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Fanconi anemia (FA) is a rare genetic disorder characterized by bone marrow failure and an increased risk for
leukemia and cancer. Fifteen proteins thought to function in the repair of DNA interstrand crosslinks (ICLs)
comprise what is known as the FA-BRCA pathway. Activation of this pathway leads to the monoubiquitylation
and chromatin localization of FANCD2 and FANCI. It has previously been shown that FANCJ interacts with
the mismatch repair (MMR) complex MutL«. Here we show that FANCD2 interacts with the MMR proteins
MSH2 and MLH1. FANCD2 monoubiquitylation, foci formation and chromatin loading are greatly diminished
in MSH2-deficient cells. Human or mouse cells lacking MSH2 or MLH1 display increased sensitivity and radial
formation in response to treatment with DNA crosslinking agents. Studies in human cell lines and Drosophila
mutants suggest an epistatic relationship between FANCD2, MSH2 and MLH1 with regard to ICL repair.
Surprisingly, the interaction between MSH2 and MLH1 is compromised in multiple FA cell lines, and FA
cell lines exhibit deficient MMR. These results suggest a significant role for MMR proteins in the activation
of the FA pathway and repair of ICLs. In addition, we provide the first evidence for a defect in MMR in FA
cell lines.

INTRODUCTION

Fanconi anemia (FA) is a rare autosomal or X-linked recessive
genetic disorder characterized by congenital abnormalities,
bone marrow failure and an increased susceptibility to
cancer and leukemia. Fifteen FA genes have now been identi-
fied that when mutated result in hypersensitivity to DNA
crosslinking agents such as mitomycin C (MMC) or cisplatin
(CDDP). For this reason, the proteins encoded by these
genes are thought to function in the removal and repair of
DNA interstrand crosslinks (ICLs) (1-3). Because of the
complex nature of ICLs, several repair pathways are thought

to converge to repair these lesions, with FA proteins garnering
assistance from other repair machinery such as that involved in
homologous recombination (HR) and nucleotide excision
repair (4).

Eight of the 15 FA proteins (FANCA, B, C, E, F, G, L and
M) form what is known as the FA core complex. All members
of the core complex are essential for the monoubiquitylation
of FANCD2 and FANCI after DNA damage or during S
phase, and this event is considered the hallmark of FA
pathway activation (5). Once monoubiquitylated, FANCD2
and FANCI are loaded onto chromatin (6), where they have
been shown to co-localize in nuclear foci with three of the
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remaining FA proteins: FANCJ/BRIPI/BACH1, FANCN/
PALB2 and FANCDI1/BRCA2 (7-10). Recently identified
as FA proteins, FANCO/RADS1C (11) and FANCP/SLX4
(12) are also involved in the later stages of ICL repair
during HR. Owing to the increasing link between FA and
familial breast cancer genes, this pathway is often referred
to as the FA-BRCA pathway.

Mismatch repair (MMR) is a repair system highly conserved
from Escherichia coli to humans for the correction of base sub-
stitutions and insertion—deletion loops (IDLs) that can arise in
nascent DNA strands during replication (13). In humans, two
protein complexes, MutSa and MutS@3, named for their hom-
ology with the E. coli protein MutS, exist for the recognition
and binding of mismatches (14). MutSa, composed of MSH2
and MSHS6, is primarily responsible for the detection of single-
base mismatches and small IDLs, whereas MutS3, composed
of MSH2 and MSH3, is responsible for the detection of and
repair of IDLs of up to 16 extra bases (15—17). Once detected,
MutS complexes recruit the MutLa complex, composed of
MLHI1 and PMS2, which coordinates the remaining steps in
MMR (18).

In addition to their role in MMR, MMR proteins have also
been implicated in somatic hypermutation, VDJ recombination
and the recognition of lesions caused both by the environment
and chemotherapeutic agents (13). MutSa and MutLa have
been shown to be required for the recruitment of ATR and
ATRIP to O%-methylguanine adducts (19), and more recently,
MSH2 was reported to be required for the recruitment of
ATR after CDDP treatment (20). In addition, several previous
reports suggest that MutS complexes may be involved in the
detection and processing of ICLs. MutSa has been shown to
bind ICLs produced by CDDP (21). Several groups have also
reported that repair of psoralen ICLs is dependent on MutS@3
(22-24). Taken together with other recent studies showing
an interaction between FANCJ and MutLa (25), it seemed
plausible that there might be a functional overlap between
the MMR and FA-BRCA pathways.

