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SUNMMARY

DNA interstrand crosslinks (ICLs) are highly toxic
lesions that stall the replication fork to initiate the
repair process during the S phase of vertebrates.
Proteins involved in Fanconi anemia (FA), nucleotide
excision repair (NER), and translesion synthesis (TS)
collaboratively lead to homologous recombination
(HR) repair. However, it is not understood how ICL-
induced HR repair is carried out and completed.
Here, we showed that the replicative helicase-related
Mcm family of proteins, Mcm8 and Mcm9, forms a
complex required for HR repair induced by ICLs.
Chicken DT40 cells lacking MCM8 or MCM9 are
viable but highly sensitive to ICL-inducing agents,
and exhibit more chromosome aberrations in the
presence of mitomycin C compared with wild-type
cells. During ICL repair, Mcm8 and Mcm9 form
nuclear foci that partly colocalize with Rad51.
Mcm8-9 works downstream of the FA and BRCA2/
Rad51 pathways, and is required for HR that
promotes sister chromatid exchanges, probably as
a hexameric ATPase/helicase.

INTRODUCTION

DNA interstrand crosslinks (ICLs) are covalent links between the
double helix that are highly toxic to cells because this type of
DNA damage impedes DNA unwinding during DNA replication
and transcription. Based on this toxicity, especially in prolifer-
ating cells, ICL-inducing agents (such as mitomycin C [MMC]
and cisplatin) have been used widely as cancer chemothera-
peutic agents (Deans and West, 2011). Therefore, it is important
to understand how ICLs are recognized, processed, and re-
paired in cells. Compared with other types of DNA damage,
ICLs are unique because they are mainly repaired during the

S phase in vertebrates (Akkari et al., 2000). ICLs are repaired
through a coordination of proteins involved in nucleotide exci-
sion repair (NER), translesion synthesis (TLS), and homologous
recombination (HR). The 15 Fanconi anemia (FA) proteins, which
are involved in the genetic disorder FA, orchestrate these repair
proteins (Kee and D’Andrea, 2010; Moldovan and D’Andrea,
2009).

ICL repair is initiated by the encounter of replication fork
to ICLs. After the stalling of the fork, the FA core ubiquitin
ligase complex, which comprises eight FA (A, B, C, E, F, G, L,
and M) and other proteins, is activated to monoubiquitylate
the FANCI-FANCD2 (ID) complex (Garcia-Higuera et al., 2001;
Moldovan and D’Andrea, 2009). It is thought that this ubiqui-
tylation promotes chromatin association of the ID complex
for the recruitment of ubiquitin-interacting factors, such as
FAN1 and SLX4 (Kee and D’Andrea, 2010; Yamamoto et al.,
2011). At least three nuclease complexes, Mus81-Eme1, XPF-
ERCC1, and FANT1, are involved in the subsequent process,
which leads to the generation of a double-strand break
(DSB) and incision of the crosslinked bases (Hanada et al.,
2006; Niedernhofer et al., 2004). Then, the TLS polymerases,
REV1 and Pol ¢ (a complex composed of REV3 and REV7),
synthesize DNA over the site of the crosslink (Niedzwiedz
et al., 2004; Raschle et al., 2008; Simpson and Sale, 2003; So-
noda et al., 2003). Under the control of BRCA2 (also called
FANCD1), Rad51 is loaded onto the site of damage indepen-
dently of the FA pathway and participates in the subsequent
HR repair (Godthelp et al., 2002; Kitao et al., 2006; Long
et al., 2011). Even though Rad51 and the five Rad51 paralogs
are involved in this process (Liu et al,, 1998; Takata et al.,
2000; Takata et al., 2001), it is unclear how the repair
is carried out and completed downstream of Rad51 (Deans
and West, 2011).

The hexameric Mcm2-7 complex is the replicative helicase
that unwinds dsDNA at the replication fork (Bochman and
Schwacha, 2009) and stalls in front of ICLs during replication
elongation (Raschle et al., 2008). All six evolutionarily related
subunits belong to the AAA+ superfamily (Hanson and
Whiteheart, 2005) and contain the Mcm family domain, which
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Figure 1. Mcm8 and Mom9 Form a Complex thatls
Distinct from Mcm2-7

(A) Expression of proteins in mem8<© and mem9<© cells.
Extracts prepared from mcm8<© and mem9*® clones

WT 9 12 5 18 (clone)
Mom8 | wo !

were processed to detect the indicated proteins using
immunoblotting.
(B) Mcm8 and Mcm39 form a complex. FLAG im-
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includes motifs that are required for ATP hydrolysis (such as
the Walker A and B, and R-finger motifs). A subset of eukary-
otes expresses two additional proteins of the Mcm family,
namely Mcm8 and Mcm9 (Gozuacik et al.,, 2003; Johnson
et al., 2003; Lutzmann et al., 2005; Yoshida, 2005). In Xenopus,
Mcm8 and Mcm9 are required for fork elongation and Mcm2-7
loading, respectively (Lutzmann and Mechali, 2008; Maiorano
et al.,, 2005). In humans, Mcm8 is reportedly required for the
assembly of the prereplicative complex during the G1 phase
(Volkening and Hoffmann, 2005). Very recently, knockout mice
of the MCM9 gene were successfully generated, indicating
that Mcm9 is not essential for DNA replication (Hartford et al.,
2011). Drosophila is the only organism that has MCM8 (also
called REC) without MCM9, and genetic analyses revealed
that Drosophila Mcm8/REC is involved in meiotic recombination
(Blanton et al., 2005; Matsubayashi and Yamamoto, 2003). In
contrast to Mcm2-7, which functions as the replicative helicase
from yeast to humans, the reported roles of Mcm8 and Mcm9
are not concordant among species. Intriguingly, a recent phylo-
genetic analysis suggested that Mcm8 and Mcm9 have a
related function (Liu et al., 2009). However, there is no report
describing functional characterization of Mcm8 and Mcm9
together.

To address the functional role of Mcm8 and Mcm9 of
vertebrate cells, we use genetic analysis with chicken DT40
cells. We demonstrate that Mcm8 and Mcm9 form a complex
that is distinct from Mcm2-7. DT40 cells with disruption of the
MCM8 or MCMS gene reveal that the encoding proteins are
not essential for cell viability, showing that both proteins do
not play an essential role in DNA replication. MCM8 or MCM9
knockout cells exhibit similar defects regarding normal growth-
and hypersensitivity to ICL-inducing agents, but not to IR.
Mcm8 and Mcm9 play a role downstream of the FA and
BRCA2/Rad51 pathways, possibly as a hexameric ATPase/

2 Molecular Cell 47, 1-12, August 24, 2012 ©2012 Elsevier Inc.

anti-Mcm9 and anti-Mcm4 antibodies.

(C) Endogenous Mcm8 and Mcm9 exist mostly as a
complex. Anti-Mcm8 immunoprecipitants from wild-type
extracts were blotted using anti-Mcm8, anti-Mcm$, and
anti-Mcm2 antibodies.

(D) Molecular size of the Mcm8-9 complex. Whole-cell
extracts prepared from wild-type cells were fractionated
using a Superose 6 gel filtration column. Fractions were
processed to detect Mecm8 and Mcm6 by immunoblotting.

158 75 Asterisks indicate background proteins.

DNA helicase, and are involved in HR and
sister chromatid exchanges (SCEs). We con-
clude that the Mcm8-9 complex is required in
ICL-induced HR repair. Our results also imply
that Mcm8-9 is involved in a distinctive HR system important
for ICL repair in vertebrate cells.

