. A phospho-
resistant variant of MCM2 (S108A) was expressed in cells in which the levels of wild-type
MCM2 were suppressed by treatment with small interfering RNA (siRNA) (see Huang et al.,
2013). Cells were exposed to Dig-TMP/UVA and the distribution of replication patterns
determined. There was a reduction in traverse frequency (Figures S4D and S4E), although
not as pronounced as in cells expressing FANCMS1045A (Figure 1F). This indicated that
although phosphorylation of MCM2 on S108 contributed to replication restart past the ICL,
it was not as important as phosphorylation on FANCMS1045. In keeping with these results,
the PLA between FANCM and the MCM2S108A variant was readily detected although
reduced compared to the PLA between the two wild-type proteins (Figure S4F).

The Release of the GINS Proteins Is Dependent on FANCD2

We also asked if FANCD2 would influence the composition of the CMG-containing
pMCM2S108. FANCDZ2 knockout cells or those cells expressing wild-type FANCD2 were
exposed to TMP/UVA, chromatin was prepared, and IP was performed with pMCM2S108 as
the target. FANCM was not recovered in the absence of FANCD2. However, consistent with
the results with the FANCM knockout cells, both CDC45 and PSF1 were present in the IP
from the FANCDZ knockout cells (Figure 4G).

The results of all these experiments demonstrated that, following exposure of cells to TMP/
UVA, there was a FANCM/FANCD2-dependent absence of GINS proteins from replisomes
associating with FANCM. Phosphorylation of FANCM on S1045 was essential for the
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interaction of FANCM with the MCM complex, while phosphorylation of MCM2 on S108
made a partial contribution to traverse frequencies and the interaction with FANCM.

ATR Regulates the Composition of ICL Proximal Replisomes

The preceding experiments could not show the proximity of proteins of interest and the
ICLs. We addressed this by PLA between relevant proteins and the Dig tag on the ICLs.
Cells were treated with UVA only, TMP/UVA, or Dig-TMP/UVA. After a 1-h incubation to
allow replication forks to approach the ICLs, they were fixed and PLA between Dig and
FANCM performed (Figures 5A and 5B). Positive signals were observed, whereas the
controls (UVA only and TMP/UVA) were negative. However, as anticipated, we did not
recover signals in the PLA between the Dig tag and the S1045 variant of FANCM, resistant
to ATR phosphorylation (Figure S5A). The PLA between MCM2 and Dig was positive, and
signal frequency increased in the absence of ATR activity (Figures 5C and 5D). These
results were consistent with those of the fiber assays in which the frequency of stalled
replisomes in the vicinity of ICLs was increased in the absence of ATR (Figure 1C). We also
applied the PLA to the interaction between pMCM2S108 and the Dig tag. As expected, the
signal was abolished by treatment with an ATR inhibitor (Figures 5E and 5D).

The PLA experiments could be interpreted as reflecting replication-dependent proximity of
the CMG with ICLs. As an alternative explanation, we considered the possibility that the
positive PLA between pMCM2 and the Dig tag represented an involvement of this protein in
the DNA damage response to the ICL, unrelated to replication. As a test, we introduced laser
localized ICLs (Muniandy et al., 2009) into nuclei of live cells and then scored for the
appearance of pMCMZ2 in the ICL stripes (Figure S5B). For comparison, we also monitored
the presence of a protein associated with the replisome, CAF1 (Gérard et al., 2006), which
also participates in the DNA damage response (DDR) (Figure S5C). CAF1 was readily
detected, but there was either no appearance of pMCM2 or, in a few cells, a barely
detectable signal. These results argued against the positive PLA between the ICLs and
pPMCM2 as the result of a DDR-like recruitment of the MCM proteins.

In another test of the interpretation of the pMCM2S108: ICL PLA, we monitored the time
course of the interactions. Previous experiments demonstrated that replication fork
encounters with ICLs reached a plateau after about an hour following exposure to Dig-
TMP/UVA (Huang et al., 2013). The pMCM2S108: ICL PLA showed similar plateau
Kinetics, consistent with the time course of replisome encounters (Figures 5F and 5G).