In this study, we identify MSH2 and MLHI1 as novel
FANCD2-binding partners. We show by immunoprecipitation
that the interaction between FANCD2 and MSH2 and MLHI1
is induced upon treatment with DNA interstrand crosslinking
agents. MSH2 specifically binds the monoubiquitylated form
of FANCD2 (FANCD2-L), and this interaction requires ATR,
but not ATM or BRCA1. MSH2-deficient cells show greatly
diminished monoubiquitylation and chromatin loading of
FANCD2 and FANCI and FANCD?2 foci formation, whereas
MLH1-deficient cells do not. Both MSH2- and MLH1-deficient
cells display hypersensitivity and increased radial formation
when exposed to DNA interstrand crosslinking agents.
Studies in human cells and Drosophila mutants indicate an epi-
static relationship between MSH2, MLH1 and FANCD2 with
regard to ICL repair. These data suggest a significant role for
MMR factors in ICL repair and in the activation of the FA
pathway.

In addition, we provide the first evidence for a defect in
MMR in FA cell lines. The interaction between MSH2 and
MLHI1 is reduced in both core complex and FANCD2 mutant
cell lines. Using a plasmid-based assay, we also show that
MMR is defective in several FA cell lines to a similar degree
as MSH2-deficient cells. These data indicate a role for FA

proteins in MMR and suggest significant crosstalk between
the MMC and FA-BRCA pathways.

RESULTS
Identification of novel FANCD2-interacting proteins

Given that the monoubiquitylation of FANCD2 and FANCI
represents a central event in the FA pathway, we sought to
purify FANCD2-containing complexes for the purpose of
identifying novel FANCD2-interacting proteins. We have pre-
viously described a chromatography purification scheme that
revealed the presence of three distinct FANCD2 subcomplexes
[26 (permission granted)] (Fig. 1A). Using this scheme, fol-
lowed by immunoprecipitation with anti-FLAG resin, we puri-
fied two FANCD2-containing protein complexes from
whole-cell extracts of PD20 cells stably expressing FLAG-
tagged FANCD?2. The ‘small’ and ‘middle’ protein complexes
were then eluted from the resin using FLAG peptide and sub-
jected to SDS—polyacrylamide gel electrophoresis (PAGE),
followed by silver-staining (Fig. 1B). Silver-stained bands
were trypsin-digested and analyzed by liquid chromatography-
mass spectrometry (LC-MS). Mass spectrometry results
showed that the ‘small’ complex was composed solely of
FANCD2, whereas the ‘middle’ complex contained many
novel FANCD2-binding partners, including MSH2 and
MLHI1, in addition to known binding partners such as
FANCI (27). In order to verify the interaction between
FANCD2 and MMR proteins, endogenous FANCD2 was
immunoprecipitated from whole-cell extracts of HeLa cells
untreated or treated with MMC. Immunoblotting confirmed
that MSH2 and MLHI co-precipitate with endogenous
FANCD?2 and that this interaction is induced upon treatment
with MMC (Fig. 1C and E). Reciprocally, FANCD2 co-
precipitates with endogenous MSH2 (Fig. 1D).

Characterization of the FANCD2-MSH2 and
FANCD2-MLHI1 interactions

Since these proteins co-precipitated in an MMC-dependent
manner, we next wanted to determine whether MSH2 and
MLHI interact with FANCD2-S or FANCD2-L. Endogenous
FANCD2 was immunoprecipitated from whole-cell extracts of
human cell lines deficient in several different FA core
complex proteins or stably expressing wild-type FANCD2 or
the ubiquitylation-resistant form of FANCD2 (K561R).
Immunoblotting revealed that MSH2 co-precipitates with
FANCD?2 only in cells expressing wild-type FANCD2 and not
in cells deficient in any core complex protein or in cells expres-
sing only FANCD2-K561R (Fig. 2A). Immunoblotting was
used to confirm that each cell line used failed to express detect-
able levels of the respective FA protein (data not shown; 28).
These data demonstrate that MSH?2 interacts with FANCD2-L,
as FANCD2 cannot be ubiquitylated when any member of
the core complex is missing or when cells express the
FANCD2-K561R mutant protein.

Since MSH2 has been shown to be involved in early signal-
ing events following the recognition of a lesion, such as
recruitment of ATR and ATRIP and activation of Chkl (19),
we next sought to determine whether the interaction between
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Figure 1. Identification of novel FANCD2-binding partners. (A) Whole-cell
extracts from PD20 cells stably expressing FLAG-tagged FANCD?2 were sub-
jected to the chromatography scheme represented here. Three distinct
FANCD2-containing protein complexes were identified by western blot and
named ‘small’, ‘middle’ and ‘large’ complexes. (B) The ‘small’ and
‘middle’ protein complexes were immunoprecipitated using anti-FLAG
resin, eluted using FLAG peptide and subjected to SDS—PAGE followed by
silver-staining. The ‘small’ complex appeared as a single band, whereas silver-
staining of the ‘middle’ complex revealed many protein bands, suggesting the
presence of several different FANCD2-containing protein complexes. Bands
were cut out, trypsin-digested and analyzed by mass spectrometry to reveal
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FANCD2 and MSH2 required other DNA repair proteins
involved in both early and late signaling events during ICL
repair. Immunoprecipitation of endogenous FANCD2 from
extracts of human cell lines deficient in ATM, ATR, BRCAL1
and their wild-type counterparts revealed that MSH2
co-precipitates with FANCD2 in ATM- and BRCA1-deficient
cell lines (Fig. 2B). However, MSH2 did not co-precipitate
with FANCD2 in ATR-deficient cells, indicating that ATR is
required for this interaction. Immunoblotting was again used
to confirm the identity of each cell line by measuring the ex-
pression level of the respective protein (data not shown). The
interaction between FANCD2 and MSH2 was also intact in
MSH3-, ERCCI1- and XPF-deficient Chinese hamster cell
lines (Ananth et al., data not shown), further emphasizing the
importance of ATR in the binding of these proteins.