RESULTS

Moem8 and Mom9 Are Not Essential for Cell Viability

To characterize the function of Mcm8 and Mcm9, we used
chicken DT40 cells, as the genomic DNA of these cells can
be modified using HR-mediated targeting (Buerstedde and
Takeda, 1991). Initially, we tried to disrupt the MCMS8 or
MCMS9 gene to determine whether these genes are essential
for cell viability. To disrupt MCM8, we inserted selection
markers that deleted exons 6 and 7, which correspond to
the upstream region of the Zn-finger motif located at the N
terminus of the Mcm8 protein {see Figures S1A and S1B avail-
able online). The two MCMS8 alleles were targeted (Figure S1C).
The ASF1 gene is located between exons 6 and 7 of MCM9, as
is the case for the mouse MCM9 gene (Figure S1E) (Hartford
et al., 2011). In addition to the full length of Mcm9, a shorter
isoform that terminates at the alternative exon 7 is expressed
in mouse and humans (Blanton et al., 2005; Lutzmann et al.,
2005; Yoshida, 2005). Therefore, we inserted selection markers
that deleted exon 2, which corresponds to the N-terminal region
of Mcm9 containing the Zn-finger motif (Figures S1D and S1E).
This insertion destroyed the transcripts of both the full-length
protein and the shorter isoform, even if the shorter isoform is
also expressed in DT40 cells. Three MCM9 alleles exist in
DT40 cells, all of which were targeted without affecting the
expression of ASF1 mRNA (Figures S1F and S1G). We have
successfully generated MCM8 or MCM9 knockout cell lines
(referred to as mem8<© or mem9K©, respectively). We con-
firmed that the corresponding proteins were not expressed
(Figure 1A), indicating that Mcm8 and Mcm9 are not essential
for cell viability. Our results are consistent with the finding of
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the study, which demonstrated that MCM9 is dispensable in
mice (Hartford et al., 2011).

McmS and Mom9 Form a Complex
Interestingly, we found that the expression level of Mcm9
was reduced in mem8<© cells, even though the expression of
Mcm2 and Mcm4, the components of Mcm2-7, were not
affected (Figure 1A, mem8*©). The protein levels of Mcm8 in
mem9"© cells were also slightly reduced (Figure 1A, mem9<©).
These results suggest that Mcm8 and Mcm9 are unstable in
the absence of Mcm9 or Mcm8, respectively. As is often the
case with components of a complex, components are desta-
bilized when the complex formation is compromised (e.g.,
Mcm2-7) (Kawabata et al., 2011). The data described above
imply that Mcm8 and Mcm9 may form a complex. Therefore,
we investigated whether Mcm8 and Mcm9 form a complex.
We generated DT40 cells stably expressing FLAG-tagged
Mcm8 or Mcm9: (FLAG-Mcms8 or FLAG-Mcm9) in the mem8<©
or mem9<© background, respectively. FLAG-Mcm8 and FLAG-
Mcm9 were functional in these cells (see below, Figure 2B).
FLAG-Mcm8 or FLAG-Mcm9 was immunoprecipitated from
cell extracts using an anti-FLAG antibody. We detected Mcm9
in FLAG-Mcm8 immunoprecipitants, and vice versa (Figure 1B).
Mcm4 was not detected in the two cases, suggesting that
Mcm8 and Mcm9 do not interact with Mcm2-7, as shown
previously (Gozuacik et al., 2003; Lutzmann and Mechali, 2008;
Maiorano et al., 2005). Importantly, Mcm9 was mostly depleted
with FLAG-Mcm8, and vice versa (Figure 1B, see unbound
fractions), suggesting that most of Mcm8 and Mcm9 form a
complex in these cells. We subjected FLAG-Mcm9 immunopre-
cipitants to a mass spectrometry analysis and detected Mcm8
but no Mcm2-7 proteins (data not shown). To confirm the forma-
tion of a complex between the endogenous Mcm8 and Mcm9
proteins, Mcm9 was immunoprecipitated from extracts of wild-
type cells using an anti-Mcm9 antibody. Mcm8 was coprecipi-
tated with Mcm9 (Figure 1C). Furthermore, both Mcm8 and
Mcm9 were depleted from the unbound fraction, indicating
that the endogenous proteins exist mostly as a complex. Taken
together, these results led us to conclude that Mcm8 and
Mcm@ form a complex that is distinct from the Mcm2-7 complex.
To determine the molecular size of the Mcm8-9 complex, we
fractionated DT40 extracts using a size-exclusion column. We
found that Mcm8 and Mcm9 were eluted around the 600 kD
fractions, which is similar to the molecular size of the Mcm2-7
complex (Figure 1D) (Davey et al., 2003). In mecm9*© cells,
Mcm8 was fractionated between 158 and 440 kD, showing
that Mcm8 cannot make a large complex without Mcm9 (Fig-
ure S2A). Taking into account the fact that the molecular
weights of Mcm8 and Mcm@ are 93 and 130 kDa, respectively,
and that many AAA+ superfamily proteins, including Mcm2-7,
form a hexamer (Bochman and Schwacha, 2009; Hanson and
Whiteheart, 2005), these results suggest that Mcm8 and Mcm9
form a hexameric complex.

Cells Deficient in Mcem8 or Mcm® Show Similar Growth
Defects

Although mcm and mcm cells were viable, they grew
slightly slower compared with wild-type cells (Figure S2B). To

8KO QKO

determine whether the loss of Mcm8 or Mcm9 affected the cell
cycle, we analyzed the cells using flow cytometry after BrdU
labeling (Figure 2A). The S population was reduced and the
G2-M population was increased similarly in mem8*® and
mem9"© cells. The population of cells containing a lower DNA
content was increased in the culture of mem8<© and mem9<©
cells (Figure 2A, arrowed boxes), indicating that some of these
cells die spontaneously. These findings of similar defects in
mem8 © and mem9*© cells regarding normal growth raise the
hypothesis that Mcm8 and Mcm$ play an unidentified role as
a complex.

Mcm8 and Mcom8 Are Required for Resistance io ICls

A possible explanation for the growth defects described above
is that cells lacking Mcm8 or Mcm9 have a defect in the repair
of DNA damage that occurs naturally. To test this possibility,
we studied DNA damage sensitivity in mem8<© and memg*®
cells using colony survival assays. We initially tested sensitivity
to IR, UV, and MMS (Figure 2B, upper panels). We also tested
the rad18"© cells as a control showing mild and high sensitivity
to IR and UV, respectively (Yamashita et al., 2002). mcm8*© cells
exhibited elevated sensitivity to IR, UV, and MMS, although their
IR and UV sensitivities were not as high as those of rad18*°.
mem9<© cells were slightly sensitive to UV and MMS, but not
to IR. We also tested sensitivity to replication inhibitors, hydrox-
ylurea (HU), and aphidicolin (Figure S2C). We found that mem8©
and mem9*© cells are not sensitive to these agents.

Interestingly, we found that both mem8*© and mem9*© cells
were hypersensitive to the DNA crosslinker cisplatin and MMC
(Figure 2B, lower panels). Importantly, the sensitivity to cisplatin
and MMC of mem8*© or mem9*© cells was suppressed by
introducing FLAG-MCM8 or FLAG-MCM9, respectively, indi-
cating that the sensitivity was caused by the loss of Mcm8 or
Mcm@9. Thus, we concluded that Mcm8 and Mcm9 are required
for resistance to DNA crosslinking agents. Taking into the fact
that cells deficient in FANCD2 exhibited a similar sensitivity to
MMC and cisplatin (Figure 2B, fancd2<®), these results suggest
the intriguing possibility that the Mcm8-9 complex is involved in
ICL repair.

The loss of proteins involved in ICL repair causes chromosome
aberrations in the presence of MMC (Moldovan and D’Andrea,
2009; Sasaki and Tonomura, 1973). To study whether the
same is true for mem8<© or mem9"® celis, we cultured these
cells in the presence of MMC for 6 hr and analyzed their mitotic
chromosomes. We found a three times increase of chromosome
aberrations in mcm8<® or mem9X© compared with wild-type
cells (Figure 2C and Figure S2D), which suggests that Mcm8
and Mcm9 are required for the maintenance of chromosome
integrity in the presence of MMC. Subsequently, we established
cell lines expressing GFP-Mcm8 or GFP-Mcmg in the mem8*©
or mem9*© background, respectively. GFP-Mcm8 and GFP-
Memg were functional {see below, Figures 4B and 4C). In the
absence of MMC, GFP-Mcm8 and GFP-Mcm9 were detected
mainly in the nucleus, but no foci were observed (Fig-
ure 3A, —MMC). Conversely, discrete GFP-Mcm8 and GFP-
Mcm9 foci were observed in nuclei in the presence of MMC
(Figure 3A, +MMC). Moreover, the MMC-induced Mcm8 and
Mcm9 foci are colocalized (Figure S2E), suggesting that the
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Figure 2. The mem8*© and memo*© Cells Are Defective in ICL Repair

(A) Cell-cycle profile of the mem8'© and mem9*© cells. Indicated cells were grown and labeled with BrdU for 20 min before being processed using flow cytometry.
Arrows indicate dying cells containing a DNA quantity <2C.