As an additional control experiment, we identified the cell cycle status of individual cells in
the PLA between pMCM2S108 and the Dig-tagged ICLs by PCNA staining. Because there
could be no replication fork collisions with an ICL in G; phase cells, these provided an
assessment of non-specific-related signals. The results showed a strongly enhanced signal in
S phase cells as compared to G1 phase (Figures S5D and S5E).

The conclusion of these experiments was that during S phase there was an increase in the
frequency of lesion proximal replisomes as a function of time after introduction of the ICLs.
The frequency was further increased by inhibition of ATR, in agreement with an

Cell Rep. Author manuscript; available in PMC 2019 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Huang et al. Page 10

accumulation of single forks stalled at ICLs in cells in which ATR activity was suppressed
(Figures 1C and S1A).

The Release of GINS from ICL Proximal Replisomes Is Dependent on ATR and FANCM

The PLA analyses were extended to the interaction between CDC45 and the ICLs.
Treatment of cells with the ATR inhibitor increased the signal frequency relative to untreated
controls (Figures 6A and 6B). This, like the results with the MCM2: ICL PLA, was
consistent with the presence of CDC45 on replisomes proximal to ICLs, the frequency of
which was increased by inhibition of ATR.

We then examined the interaction of the GINS complex with the ICLs. The PLA between
PSF1 and Dig was very low, in both G; and S phase cells (Figures S6A and S6B). However,
consistent with the IP experiments (Figure 4C), the PLA between PSF1 and the ICLs rose in
FANCM-deficient cells (Figures 6C and 6D). PLA between Dig and either CDC45 or PSF1
was performed in FANCM knockout cells expressing either wild-type FANCM or the
K117R translocase inactive form. There was an increased Dig: CDC45 signal in the cells
expressing K117R relative to those expressing the wild-type (Figures S6C and S6D). This
was consistent with an accumulation, in the vicinity of ICLs, of replisomes associated with
the FANCM K117R variant. On the other hand, there was no PLA between Dig and PSF in
either the cells expressing the wild-type FANCM or the K117R version (Figures S6E and
S6F).

Finally, we determined the influence of ATR inhibition on the PLA between the ICLs and
three of the GINS proteins, namely, PSF1, PSF2, and PSF3. In control cells, the signals were
very low but showed a striking enhancement in the presence of the ATR inhibitor (Figures
6E—6H). These results were in accord with the scenario in which the inhibition of ATR
resulted in an increase, in the vicinity of ICLs, of replisomes that retained the GINS
proteins.

DISCUSSION

ICLs were discovered several decades ago (Geiduschek, 1961; Marmur and Grossman,
1961) and ever since have been regarded as impassable blocks to any DNA pathway that
requires unwinding. This perception would appear to be reinforced by the recent structural
analyses of the eukaryotic replisome (Costa et al., 2011; Coster and Diffley, 2017; Li and
O’Donnell, 2018; Zhai and Tye, 2017). Consequently, our observation of DNA synthesis
proceeding in the same direction as a replication fork, but distal to the side of an ICL
encountered by that replication fork, was unexpected in light of the topological constraints
of the CMG. Thus, we addressed the possibility that the composition of the CMG complex
might be modulated by proximity to an ICL. As we have previously shown the relevance of
FANCM (Huang et al., 2013; Rohleder et al., 2016), it was of interest to ask if there was an
association between it and the CMG complex. We found an interaction following exposure
of the cells to TMP/UVA (it should be noted that this did not occur with exposure to UVA
alone). The FANCM association with the MCM complex was dependent on FANCD2,
which has been shown to bind MCM proteins after replication stress. This interaction is
reduced by inhibition of ATR (Lossaint et al., 2013). Our observations are consistent with
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those reported by the Constantinou group and argue that FANCD?2 is important for the
engagement of FANCM with the MCM proteins. This is functionally reflected in the decline
in traverse frequency in FANCD2-deficient cells. On the other hand, FANCM associates
with FAAP24 and FA core proteins, and neither of these complexes is relevant to the traverse
patterns. Our results also indicate that FANCM is involved in two biochemically
distinguishable events. Binding of the replisome, dependent on phosphorylation by ATR,
does not require translocase activity. On the other hand, the contribution of FANCM to
replication restart is dependent on phosphorylation and the translocase function.