4 Molecular Cell 47, 1-12, August 24, 2012 ©2012 Elsevier Inc.

- 118 -



Please cite this article in press as: Nishimura et al., Mcm8 and Mcm9 Form a Complex that Functions in Homologous Recombination Repair Induced
by DNA Interstrand Crosslinks, Molecular Cell (2012), http://dx.doi.org/10.1016/j.molcel.2012.05.047

Molecular Cell
Mcm8 and Mcm9 Function in ICL-Induced HR Repair

A
GFP-Mcm8 GFP-Mcm3
DAPI DAPI
merged merged

B GFP-Mcm9

120
100
80

40

201 56% 61%

c
£
@
£
S
=
o
&
S
b
@
R=}
[S
3
£
=
<]
2

3h 6h
time after MMC addition

Mcm8-9 complex associates with damaged DNA or DNA that
is being repaired. In fact, more than half of GFP-Mcm9 foci
colocalized with Rad51 foci (Figure 3B), suggesting that the
Mcm8-9 complex and Rad51 might work in the same repair
pathway. Taken together, these results are consistent with the
hypothesis that the Mcm8-9 complex is involved in ICL repair.

The Mcm8-2 Complex Participates in ICL Repair,
Probably as a Hexameric ATPase/Helicase

All Mcm family proteins have the conserved motifs, Walker A and
B, and R finger, which are required for both ATP hydrolysis and
helicase activity (Bochman and Schwacha, 2008; Davey et al.,
2003; lives et al., 2010; Schwacha and Bell, 2001). Therefore,
we prepared constructs for the expression of GFP-Mcm8 or

Figure 3. Mcm8 and Mem9 Make Damage-
Dependent Nuclear Foci

(A) MMC-dependent Mcm8 and Mcm9 focus
formation. Cells expressing GFP-Mcm8 or GFP-
Mcm9 in the mem8<® or mem9<® background,
respectively, were grown in the absence or pres-
ence of 500 ng/ml of MMC for 6 hr. Fixed cells
were stained with DAPI and were analyzed under
a fluorescent microscope.

(B) Colocalization of GFP-Mcm9 and Rad51. Cells
expressing GFP-Mcm9 in the mem9*© back-
ground were cultured as in (A) (pictures). Coloc-
alization of GFP-Mcm9 foci with Rad51 foci in 16
nuclei was quantified at 3 and 6 hr (bar graph).

GFP-Mcm9 containing an alanine substi-
tution in the Walker A or R-finger motif
(Figure 4A). These mutant proteins were
stably expressed in mem8<© or memg<©
cells to investigate whether they confer
resistance to cisplatin. We confirmed
that the expression levels of all mutants
were similar (Figures S3A and S3B).
Intriguingly, the protein level of endoge-
nous Mcm9 was restored by the
expression of GFP-Mcm8 (WT, K452A,
or R578A) (Figure S3A), suggesting
that GFP-Mcm8 (WT, K452A, and
R578A) forms a complex with Mcm9.
GFP-Mcm8 (WT) and GFP-Mcm9 (WT)
completely suppressed cisplatin sensi-
tivity, indicating that these proteins
are functional (Figures 4B and 4C). In
sharp contrast, GFP-Mcm8 (K452A and
R578A) conferred only minor suppression
(Figure 4B), and GFP-Mcm9 (K360A
and R484A) did not suppress cisplatin
sensitivity at all (Figure 4C). Taking into
account the facts that the R-finger motif works in trans regard-
ing the ATP hydrolysis of the neighboring ATPase subunit (Boch-
man et al., 2008; Davey et al., 2003), that many AAA+ proteins
form a hexamer (Hanson and Whiteheart, 2005), and that
Mcm2-7 works as a hexameric helicase (Bochman and Schwa-
cha, 2008; llves et al., 2010), these results suggest that Mcm8
and Mcm9 work as a hexameric ATPase/helicase complex. We
concluded that the ATPase activity of both Mcm8 and Mcm9
is essential for the role of the Mcm8-9 complex in cisplatin
resistance.

We tested the formation of foci of the GFP-Mcm8 mutants
after MMC treatment. K452A mutant cells were defective in the
formation of foci, whereas R578A cells formed much fewer and
faint foci (Figure 4D). Similar results were obtained for the

[] uncolocatized
B colocalized

(B) Sensitivity to DNA damage in mem8*© and mem9*® cells. Indicated cells were analyzed using a colony-formation assay. Mean =+ SD of three independent

experiments is shown.

(C) Levels of chromosome aberrations in wild-type, mem8*©, and memg*© cells after treatment of 20 or 40 ng/ml of MMC for 24 hr. Observed chromosome
aberrations were also indicated. At least 50 mitotic nuclei were analyzed. Error bars indicate SD of total aberrations per metaphase.
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Figure 4. Mcm8 and Mcm9 Are Required for
ICL Resistance, Possibly as an ATPase/
Helicase Complex

(A) Schematic illustration of the domain architec-
ture of chicken Mcm8 and McmS. Mutations
introduced into the Walker A and R-finger motifs
are indicated.

(B and C) Sensitivity to cisplatin in cells expressing

Mcm8 or Mcm9 mutants. Cells expressing the
indicated mutants of GFP-Mcm8 or GFP-Mcm9
in the mem8*® or memg© background were
analyzed using a colony-formation assay. Mean +
SD of three independent experiments is shown.
(D) MMC-induced foci formation of GFP-Mcm8
mutants. Cells used in (B) were cultured in the
presence or absence of 500 ng/ml of MMC for 6 hr
before microscopic observation.
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The Mcem8 and Mcem© Complex
Functions Downstream of the FA
and BRCA2/Rad51 Pathways
Reminiscent of what is observed in FA
cells, mem8<© and memg<® cells were
hypersensitive to ICL-inducing agents
and exhibited chromosome aberrations
after MMC treatment (Figures 2B
and 2C). FANCD2 monounbiquitylation,
which is catalyzed by the FA core
complex, is a hallmark of the activation
of the FA pathway (Garcia-Higuera
et al., 2001). To investigate whether the
Mcm8-9 complex plays a role upstream
of the FA pathway, we studied FANCD2
monoubiquitylation in  mcm8®  and
mem9<© cells (Figure 5A). In wild-type
cells, higher levels of a slow-migrating
FANCD2 (FANCD2-L), representing the
monoubiquitylation form, were induced
in the presence of MMC (Figure 5A,
WT, +MMC). FANCD2-L was lost in
cells lacking FANCC (Figure 5A,
fancc®®, +MMC) (Garcia-Higuera et al.,
2001; Hirano et al., 2005; Niedzwiedz
et al., 2004). The level of FANCD2-L
was not affected in mcm8© and
mem9© cells (Figure 5A, mem8<© and
mem9©, +MMC), indicating that Mcm8
and Mcm9 do not play a role upstream
of the FA core complex. The check-
point mediator Chk1 was phosphorylated
normally after addition of MMC (Fig-
ure 5B, phospho-Chk1), showing that
Mcm8 and Mcm9 are not involved in
checkpoint activation. Taken together,
these results indicate that the Mcm8-9 complex plays a
role either downstream of FANCD2 or independent of the FA
pathway.
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GFP-Mcm9 mutants (Figure S3C). These results suggest that
the ATPase activity of the Mcm8-9 complex is required for the
efficient formation of foci.
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Figure 5. Mcm8 and Mem® Are Not
Required for the Activation of FA Pathway
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(A) Immunobilot detection of FANCD2-L after MMC
treatment. Indicated cells were cultured in the
presence or absence of 500 ng/mi of MMC for 6 hr.
The indicated proteins were detected by immu-
noblotting using specific antibodies.