We also found that the ATR-dependent interaction of FANCM with the CMG complex is
accompanied by the continued association with CDC45 and the loss of the GINS proteins.
This finding is reminiscent of that reported by the Costanzo group following the replication
of chromatin in a Xenopus egg extract. They added S1 nuclease on the anticipation that
single-strand regions on the template for the lagging strand would be cleaved. They
demonstrated that RAD51 was required to maintain the integrity of the CMG complex.
When RADS51 binding to the S1-treated chromatin was blocked, they observed the absence
of the GINS proteins but the continued presence of CDC45 (Hashimoto et al., 2011). They
speculated that the collapse of the fork was followed by the loss of the GINS, perhaps
mediated by checkpoint kinases. Rebuilding of the fork by RAD51/HR would result in re-
association of the GINS proteins, reconstructing the CMG complex. Our observations differ
from those of Hashimoto et al., (2011) in that we found no requirement for HR functions
BRCAL/2 for the traverse patterns. However, the loss of the GINS proteins under two quite
different conditions of replication stress, in both live human cells and Xenopus egg extracts,
suggests that this may be a common occurrence when the CMG encounters the numerous
impediments that challenge successful replication of the genome. Furthermore, our
observation of a FANCM: “CM?” association implies a complexity of replisome composition,
in response to blocks, that extends beyond the requirements for unchallenged replication. We
note that our use of the PLA for assessing the proximity (or not) of proteins of interest to
ICLs could be extended to any DNA modification or structure for which there are detection
reagents (e.g., antibodies, binding proteins, and chemical tags).

A recent model of the CMG suggests that duplex DNA enters the complex, with separation
of the lagging strand template occurring within the complex and extrusion of the single
strand out the same port (Georgescu et al., 2017). If this model is correct, it has implications
for the events following the encounter of a single fork with an ICL. Duplex DNA containing
the ICL would enter the CMG and be recognized within the complex, presumably at the
point at which strand separation was blocked. This might be the signal for activation of ATR,
as it is unlikely that activation by lengthy stretches of single-strand DNA would be
applicable in this scenario (Saldivar et al., 2017). Inducing the ATR cascade would promote
the association of FANCM and the loss of the GINS proteins located on the surface of the
CMG. Alternative models in which the duplex strands are separated before entry into the
CMG are also compatible with this scheme (Abid Ali et al., 2016).

Traverse is not the only option available to a replisome stalled at an ICL. It might be
persistently blocked, possibly because of an unfilled requirement for an additional factor, or
an inactivating event that precludes restart of synthesis. The fork might reverse, replacing the
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ICL in duplex DNA, perhaps allowing for repair by pathways unrelated to the replication
fork (Williams et al., 2012; Zellweger et al., 2015; Amunugama et al., 2018; Mijic et al.,
2017). A single stalled fork can be joined by another fork from the other side of the ICL,
producing a dual fork collision. This would likely activate the ATR cascade again and trigger
the repair pathway described by the Walter group (Réschle et al., 2008). The relative
frequency of these choices will be a function of the concentrations or activity of relevant
factors in the competition for the stalled fork and will vary in different cells under different
conditions.

STARXMETHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, M. Seidman (seidmanm@grc.nia.nih.gov).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse embryo fibroblast (MEF) NEIL */* or =/~ (sex unknown, embryos were not assessed
for sex), MEF FANCM */* or = (male), HeLa (female), CHO (female), 293T (female), and
PD20 (male) cells were maintained in DMEM supplemented with 10% fetal calf serum, 100
U/mL penicillin, 100 pg/mL streptomycin sulfate. Chicken DT40 FANCD2Z'* and
FANCDZ !~ (female) cells were grown in RPMI-1640 medium supplemented with 10%
FBS, 1% chicken serum, in a 5% CO?2 incubator at 39.5°C. FANCDZ™'~, FANCI™~. and
FANCDZ!= FANCI!=, and FANCM!= cells were prepared by CRISPR/Cas9 knockout of
Hel a cells (female).

METHOD DETAILS

Co Immuno-Precipitation—For the FLAG tag pulldown experiments, 293T cells were
transfected with plasmids expressing FLAG-tagged proteins using the PolyJet DNA
Transfection Reagent (SignaGen Laboratories). Twenty four hours after transfection, the
cells were incubated with or without 1mM TMP for 30 min prior to UVA irradiation (3 J/
cm?). In some experiments, cells were also incubated with 0.5uM ATR inhibitor VE-821.
For the pulldown of endogenous phospho-MCM2S108, cells were treated with 1mM TMP/
UVA. All the cells were incubated for another 1hr after UVA irradiation, and then harvested
in cold PBS for chromatin extraction. To test the requirement for phosphorylation, extracts
were incubated for 60 min at 37°C with 1 unit of calf intestine alkaline phosphatase per g
of protein in 200 MM NaCl, 50 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 1 mM dithiothreitol.

Chromatin extraction—107 cells were washed with PBS twice and suspended in buffer A
(10 mM HEPES at pH 7.9, 10 mM KCI, 1.5 mM MgCI2, 0.34 M sucrose, 10% glycerol, 1
mM DTT, 10 mM NaF, 1 mM sodium orthovanadate, 0.1% Triton X-100, with protease and
phosphatase inhibitors). Subsequently, the cells were placed on ice for 5 min. Cytoplasmic
proteins were isolated from nuclei by low speed centrifugation (1300 x g for 4 min). The
nuclear pellet was washed with buffer A and lysed in buffer B (3 mM EDTA, 0.2 mM
EGTA, 1 mM DTT, protease and phosphatase inhibitors). The nuclei were left on ice for 10
min, and then centrifuged (1700 g for 4 min) to separate soluble nuclear proteins from
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chromatin. Isolated chromatin was washed once with buffer B and centrifuged at high speed
(10,000 g for 1 min) to remove the rest of the buffer. Chromatin was resuspended in
benzonase buffer (20 mM Tris-HCI at pH 8.0, 0.2 mM MgCl,, 2 mM NaCl, protease and
phosphatase inhibitors) and benzonase (250 U/mL) was added and incubated at 4°C
overnight, followed by another addition of benzonase and further incubation for 2 hr.
Subsequently, the digested sample was clarified by centrifugation and the supernatant
transferred to a new tube and adjusted to 200 mM NacCl, 50 mM Tris-HCI pH 7.4, 0.1%
Tween 20, and protease and phosphatase inhibitors added.

For FLAG pulldown, the samples were incubated with anti-FLAG M2 Magnetic Beads
(Sigma) at 4°C overnight by gentle inversion. For protein G beads, Dynabeads Protein G
(Life Technologies) were incubated with anti pMCM2S108 or anti MCM2 or anti 1gG
antibodies for 30 min at room temperature. The antibody: bead complexes were captured
with a magnet and washed three times with PBS-T. Dynabead-antibody complexes were
suspended in the soluble chromatin protein solution and rotated overnight at 4°C. The beads
were washed three times with 200 mM NaCl, 50 mM Tris-HCI pH 7.4, 0.1% Tween 20. The
beads were resuspended in SDS-PAGE loading buffer. After heating for 10 min at 70°C, the
proteins were analyzed by western blotting.

Western Blotting—The samples were lysed in NUPAGE Sample Buffer (Invitrogen),
sonicated and boiled. Samples were resolved by 4%-12% Bis-Tris Protein Gels and blotted
onto a PVDF membrane. Western blotting was performed according to standard procedures.

PLA assay—Cells were seeded in 35 mm glass bottom dishes (MatTek) and treated with
or without 5 uM Dig-TMP, or 1 mM TMP. In some experiments cells were preincubated
with the ATR inhibitor VE-821 (0.5 uM) for 30 min prior to UVA irradiation. In experiments
with FLAG tagged proteins, cells were transfected with the appropriate plasmid with PolyJet
DNA Transfection Reagent (SignaGen Laboratories). Twenty-four hours after transfection,
the cells were treated with 5 uM Dig-TMP/UVA, incubated for 60 min at 37°C and then
washed once with cold PBS and twice for 5 min in CSK buffer (10 mM PIPES, pH 7.0, 100
mM NaCl, 300 mM sucrose, 3 mM MgCly, 0.5% Triton X-100). Cells were then washed
with cold PBS and fixed with 2% formaldehyde for 10 min at room temperature. After a
PBS wash, they were incubated with —20°C methanol for 20 min. After washing with PBS
they were treated with RNase (100 pg/ml) for 30 min at 37°C. Following another PBS wash
the cells were incubated with the blocking buffer in the Duolink kit and the manufacturer’s
instructions were followed through the amplification step. The primary antibodies were
mouse anti MCM2 (1/200), rabbit anti MCM2S108 (1/200), rabbit anti PSF1, rabbit anti
PSF2, rabbit anti PSF3 (1/200), mouse anti digoxigenin (1/200), mouse anti PCNA (1/200),
rabbit anti FANCM (1/200), mouse anti-FLAG (1/200) or rabbit anti-FLAG (1/200) (See
Key Resources Table). To allow visualization of the individual target proteins, after
amplification, the cells were incubated with goat anti rabbit Alexa Fluor 488 conjugate
(1/1000) and goat anti mouse Alexa Fluor 568 conjugate (1/1000) for 45 min. After washing
with PBS the plates were mounted in mounting medium containing DAPI (ProlongGold,
Invitrogen). Specificity was confirmed by omitting one or the other primary antibody.
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Imaging was performed on a Zeiss Axiovert 200 Microscope, and image analysis with the
AXio Vision software packages (Zeiss).