(B) Immunoblot detection of Chk1 phosphorylation
after MMC treatment. Indicated cells were mock
treated () or cultured in the presence of 500 ng/ml
MMC (M) or 6 pg/mi aphidicolin (A) for 6 hr.
Extracts were processed via immunoblotting
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In parallel to the FA pathway, Rad51 is loaded around ICLs
for subsequent HR repair (Godthelp et al., 2002; Kitao et al.,
2006; Long et al., 2011). Therefore, we investigated whether
Mcm8 and Mcm9 are required for Rad51 loading. Wild-type,
mem8K©, and mem9*© cells were cultured in the presence of
MMC before microscopic observation of Rad51 foci. Rad51
foci were formed in cells lacking Mcm8 and Mcm@ (Figure S4A),
and the kinetics of the formation of foci was indistinguishable
among the cell lines (Figure 5C), showing that Mcm8 and
MecmS are not required for Rad51 loading. We also analyzed
chromatin association of Rad51 in the presence or absence of
MMC (Figure 5D). In wild-type cells, Rad51 association to
chromatin increased to 4.9 times upon MMC treatment (Fig-
ure 5D, WT) (Kitao et al., 2006). In mecm8*© or mem9*© cells,
MMC treatment induced chromatin association of Rad51 to 3.3
and 4.7 times, respectively, compared to that in wild-type cells
without MMC (Figure 5D, mem8*© or mem9*©). We noticed
that more Rad51 associated to chromatin even without MMC, re-
flecting the fact that they have a defect in proliferation possibly
by the accumulation of DNA damage (Figure 2A and Fig-
ure S2B). We conclude that the Mcm8-9 complex is not required
for Rad51 loading.

Next, we determined whether the Mcm8-9 complex acts
downstream of the FA pathway. To address this question, the

using specific antibodies against the indicated
proteins.

(C) Formation of Rad51 foci in wild-type, mcm.
and mem9*© cells after MMC treatment. The cells
were fixed at an indicated time after incubation in
the presence of 500 ng/ml of MMC. The cells
containing more than five Rad51 nuclear foci were
counted as positive. More than 50 cells were
scored. Error bars indicate SD.

(D) MMC-induced Rad51 chromatin association in
wild-type, mem8©, and mem9*® cells. Indicated
cells were treated as in (A). After centrifugal frac-
tionation, Rad51 was detected by immnoblotting.
Histone H3 was also detected as a control
showing chromatin fraction. Rad51 found in
chromatin fraction was quantified (bar graph).

KO
8",
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formation of GFP-Mcm9 foci after MMC
treatment was investigated. We intro-
duced GFP-MCM9 stably into wild-type
cells or into cells that were deficient in
FANCD2 (fancd2X©) (Yamamoto et al.,
2005). The MMC-dependent formation
of GFP-Mcm39 foci was observed in the wild-type background,
showing that ectopically expressed GFP-Mcm9 functions in
the presence of endogenous Mcm9, as was the case in the
mem9<© background (Figures 6A and 6B, WT). We found that
the MMC-induced formation of GFP-Mcm9 foci was severely
diminished in fancd2X© cells (Figures 6A and 6B, fancd2<®).
We also observed a similar loss of GFP-Mcm9 foci in fancd2€?
(expressing a nonubiquitylation form of FANCD?2) and fancck©
cells (Figures S4B and S4C) (Hirano et al., 2005; Seki et al.,
2007). These results strongly suggest that the Mcm8-9 complex
operates in a process that takes place downstream of the FA -
pathway.

Subsequently, we investigated whether BRCA2/Rad51 path-
way is required for the MMC-dependent formation of GFP-
Mcm9 foci. We stably expressed GFP-Mcmg in brca24C7P/een
cells, which express a C-terminally truncated BRCA2 protein
mimicking the defective allele of FANCD1 patients and a condi-
tional BRCA2, the encoding gene of which is excised after
addition of orthohydroxytamoxifen (OHT) (Kitao et al., 2006). In
these cells, the MMC-induced Rad51 foci were mostly lost after
OHT addition (Figure S4D). The MMC-induced GFP-Mcm3 foci
were significantly reduced after treatment with OHT (Figures
6C and 6D). These results suggest that the Mcm8-9 complex
functions in a process that takes place downstream of the
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(A) Formation of GFP-Mcm@ foci in cells lacking FANCD2.
The indicated cells expressing GFP-Mcm9 were fixed at
6 hr after addition of 500 ng/ml of MMC.

(B) The cells used in (A) were fixed at 0, 3, and 6 hr. Cells
containing more than five GFP-Mcm9 nuclear foci were
considered positive. More than 50 cells were scored. Error
bars indicate SD.

(C) Formation of GFP-Mcm9 foci in cells lacking functional
BRCAZ2. The indicated cells expressing GFP-Mcm9 were
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tively, suggesting that Mcm8 and Mcm9 func-
tion in the gene conversion.
All results shown above support the idea

B
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BRCA2/Rad51 pathway. Although there was a clear difference in
the kinetics of these cells compared with that of wild-type cells,
the percentage of fancd2”® and brca24c™'<°" (+ OHT) cells that
were positive for Mcm8 and Mcm® foci increased at 6 hr (Figures
6B and 6D), suggesting the existence of an alternative pathway
for Mcm8-9 loading. Taken together, these results lead us to
conclude that the Mcm8-9 complex functions in a process that
takes place downstream of the FA and BRCA2/Rad51 pathways.

Mem8 and Mom9 Are Involved in HR

HR repair is expected after FA activation and Rad51 loading.
Therefore, we investigated whether the Mcm8-9 complex is
involved in HR. To address this question, we initially assessed
the frequency of HR-mediated recombination repair induced by
I-Scel in wild-type and mem8*© cells (Johnson et al., 1999; Ya-
mamoto et al.,, 2005). We found that the I-Scel-dependent
recombination frequency was reduced to less than one-tenth
in mem8*© cells, strongly suggesting that Mcm8 is involved
in HR (Figure 7A). Subsequently, we studied HR-mediated tar-
geting efficiencies in wild-type, mecm8<©, and mcm9<© cells
(Figure 7B). We transfected targeting constructs designed to
insert a selection marker at the ovalbumin and CENP-H loci
for wild-type, mem8*°, and mem9*® cells (Buerstedde and
Takeda, 1991; Fukagawa et al, 2001) as well as at the
MCM9 locus for wild-type and mem8*© cells. In all cases, the
targeting frequencies in mem8<© and mem9© cells were
significantly reduced, suggesting that Mcm8 and McmS are
involved in a pathway that is required for HR-mediated target-
ing. Further, HR-dependent gene conversion of the Ig V locus in
the surface IgM (slgM) gene was measured in wild-type,
mem8'C, and mem9X© cells (Figure S5A). We cultured 20
slgM-positive subclones for 18 days before quantification of
slgM-negative cells in the population. Compared to wild-type
subclones, significantly and slightly fewer slgM-negative cells
were found in the mem8<© and mem9*© subclones, respec-

8 Molecular Cell 47, 1-12, August 24, 2012 ©2012 Elsevier Inc.

that the Mcm8-9 complex is involved in HR.
Then we asked whether Mcm8 and Mcm9
promote SCEs as a consequence of HR repair
during DNA replication (Sonoda et al., 1999). Intriguingly, both
spontaneous and MMC-induced SCE levels in mem8*© and
mem9”© cells were significantly reduced (Figure 7C, mem&*®
and mem9*©), similar to the case with the cell deficient in the
Rad51 paralog XRCC3 (Figure 7C, xrcc3<C) (Takata et al.,
2001). Taken together, we concluded that the Mcm8-9 complex
functions in ICL-induced HR repair that promotes SCEs,
possibly as a hexameric ATPase/helicase complex (Figure S5B).

6 {hours)

DISCUSSION

Nonessential Mcm Proteins in Other Organisms

Our study revealed that Mcm8 and Mcm®9 form a complex that is
not essential for cell viability in chicken DT40 cells. Even though
Mcm8 and Mcm3 are involved in DNA replication in humans and
Xenopus (Lutzmann and Mechali, 2008; Maiorano et al., 2005;
Volkening and Hoffmann, 2005), their roles in replication must
be nonessential in DT40 cells. In agreement with the results of
our study, a recent report showed that Mcm9 is dispensable in
mice (Hartford et al., 2011). In Drosophila, which does not have
MCM9, MCMS8/REC is also not essential for viability (Blanton
et al,, 2005; Matsubayashi and Yamamoto, 2003). Thus, it
is likely that Mcm8 and Mcm$ are not essential for DNA replica-
tion in other organisms. Recently, two reports showed that the
archaea, Thermococcus kodakarensis, has three Mcm family
proteins, TkoMcm1, TkoMcm2, and TkoMcm3, among which
TkoMcm1 and TkoMcm2 are not essential for cell viability (Ishino
etal., 2011; Panetal., 2011). We noticed that both TkoMcm1 and
2 have a Walker A consensus sequence similar to what is
observed in Mcm8 and Mcm9 rather than in Mcm2-7 (Fig-
ure S6A). A recent phylogenetic analysis of the proteins of
the Mcm family suggested that the last common ancestor of
eukaryotic cells had both Mcm8 and Mcm9 (Liu et al., 2009).
Therefore, archaeal TkoMcm1 and/or TkoMcm2 may be the
functional homolog of eukaryotic Mcm8 and Mcm®.
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Figure 7. The Mcm8-8 Complex Is Involved in HR
(A} I-Scel-induced recombination frequencies in wild-type
and mem8"© cells. Wild-type or mem8*© cells containing
one copy of the SCneo substrate at the ovalbumin locus
were transfected with pBluescript (vec) or I-Scel expres-
10 sion vector (+|-Scel) by electroporation. Cells were
g selected in medium containing 2.0 mg/ml G418, and
surviving colonies were counted after 10 days. Mean + SD
106} o of three independent experiments is shown.
(B) HR-mediated gene targeting frequencies in wild-type,
mem8®, and mem9*© cells.
107 . (C) Distribution of spontaneous and MMC-induced SCEs
vec +I-Scel vec +1-Scel in wild-type, mem8~°, mem9*®, and xrcc3"© cells. After
WT mem8Kko labeling with 10 uM BrdU for 12 hr, cells were either mock
treated or treated with 50 ng/ml MMC for 6 hr. Mean + SD
B of scores from 50 metaphases is also indicated.

Frequency (%) for targeting construct

>
-
<

o

-
<
A

recombination frequency

Genotype - :
ovalbumin CENP-H MCM9

Mcm8 was less affected in the absence of
WT (control) 5/25 (20%) | 17/30 (56.7%) | 17/33 (51.5%) | Mcm9. Indeed, mcm8"© and mem9"® cells ex-
hibited similar phenotypes in general; however,
mem8© cells showed slightly higher IR and UV

mom8Ko 0/27 (0%) 1/26 (3.8%) 2/31(6.5%) sensitivities (Figures 2B). Moreover, mcm8"©
cells showed lower gene targeting and
memgko 0/20 (0%) 3/25 (12%) HR-mediated IgM conversion frequencies

compared to mem9<© cells (Figure 7B and Fig-
ure S5A). Taking into account the possibility that
Drosophila Mcm8/REC may have evolved to

(%) spontaneous (%) MMC-induced function in the absence of Mcm9 (Liu et al.,
30 30 2009), Mcm8 may be able to function without
5 2+1.28 e 34 +211 Mcm9 to some extent in vertebrates.
WT Why do some eukaryotic organisms lack both
(control) 10 10 Mcm8 and Mcm9? A possible explanation is
that those organisms have redundant mecha-
0 0 1 2 3 4 5 6 7 05 ™ 23 4 5 6 7 nisms for repairing {CLs. ICLs are efficiently re-
30 30 ' paired in the G1 phase using a combination of
) 0.78 +0.83 1.2+1.18 NER and TLS without HR in budding yeast
20 20 (Barber et al., 2005; Sarkar et al., 2006). Interest-
mem8Ko 10 10 ingly, the MCM8 and MCMS9 genes either
coexist or codisappear in eukaryotes, with the
07071 2 5 4 5 6 7 0" "5 3 4 5 57 exception of Drosophila (Liu et al., 2009), and
30 30 organisms lacking Mcm8 and Mcm9 have rela-
1.02+1.04 114 +1.08 tively smaller genomes (Figure S6B). It can be
20 20 assumed that the Mcm8-9 complex is more
mem9Ko 16 10 important for maintaining genomic integrity in
organisms with a large genome. For these
o 01 2 3 A 5 6 7 0 01 273 4 5 8 7 reasons, Mcm8 and Mcm9 may have been lost
30 30 in organisms such as yeasts.
0.94 £0.96 1.3+1.04
20 20 Role of the Micm8-2 Complex in ICL-
xrec3K0 10 1d Induced HR Repair
Because ICL repair is initiated after the stalling
0 o i 2 3 AT e o] 01 273 T'—éw'é“"—/“ of the rgplication fork at ICLs, a defect in DNA
SCE per cell SCE per cell replication caused by the loss of Mcm8 or

Mcm9 may affect ICL repair. However, four lines
of evidence support our conclusion that the

Consistent with the formation of the Mcm8-9 complex, the  Mcm8-9 complex is directly involved in ICL repair. First, mecm8&<©
level of each of these proteins depended on the level of the other  and mem9*© cells were not hypersensitive to non-ICL damage
(Figure 1A, Figure 5A, and Figures S3A and S3B). Interestingly, including replication stress caused by HU and aphidicolin
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(Figure 2B and Figure S2C). Second, checkpoint activation and
FANCD2 monoubiquitylation induced by MMC were unaffected
(Figures 5A and 5B), suggesting that replication forks were
generated normally. Third, we found that the MMC-induced
Mcm9 foci were diminished in both fancd2¥© and brca24c™
celis (Figure 6). Fourth, both Mcm8 and Mcm9 were involved in
HR (Figure 7 and Figure S5A). Thus, we conclude that the
Mcm8-9 complex is directly involved in ICL repair by playing
arole in a Rad51-dependent HR repair process that takes place
downstream of the FA proteins (Figure S5B).

A likely hypothesis is that the Mcm8-9 complex is a hexameric
helicase that plays arole after Rad51 loading during ICL-induced
HR repair. As a DNA helicase, the Mcm8-9 complex may be
involved in the repair synthesis after strand invasion or the
branch migration of the Holliday structure. GFP-Mcm9 foci that
did not colocalize with Rad51 might represent the Mcm8-9
complex functioning after strand invasion (Figure 3B). Because
Mcm8 and Mcm9 were required for efficient HR (Figure 7 and
Figure S5A), we favor the idea that the Mcm8-9 complex is
also involved in other HR repairs. However, a subpathway in
other HR repair that does not require Mcm8-9 may be able to
work in such cases, with the result that mem8<© and memg<©
were not highly sensitive to IR (Figure 2B). Studies performed
using Xenopus egg extracts showed that an ICL in plasmids is
repaired when two replication forks are encountered at the ICL
(Raschle et al., 2008), resulting in the generation of a double-
ended DSB similar to that observed for the IR-induced DSBs.
Although such two-fork encounters at ICLs likely occur as cells
complete replication in the late S phase, we do not know their
actual frequency in cells. In the early to mid-S phase, a stalled
fork at ICLs from one direction is more likely to be processed,
to generate a one-ended DSB. Because replication forks have
to be regenerated, HR repair induced by a one-ended DSB
must be mechanistically distinct from that induced by a two-
ended DSB. Taking into account the observation that the
mem8*© and mem9© cells were hypersensitive to ICL-inducing
agents, but not to IR (Figure 2B), the Mcm8-9 complex may play
an important role in the HR repair induced by a one-ended DSB.

Our conclusion that both Mcm8 and Mcm9 are involved in HR
repair provides a good explanation for the recent finding that
mem9 mutant mice exhibit a cancer-susceptible phenotype
(Hartford et al., 2011). The authors in the same report found
that female mice expressing a truncated Mcm9 have fewer folli-
cles in ovaries, and oocytes are lost by 24 weeks after birth.
A genome-wide screening showed that SNPs located in the
MCMS8 gene are associated with the age of natural menopause
of human females (He et al., 2009). These independent findings
suggest that the Mcm8-9 complex functions in the growth
of germ stem cells and/or meiosis. Taking into account that
Drosophila Mcm8/REC is involved in meiotic recombination
(Blanton et al., 2005; Matsubayashi and Yamamoto, 2003), it
will be interesting to investigate whether the Mcm8-9 complex
plays a role in meiotic recombination.