DNA Spreading—Cells were incubated at 37°C for 1 hr with 5 pM Dig-TMP or 20 uM
Dig-Ang, after which they were exposed to UVA light in a Rayonet chamber at 3 J/cm?.
Cells were then incubated in 10 uM CldU for 20 min and then in 100 pM IdU for 20 min. In
experiments with inhibitors, cells were pretreated for 1 hr with compounds which were also
included during CldU and IdU labeling.

In experiments to examine the possibility of parental strand replacement synthesis or
monitor ICL unhooking, cells were incubated with 10 uM CIldU for 48 hr to uniformly label
DNA followed by 24 hr in 10 uM IdU. Cells were treated with TMP/UVA as above,
followed by 40-60 min incubation with 10 uM EdU. After the replication labeling period
cells were harvested by trypsinization and approximately 200 cells were mixed with lysis
buffer (0.5% SDS in 200 mM Tris-HCI [pH 7.5], 50 mM EDTA) on a glass slide
(NewComer Supply). After tilting, the slides were air-dried, fixed in 3:1 methanol/acetic
acid, incubated in 2.5 M HCI for 60 min, neutralized in0.4 M Tris-HCI (pH 7.5) for 5 min,
washed in PBS, and immunostained. Antibodies and dilutions were rat anti-BrdU (CldU),
1:200; Dylight 649 goat anti-rat, 1:100; mouse anti-BrdU (IdU), 1:40; and Dylight 488 goat
anti-mouse, 1:100 and Qdot 655 goat anti-mouse 1: 2,500. EdU was detected by click
chemistry with azidobiotin and displayed by a Qdot 565 streptavidin conjugate. Imaging was
carried out using a Zeiss Axiovert 200M microscope with the Axio Vision software
packages (Zeiss). The quantum dot signal was imaged with a Qdot 655 filter.

Protein recruitment to laser localized ICLs—Cells were seeded in a 35-mm glass
bottom culture dish (MatTek) 2 days before an experiment to achieve 50%-60% confluence.
They were incubated with 5 pM TMP, at 37°C for 20 min prior to laser treatment. The plates
were placed in an environmental chamber mounted on a Nikon Eclipse TE2000 confocal
microscope. The chamber was maintained at 37°C and flushed with humidified CO,. Laser
localized ICLs were introduced by exposing defined regions of interest (ROI, 4 x 20 pixels,
0.16 pm/pixel, visualized with a Plan Fluor x 60/1.25 numerical aperture oil objective) to a
laser beam from an SRS NL100 nitrogen laser-pumped dye laser (Andor) that fired 3-ns
pulses. The repetition rate was 10 Hz at 365 nm. The power was 0.7 nanowatts, measured at
the back aperture of the x60 objective. The diffraction-limited spot size was ~300 nm. Cells
were then fixed and stained with appropriate antibodies.