In summary, we showed that Mcm8 and Mcm@ form a complex
that is involved in ICL-induced HR repair. Furthermore, our
results imply the existence of a unique HR system involving the
Mcm8-9 complex that is important for ICL repair in vertebrate
cells.
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EXPERIMENTAL PROCEDURES

DT40 Cell Growth and Gene Targeling

Chicken DT40 cells were cultured in DMEM/high glucose medium (Sigma)
supplemented with 10~5 M B-mercaptoethanol (Sigma), 100 U/mi penicillin
and 100 pg/ml streptomycin (GIBCO), 10% fetal calf serum (Hana-Nesco
Bio), and 1% chicken serum (GIBCO) at 38.5°C. Cells were counted using
a TC10 cell counter (Bio-Rad). All plasmids were constructed using standard
methods. Chicken MCM8 and MCM9 cDNAs (accession numbers
AB689140 and AB689141, respectively) were amplified from an RT-PCR
library of DT40 total RNA. To construct plasmids for the FLAG- and GFP-fusion
expression, p3xFLAG-CMV-10 (Sigma) and pEGFP-C1 (Clontech) plasmids
were used, respectively. The structure of MCM8 and MCMS9 knockout plas-
mids is illustrated in Figures S1B and S1E. DT40 cells were transfected and
selected as described previously (Buerstedde and Takeda, 1991).

Celi-Viability Assay

Serially diluted cells were plated into medium containing 1.5% methyicellu-
lose. To study IR sensitivity, the indicated dose of IR was irradiated soon after
plating. MMS or cisplatin sensitivity was tested by the addition of each drug
into the methylcellulose medium. To mesure MMC sensitivity, exponentially
growing cells were incubated in medium containing MMC for 1 hr before
washing and releasing into methylcellulose medium without MMC. Colonies
were counted after incubation for 1-2 weeks.

Protein Detection

Cells were lysed in the Laemmli sample buffer before lysates were cleared
through a 0.45 um Nylon filter (Spin-X centrifuge tube filter, Coster). After
denaturation at 95°C for 5 min, equal amounts of total protein were separated
using SDS-PAGE. Proteins were transferred to a Hybond ECL membrane (GE
Healthcare) and blotted with antibodies after blocking in TBST containing 10%
skim milk for 1 hr at RT. Detection was performed using the ECL prime
reagents (GE Healthcare) with an ImageQuant LAS400 mini system (GE
Healthcare). To raise rabbit polyclonal antibodies against chicken Mcm8 and
Mem9, the Strep-tag-fused Mcm8 (aa 1-380) and Mcm89 (aa 876-1170) frag-
ments were expressed in E. coli and were purified using Strep-Tactin beads
(IBA). The exclusive detection of the target protein, and not of other Mcm family
proteins, by the antibodies produced was confirmed.

Gel Filtration Assay

Exponentially growing wild-type cells (2 x 107) were lysed in 1 mi of Lysis
buffer (20 mM HEPES-KOH [pH 7.9], 100 mM KOAc, 0.1% Triton X-100,
1mM EDTA, 1x Complete EDTA free protease inhibitor mix [Roche], 1x phos-
STOP phosphatase inhibitor mix [Roche]). Crude extracts were sonicated and
cleared through a 0.45 um disk filter to remove insoluble materials. Extracts
were fractionated through a Superose 6 10/300 GL column attached to an
ATKAexplorer 100 system (GE Healthcare).

Immunoprecipitation Assay

Exponentially growing cells (1 x 10°) were lysed in 5 ml of IP buffer (20 mM
HEPES-KOH [pH 7.9], 300 mM NaCl, 2.5 mM CaCl,, 0.1% Triton X-100,
5 mM B-mercaptoethanol, 1x Complete EDTA free protease inhibitor mix
[Roche], 1x PhosSTOP phosphatase inhibitor mix [Roche]). Crude extracts
were sonicated before adding 750 U of MNase (Roche). Extracts were incu-
bated on ice for 1 hr to digest DNA. After ultracentrifugation at 30 krpm for
1 hr at 4°C using an MLS-50 rotor (Beckman), supernatants were collected
and mixed with anti-FLAG M2 agarose (Sigma) or anti-Mcm9-coated protein
A magnetic beads (Life Technologies). After continuous agitation for 1 hr at
4°C, the beads were extensively washed (five times) with IP buffer. Bound
proteins were eluted with IP buffer containing 200 pg/ml of the 3x FLAG
peptide (Sigma) or with Laemmli sample buffer.

Microscopy

Cells were fixed with 4% paraformaldehyde for 30 min at RT before permeabi-
lization with PBS containing 0.5% Triton-X for 30 min. Treated cells were im-
mobilized on glass slides using a cytospin. To detect Rad51, cells were treated
with an anti-Rad51 polyclonal antibody at 37°C for 1 hr after blocking with PBS
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containing 1% BSA at RT for 30 min; subsequently, cells were treated with an
Alexa Fluor 594-conjugated anti-rabbit IgG (Molecular Probes) at 37°C for 1 hr.
After staining with DAPI, samples were analyzed under a DeltaVision micro-
scope (Applied Precision). Chromosome analysis was performed as described
previously (Takata et al., 2000, 2001).

Flow Cytometry

DT40 cells were pulse labeled with 20 M BrdU for 20 min before fixation with
ice-cold 70% ethanol. After treatment with 4 M HCI containing 0.5% Triton-X
for 30 min, cells were incubated with an anti-BrdU antibody (BD) for 1 hr at RT
and then with an FITC-conjugated anti-mouse IgG (Jackson ImmunoResearch
Laboratories) at RT for 30 min. Cells were stained with 5 pg/mi of propidium
iodide in PBS and analyzed using a FACSCalibur machine (BD).

I-Scel-induced HR and sigM Conversion Assays
These assays were performed as described previously (Yamamoto et al.,
2005).
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SUMMARY

The Fanconi anemia (FA) protein network is neces-
sary for repair of DNA interstrand crosslinks (ICLs),
but its control mechanism remains unclear. Here
we show that the network is regulated by a ubiquitin
signaling cascade initiated by RNF8 and its partner,
UBC13, and mediated by FAAP20, a component of
the FA core complex. FAAP20 preferentially binds
the ubiquitin product of RNF8-UBC13, and this ubig-
uitin-binding activity and RNF8-UBC13 are both
required for recruitment of FAAP20 to ICLs. Both
RNF8 and FAAP20 are required for recruitment of
FA core complex and FANCD2 to ICLs, whereas
RNF168 can modulate efficiency of the recruitment.
RNF8 and FAAP20 are needed for efficient FANCD2
monoubiquitination, a key step of the FA network;
RNF8 and the FA core complex work in the same
pathway to promote cellular resistance to ICLs.
Thus, the RNF8-FAAP20 ubiquitin cascade is critical
for recruiting FA core complex to ICLs and for normal
function of the FA network.

INTRODUCGTION

DNA interstrand crosslinks (ICLs) are highly toxic lesions
because they are absolute blocks to replication and transcrip-
tion. In humans, the repair of ICLs requires a group of proteins
in which mutations cause Fanconi anemia (FA), a genetic
disorder characterized by developmental abnormalities, bone
marrow failure, and cancer predisposition (Wang, 2007). FA

patient cells display increased chromosome instability and
cellular hypersensitivity in response to ICL-inducing agents.
Fifteen genes defective in FA have been identified, and their
products (FANC proteins) work with breast cancer susceptibility
(BRCA) proteins to repair ICLs.

The FANC proteins can be classified into three groups. The
first group includes the FA core complex, consisting of eight
FANC proteins (FANCA, FANCB, FANCC, FANCE, FANCF,
FANCG, FANCL, and FANCM) and four FA-associated proteins
(FAAP100, FAAP24, MHF1, and MHF2) (Singh et al., 2010;
Wang, 2007; Yan et al., 2010). In response to DNA damage or
stalled replication, the core complex monoubiquitinates the
second group of proteins, FANCD2 and FANCI, which form the
“ID” complex, and its monoubiquitination is necessary for repair
of ICLs (Knipscheer et al., 2009). The monoubiquitinated D
complex also redistributes to DNA damage sites on chromatin,
where it colocalizes with the third group of FA proteins,
FANCD1/BRCA2, FANCJ/BACH1/BRIP1, FANCN/PALB2. The
monoubiquitinated ID complex may serve as a signal to recruit
FANCP/SLX4 and nuclease FAN1 through interaction with their
ubiquitin-binding zinc finger (UBZ) domains (Kratz et al., 2010;
Liu et al., 2010; MacKay et al., 2010; Smogorzewska et al.,
2010; Yamamoto et al., 2011).

All three groups of FANC proteins are recruited to ICLs in vivo
and in vitro (Ben-Yehoyada et al., 2009; Knipscheer et al., 2009;
Shen et al., 2009; Yan et al., 2010), but the recruitment mecha-
nism is poorly understood. Recruitment of the FA core complex
has been reported to depend on ATR kinase, RPA (which binds
the ssDNA and activates ATR), and nucleotide excision repair
proteins XPA and XPC (Ben-Yehoyada et al., 2009; Shen et al.,
2009). Three DNA-binding components of the FA core complex
(FANCM, MHF, and FAAP24) have also been suggested to
bind directly to forks stalled by ICLs and recruit the complex
(Huang et al., 2010; Yan et al., 2010).
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Figure 1. FAAP20 Is Required for Normal Activation of the FA Pathway and Cellular Resistance to iCls

(A) A silver-stained gel showing that the complex purified by a FANCA antibody from Hela nuclear extract contained FAAP20 and other components of FA core
and BLM complexes. IP indicates immunoprecipitation.
(B) Immunoblotting shows that FAAP20 is present in the immunoprecipitates isolated from Hela nuclear extract by FANCA or FANCG antibodies. Nuclear extract

(NE) was used as a loading control.

(C) Immunoblotting shows that FAAP20 coimmunoprecipitated with FANCA and other FA core complex components from Hela cells stably expressing
Flag-tagged FAAP20, but not from untransfected Hela cells. A Flag antibody was used in IP.
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Here we show that FAAP20, a component of the FA core
complex, preferentially binds lysine 63 (K63)- over lysine 48
(K48)-linked polyubiquitins in vitro. Both polyubiquitins have
been observed in chromatin regions flanking DSBs and
UV-induced DNA damage (Al-Hakim et al., 2010; Marteijn et al.,
2009; Ulrich and Walden, 2010). RNF8 is the first E3 ubiquitin
ligase that accumulates at damaged sites to build either K63-
or K48-linked ubiquitin chains in damaged chromatin by working
with different E2 ubiquitin-conjugating enzymes. Specifically, it
can cooperate with UBC13 to promote K63-linked ubiquitination
of H2A-type histones in response to DSBs, UV, and replication
stress (Feng and Chen, 2012; Huen et al., 2007; Kolas et al.,
2007; Mailand et al., 2007; Sy et al., 2011; Wang and Elledge,
2007). The ubiquitinated H2A then recruits a second E3 ligase,
RNF168, which works with UBC13 to further elongate and spread
K63-linked polyubiquitin chains. This enables assembly of down-
stream repair proteins at damaged chromatin via ubiquitin-
mediated protein-protein interactions. In this study, we describe
a ubiquitin signaling cascade that is initiated by RNF8-UBC13
and mediated by FAAP20. We show that this cascade is critical
for recruitment of the FA core complex and FANCD2 to ICLs
and also important for normal function of the FA network.

RESULTS

FAAP20 is a Component of the FA Core Complex
We immunoprecipitated the FA core complex from Hel.a nuclear
extract with a FANCA antibody. Analyses of the immunoprecip-
itate by silver staining (Figure 1A) and mass spectrometry identi-
fied many known components of the FA core complex (FANCA,
FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, FANCM,
FAAP100, and MHF2) and the BLM complex (BLM, TOPIll«,
and RPA70). The results confirmed the association of the FA
core complex and BLM complex in a supercomplex, BRAFT
(Meetei et al., 2003). We also identified a 20 kDa polypeptide
as LOC199990 (C10ORF86), an uncharacterized protein. We
renamed it as FAAP20 (for FA-associated protein 20 kDa).
Immunoblotting showed that a FAAP20 antibody recognized
the corresponding polypeptide in the FA core complex immuno-
precipitated with either anti-FANCA or FANCG antibodies (Fig-
ure 1B). In a reciprocal immunoprecipitation, FAAP20-associ-
ated polypeptides isolated by a Flag antibody from the extract
of Hel a cells stably expressing Flag-tagged FAAP20 contained
many FA core complex components (Figure 1C). Additionally,
the profile of FAAP20 on gel filtration chromatography overlap-

ped with those of several FA core complex components (see Fig-
ure S1A available online). Notably, the profile of FAAP20 was
coincidental with those of FANCA and FANCG, arguing that
these three proteins are likely present in a subcomplex.

The level of FAAP20 was significantly reduced in cells derived
from a FANCA patient compared to that of cells from a healthy
individual (Figure 1D, lanes 1 and 2), and this FAAP20 level
was restored by reinduction of exogenous FANCA (Figure 1D,
lanes 2 and 3). These data indicate that the stability of FAAP20
is dependent on FANCA, suggesting that FAAP20 could interact
with FANCA in the FA core complex.

FAAPZ0 Is Required for Normal Activation

of the FA Pathway and Cellular Resistance to ICLs

A key function of the FA core complex is to monoubiquitinate
FANCD2 and FANCI in response to DNA damage. Hela cells
depleted of FAAP20 by two different siRNAs displayed reduced
levels of monoubiquitinated FANCD2 and FANCI in response to
mitomycin C (MMC) (Figure 1E and Figure S1B), indicating that
FAAP20 is a functional component of the core complex. The
reduced ubiquitination was not due to inability of these cells to
enter S phase, because the S phase population in cells depleted
by siFAAP20-2 oligo was larger than that of cells treated with
a control siRNA (Figure S1C). The FAAP20-depleted Hela cells
exhibited increased sensitivity to MMC (Figure 1F) as well as
increased MMC-induced chromosomal breaks (Figure 1G).
These are all characteristics of cells deficient in the FA core
complex, suggesting that FAAP20 is important for normal func-
tion of the FA pathway and for cellular resistance to ICLs.

The FAAP20-depleted Hela cells had a modestly reduced
level of FANCA compared to cells treated with a control oligo
(Figure 1E and Figure S1B), again consistent with a need for
FAAP20 for optimal stability of FANCA.

We further investigated the role of FAAP20 by inactivating this
gene in chicken DT40 cells (Figures S1D-S1F). The levels of both
monoubiquitinated FANCD2 and FANCI were reduced in three
independent clones of FAAP20™/~ DT40 cells when compared
to wild-type cells (Figure 1H, lanes 1-4; and Figure S1G), and
these were restored by reintroduction of human FAAP20 into
these cells (Figure 1H, lanes 1, 2, 5, and 8). The results are
consistent with the data from Hela cells that showed a require-
ment of FAAP20 for optimal monoubiquitination of FANCD2 and
FANCI after DNA damage.

The FAAP20~~ DT40 cells did not exhibit significant sensi-
tivity to cisplatin, which can induce ICLs (data not shown). This

(D) Immunoblotting shows the level of FAAP20 in lysates of lymphoblastoid cells from a healthy individual (WT), a FANCA patient (FANCA™"), and the patient cell

line complemented by expression of exogenous FANCA.

(E) immunoblotting shows that Hela cells depleted of FAAP20 by two different siRNAs have reduced levels of monoubiquitinated FANCD2 and FANC! in the
presence of 60 ng/ml MMC for 20 hr. A nontargeting siRNA was used as a control (siCtrl). “L” (long) and “S” (short) represent monubiquitinated and non-
ubiquitinated forms, respectively. The ratio between long and short forms (L/S) was obtained by using KODAK Molecular Imaging Software and is shown below

the blots.

(F) Clonogenic survival assays of Hela cells depleted of FAAP20 by two different siRNAs following the treatment with MMC. The mean surviving percentages with
standard error of the mean (SEM) from three independent experiments are shown.

(G) MMC-induced chromosomal aberrations in Hela cells depleted of FAAP20 by two different siRNAs. Percentages of metaphases with and without aberrations
after MMC treatment were compared between siControl and siFAAP20 cells using a two-sample Chi? test. p values for the differences between siFAAP20-1,

siFAAP20-2 and siControl were 0.05 and 0.02, respectively.