Effect of MCM2 S108A on Replication traverse frequency—Human cDNAs for
MCM2 (WT and S108A mutant) were PCR amplified from plasmids pDC690 and pDC6914
(Cortez et al., 2004) using primers MCM2 FW-HinDIlI and MCM2 Rev-Xhol, gel purified,
digested with Hindlll and Xhol and ligated to HinDI11/Xhol linearized pCMVFLAGNt
vector to generate plasmids pFLA-MCM2 WT and pFLAG MCM2 S108A. These were
sequenced and confirmed to express a FLAG tagged MCM2 protein upon transfection into
HeL a cells by western blot (FLAG and MCM2 antibodies) and immunostaining (FLAG). To
determine the effect of MCM2 S108A in traverse and PLA assays, on day 1 HelLa cells were
transfected with MCM2 3’UTR siRNA (10 nM) using RNAimax according to the
manufacturer’s instructions, on day 2 cells were transfected with MCM2 3’UTR siRNA (10
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nM) + pFLAG-MCM2 (WT or S108A) (1 ug) using Jet Prime transfection reagent, and on
day 4 experiments were performed.

Integrity of ICLs on replication tracts—XPD-/- cells were incubated in the presence
of 10 uM CIdU for 2 replication cycles, and 10 uM IdU for one replication cycle to generate
RED-GREEN parental strands. Cells were then treated with (5 uM) Dig-TMP/UVA and
pulse labeled with a third analog, 100 uM EDU, for 1 hour. At this time a TO sample was
collected, followed by a pulse chase to take samples at 4 and 6.5 Hs after the EDU pulse.
Samples were then lysed and the DNA sheared, stretched onto slides and immunostained to
detect the thymidine analogs and the Dig (Huang et al., 2013).

QUANTIFICATION AND STATISTICAL ANALYSIS

PLA experiments were analyzed with Duolink Image analysis software (Sigma). Images
were acquired at several focal planes through the thickness of the cell and imported onto
Duolink Image analysis software. Cell and signal properties were optimized to quantify the
number of PLA signals per cell nucleus and kept constant for the different fields and
samples. Results were exported onto Sigma plot, where statistical significance was analyzed
using the Mann-Whitney Rank sum test (NS: p > 0.5, significant: *** p < 0.001), and dot
plots where generated. The number of fields and nuclei analyzed in each experiment can be
found in Table S2.

For replication pattern frequency experiments images were analyzed on Axiovision
software. On each field Cldu (1dU) tracts carrying a Dig dot were identified and classified
into the different categories. The counts were reported and graphed in Excel. The bar graphs
indicate the Mean + SD. Statistical significance was analyzed using chi-square test on
Sigmaplot (NS: p > 0.5, significant: *** p < 0.001). The number of fields and events
analyzed in each experiment can be found in Table S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The eukaryotic replication helicase (CMG) composition changes when
blocked by an ICL

FANCM associates with the CDC45-MCM complex while the GINS are
released

ATR, FANCD2, and the translocase activity of FANCM contribute to
replication past the ICL
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Figure 1. Phosphorylation of FANCM by ATR Is Required for Replication Traverse
(A) Fiber patterns showing replication tracts in the vicinity of Dig-TMP ICLs.

(B) Interpretation of the patterns. The pie chart shows the relative frequency of the major
patterns in wild-type (WT) cells. RT, replication traverse; SF, single fork; DF, double fork.
(C—F) Replication patterns in cells (C) in which ATR expression was suppressed by siRNA,;
(D) treated with siRNA against ATRIP; (E) treated with siRNA against ATR and exposed to
Dig-Ang; and (F) in WT or FANCM-deficient cells, or FANCM-deficient cells
complemented with WT FANCM or a phosphorylation resistant variant (51045). Data are
presented as mean + SD (***p < 0.001, chi-square test).

See also Figure S1 and Table S1.
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Figure 2. FANCM Interacts with the MCM Complex
(A) Cells expressing FLAG FANCM were treated with UVA or TMP/UVA and incubated for

1 h with or without ATR inhibitor (ATRi) VE-821. Chromatin proteins were prepared and
either analyzed directly (chromatin) or incubated with anti-FLAG antibody linked to
magnetic beads. Bound proteins were analyzed by western blotting.

(B) Binding of MCM proteins by FANCM requires phosphorylation. Samples were treated
with calf intestine alkaline phosphatase.

(C) PLA between FLAG-FANCM and MCM2. Cells expressing FLAG-FANCM were either
exposed to UVA only or treated with TMP/UVA or TMP/UVA and VE-821. After 1 h the
cells were fixed, and the PLA between FANCM and MCM?2 determined.
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(D) Quantification of (C). ***p < 0.001 (rank-sum test).

(E) ATR-dependent binding of the MCM complex by the FANCM translocase mutant
K117R in cells exposed to TMP/UVA.

(F) Traverse frequency is reduced in FANCM knockout cells expressing FANCM K117R.
Data are presented as mean + SD (not significant [NS], p > 0.05; ***p < 0.001; chi-square
test). See also Figure S2 and Tables S1 and S2.
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Figure 3. FANCD?2 Is Epistatic with FANCM in Support of Replication Traverse
(A) Replication patterns in FANCD2-deficient PD20 cells or PD20 cells complemented with

WT FANCD?2 or the ubiquitin-resistant K561R variant.

(B) Association of FANCM with MCM proteins is dependent on FANCD2. PD20 cells or
PD20 cells complemented by expression of WT FANCD2 were transfected with a plasmid
expressing WT FLAG-FANCM, followed by treatment as indicated and colP from a

preparation of chromatin proteins.

(C) PLA between FLAG-FANCM and MCM2 in PD20 cells, or PD20 cells expressing WT

FANCD2.

(D) Quantification of (C). ***p < 0.001 (rank-sum test).
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(E) colP between FANCM and FANCD2 from chromatin proteins from cells treated with
TMP/UVA.

(F) FANCM and FANCD?Z are epistatic in replication traverse. (A and F) Data are presented
as mean + SD (NS, p > 0.05; ***p < 0.001; chi-square test).

See also Figure S3 and Tables S1 and S2.
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Figure 4. FANCM Association with MCM Proteins Is Coincident with Release of GINS Proteins
(A) colP against MCM2 or phospho-MCM2S108 after treatment of cells with TMP/UVA.

(B) colP against FLAG-FANCM in cells with or without treatment with TMP/UVA.
(C) Inverse correlation between GINS and FANCM association with CMG complex. colP
against pMCM2S108 chromatin proteins from FANCM-expressing or -deficient cells,

treated with TMP/UVA.

(D) PLA between WT or translocase inactive (K117R) FANCM pMCM2S108.
(E) PLA between WT or translocase inactive (K117R) FANCM and PSF1 (GINS1).
(F) Quantification of (D) and (E). Data are presented as mean + SD. NS, p > 0.05 (rank-sum

test).
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(G) FANCD?2 is required for the interaction between FANCM and the MCM complex
defined by phospho-MCMZ2. colP between pMCM2 and chromatin proteins in FANCDZ2
knockout cells or knockout cells expressing WT FANCD?2.

See also Figure S4 and Table S2.
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Figure 5. The Interaction of CMG Proteins with ICLs Is Regulated by ATR
(A) PLA between Dig tag on the ICLs and FANCM. Cells were treated with UVA, TMP/

UVA, or Dig-TMP/UVA and, after 1-h incubation at 37°C, fixed and PLA between Dig and
FANCM performed. The UVA and TMP/UVA provide controls for non-specific binding in
cells exposed to UVA or TMP/UVA stress.

(B) Quantification of (A).

(C) PLA between Dig-TMP and MCMZ2. In addition to Dig-TMP/UVA, cells were treated
with either DMSO or VE-821 in DMSO.

(D) Quantification of (C) and (E).

(E) PLA between Dig-TMP and pMCM2S108.

(F) Time course of PLA between Dig-TMP and pMCM2S108.
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Data are presented as mean + SD. Control cells were exposed to UVA in the absence of Dig-
TMP and incubated for 1 h prior to the PLA.

(G) Quantification of (F).

(B, D, and G) Data are presented as mean + SD. NS, p > 0.05; ***p < 0.001 (rank-sum test).
See also Figure S5 and Table S2.
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between the indicated protein and Dig.

(A) PLA between Dig and CDC45 in the presence or absence of VE-821 or DMSO (V).
(B) Quantification of (A).

(C) PLA between Dig and PSF1 in FANCM * or ~ cells.

(D) Quantification of (E), (G), and (H).

(E) PLA between Dig and PSF1, +/- VE-821.

(F) Quantification of (E), (G), and (H).

(G) PLA between Dig and PSF2, +/- VE-821.

(H) PLA between Dig and PSF3, +/- VE-821.
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(B, D, and F) Data are presented as mean = SD. ***p < 0.001 (rank-sum test).
See also Figure S6 and Table S2.
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