(H) Immunoblotting shows the levels of FANCD2 and FANCI in lysates from various DT40 cells (wild-type [WT], FAAP20~'~ cells of three independent clones
[KO-1, KO-2, and KO-3}, and FAAP20™'~ cells complemented with hurman FAAP20). Cells were treated with 500 ng/ml MMC for 6 hr (see also Figure S1).
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Figure 2. The UBZ Domain of FAAP20 Preferentially Binds K63-Linked over K48-Linked Polyubiquitin Chains In Vitro

(A) Sequence alignment of the UBZ domains of FAAP20 orthologs and several other proteins. Conserved residues of the zinc finger are marked yellow. A
critical aspartate residue for ubiquitin binding is marked red. Other identical and similar residues are marked green. Two point mutants of human FAAP20
are indicated.

(B) (Top panel) A homology model to compare the UBZ domains of human FAAP20, NEMO, and Pol eta. Hydrophobic residues (green), acidic residues (red), polar
uncharged (magenta), and the zinc coordinating residues (blue) are shown as sticks. (Bottom panel) Sequence alignment of the UBZ domains. A critical residue
at the ubiquitin-binding interface is indicated by an arrow.

(C) GST pull-down coupled with immunoblotting shows the binding of both K48- and K63-linked polyubiquitin chains by a GST fusion protein containing the
wild-type (WT) UBZ domain of FAAP20 (GST-UBZ-WT), but not by GST protein alone.
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may not be a surprise, because DT40 cells deficient in FANCA
or FANCG (which may interact more directly with FAAP20
in a subcomplex; Figure S1A) are not very sensitive to crosslink-
ing agents, unlike DT40 cells deficient in FANCL or FANCC,
which are highly sensitive (Takata et al., 2009). It should be
mentioned that cell survival is affected not only by the FA
network but also by other pathways; and measuring FANCD2
monoubiquitination and foci formation is a more direct readout
for the FA network.

Mo FA Patients Have Yet Been Found with Mutations in
FAAP20

We screened unclassified FA patients, which lacked a defect in
any of the known FA genes, for FAAP20 mutations by both
immunoblotting and exon sequencing but found no patient
with a FAAP20 defect (data not shown).

FAAP20 Contains a UBZ-Type Ublquitin-Binding Domain
FAAP20 orthologs are found in vertebrates, but not in inverte-
brates and yeast (Figure S2A). This feature of FAAP20 is shared
by most FA core complex components, suggesting that the
genes encoding them may have coevolved.

Alignment of FAAP20 sequences revealed a highly conserved
zinc finger domain (Figure S2A) similar to the UBZ domain found
in other DNA repair proteins, including FAN1 and FANCP/SLX4
(Figure 2A). Atomic absorption analyses of a recombinant
GST-fusion protein containing the UBZ domain of FAAP20
confirmed the presence of a Zn atom in the wild-type protein
(GST-UBZ-WT), but not in a point mutant carrying a Cys-to-Ala
substitution (GST-UBZ-C147A) (Figure 2A and Figure S2B).

The UBZ domain of FAAP20 bound ubiquitin-conjugated
agarose beads in a pull-down assay (Figure S2C). In contrast,
neither GST protein alone nor two GST-fusion proteins carrying
point mutations in the UBZ domain (C147A and D164A, respec-
tively) bound to ubiquitin beads (Figure 2A and Figure S2C).
These data indicate that the UBZ domain of FAAP20 is indeed
a ubiquitin-binding domain.

Of the two UBZ mutations (Figure 2A), the C147A substitution
inactivates Zn binding (Figure S2B) and disrupts the tertiary
structure of the domain. The D164A substitution mimics a similar
mutation in the UBZ domains of Pol eta (D652) and Nemo (Q411),
which disrupts the ubiquitin-binding surface without affecting
tertiary structure (Figures 2A and 2B) (Bomar et al., 2007; Cordier
et al., 2009). As expected, the D164A mutant retained the Zn
atom in the structure (Figure S2B). Thus, our findings that the
D164A mutant lost ubiquitin-binding activity suggest that the
ubiquitin interface of the FAAP20 UBZ domain may be similar
to that in other UBZ domains.

The UBZ Domain of FAAP20 Binds Both K48~ and K83-
Linked Polyubiguitin Chains

Proteins can be modified by either mono- or polyubiquitins
linked through different lysine (K) residues, with different ubig-

uitin isoforms representing distinct signals for their host pro-
teins. We found that a GST fusion protein containing the UBZ
domain of FAAP20 bound both K48- and K63-linked poly-
ubiquitin chains but had no detectable binding for monoubiqui-
tin (Figures 2C and 2D). As controls, GST-fusion proteins
containing the UBZ domain with either C147A or D164A muta-
tions had no binding activity for either form of polyubiquitin
(Figures 2E and 2F). The results suggest that FAAP20 can
recognize both K48- and K63-linked polyubiquitin, but not
monoubiquitin.

We quantified the immunoblot images for each ubiquitin
linkage and calculated the ratio between levels of the bound
ubiquitin versus those of the input (Figure 2D). The results
showed that the ratio for each K63-linked chain is consistently
higher than that for the respective K48-linked chain, indicating
that the FAAP20-UBZ domain preferentially binds K63-linked
chains.

The Ubiguitin-Binding Activily is Crucial for FAAPZ20
Recruitment to ICLs

Two FA core complex components, FANCM and MHF1, are re-
cruited to ICLs induced by laser-activated psoralen (Yan et al.,
2010). Using the same method, we observed recruitment of
GFP-tagged FAAP20 at ICLs within minutes upon laser activa-
tion (Figure 3A). Notably, no recruitment was detected for the
GFP-FAAP20-D164A mutant that lacks ubiquitin-binding activity
(Figures 3B and 3C).

We also performed eChlP, a chromatin-IP-based assay that
detects the recruitment of the FA core complex to an ICL on
a nonreplicating episomal plasmid (Shen et al., 2009). Flag-
FAAP20 was recruited to the ICL, but the Flag-FAAP20-D164A
mutant was not (Figure 3D and Figure S3A). These data indicate
that FAAP20 is recruited to [CLs through the ubiquitin-binding
activity of its UBZ domain.

K63-Linked Polyubiquitin Generated by RNF8-UBCH3
Signals FAAP20 Recruitment

RNF8 is the first E3 ligase that accumulates at damaged DNA to
build either K63- or K48-linked ubiquitin chains in the
surrounding chromatin. Because both products of RNF8 can
be bound by FAAP20, we investigated whether RNF8-depen-
dent ubiquitination recruits FAAP20 to damaged sites. The accu-
mulation of GFP-FAAP20 at ICLs was abolished in Hela cells
depleted of RNF8 by two different siRNAs (Figures 3E and 3F,
and Figure S3B). These data suggest that RNF8 and FAAP20
constitute a ubiquitin signaling cascade (RNF8-FAAP20
cascade) in which RNF8-mediated ubiquitination is a signal for
FAAP20 recruitment.

K63-linked polyubiquitins often recruit other proteins through
ubiquitin-mediated interactions, whereas K48-linked chains
target substrates for proteolytic degradation. To examine
whether K63-linked polyubiquitin is the signal for FAAP20
recruitment, we depleted UBC13, the ubiquitin-conjugating

(D) A graph shows the ratio between levels of the bound ubiquitin versus those of input as reported in (C). The immunobilotting in (C) was quantified by KODAK
Molecular Imaging Software. Notably, for each ubiquitin isoform, binding to K63 linked chains is consistently stronger than K48 chains.
(Eand F) GST pull-down coupled with immunoblotting shows the binding of K63- or K48-linked polyubiquitin by wild-type (WT) UBZ domain, but not by GST-UBZ

mutants (C147A and D164A, respectively) (see also Figure S2).
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Figure 3. The Recruitment of FAAP20 1o ICLs Requires lis Ubiquitin-Binding Activity, RNF8 and UBC13, but Not RNF168
(A) Images showing that GFP-tagged FAAP20 protein in Hela cells was recruited to psoralen-induced ICLs at various time points after laser activation. The arrows
indicate positive recruitment signals.
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