Given that MSH2 binds to MLH1 during its recruitment to
DNA mismatches and IDLs (14), and FANCD?2 binds to both
MSH2 and MLHI1, we were next interested in whether MSH2
was necessary for the interaction between FANCD2 and
MLHI1 and vice versa. Endogenous FANCD2 was immunopre-
cipitated from extracts from MMC-treated and untreated
MSH2-deficient (HECS59) cells or cell lines corrected with
wild-type MSH2 by chromosomal transfer (HEC59 + Ch2).
Immunoblotting showed that MLHI1 co-precipitates with
FANCD?2 only in the MSH2-corrected cell lines treated with
MMC (Fig. 2C). This implies that MSH2 is either required
to be physically present in complex with FANCD2 and
MLHI to stabilize the complex or is required for important
upstream signaling events leading to the interaction between
FANCD2 and MLHI1. We then immunoprecipitated endogen-
ous FANCD2 from MLHI-deficient (HCT116) cells or cell
lines corrected with wild-type MLH1 by chromosomal transfer
(HCT116 + Ch3). Interestingly, MSH2 co-precipitated with
FANCD2 in MLHI1-corrected cells, but this interaction was
nearly undetectable in MLH1-deficient cells (Fig. 2D). These
data show that MLHI1, although largely considered to be a
downstream effector protein in relation to MSH2, actually
enhances the interaction between FANCD2 and MSH2.

MSH2 is required for normal kinetics of
monoubiquitylation and chromatin loading of FANCD2
and FANCI

As MSH2 has been implicated in the detection and repair of
ICLs (21-24), we next wanted to determine whether these
FANCD2-binding partners were involved in the activation of
the FA pathway. MSH2-deficient and corrected cells were
treated with MMC at several time points over 24 h, collected
and lysed, and the resulting cell lysates were analyzed by
SDS—PAGE followed by immunoblotting. As shown in
Figure 3A, FANCD2 monoubiquitylation is undetectable in
MSH2-deficient cells except for a faint upper band correspond-
ing to FANCD2-L at 24 h after treatment. FANCI monoubiqui-
tylation follows suit, with FANCI-L becoming faintly
detectable only by 8h after treatment. However, both

the novel FANCD2-binding partners, MSH2 and MLHI1. (C—E) Immunopre-
cipitation of endogenous FANCD2 and MSH2 from HeLa whole-cell extracts
confirms that FANCD2, MSH2 and MLH1 co-precipitate and this interaction
is induced upon damage with MMC.
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Figure 2. Characterization of the FANCD2-MSH2 and FANCD2-MLHI interactions. (A) Endogenous FANCD2 was immunoprecipitated from whole-cell
extracts of human cell lines deficient in FA core complex proteins or stably expressing wild-type FANCD2 or FANCD-K561R after an 18 h treatment with
50 nm MMC. MSH2 co-precipitates with FANCD2-L only. (B) Endogenous FANCD2 was immunoprecipitated from whole-cell extracts of cell lines deficient
in ATR, ATM and BRCAL1 after an 18 h treatment with 50 nm MMC. ATR is required for the interaction of FANCD2 and MSH2, but not ATM or BRCAL. (C)
Endogenous FANCD2 was immunoprecipitated from extracts of MSH2-deficient and corrected cells that are untreated or treated with MMC for 24 h. MLHI1
does not co-precipitate with FANCD2 in MSH2-deficient cells. (D) Endogenous FANCD2 was immunoprecipitated from MLH1-deficient cell extracts that
are untreated or treated with MMC for 24 h. MSH2 co-precipitates with FANCD2 to a greater extent in MLH1-corrected cells, indicating that MLH1 enhances

the interaction between FANCD2 and MSH2.

FANCD2 and FANCI become monoubiquitylated promptly
after MMC treatment in corrected cell lines (compare lanes
1-6 and 7—12). In contrast, the same experiment performed
in MLHI-deficient and corrected cell lines reveals that
FANCD2 and FANCI are monoubiquitylated to similar
extents in untreated cells and as soon as 2 h after MMC treat-
ment (Fig. 3B, compare lanes 1-6 and 7—12). To confirm
these results, we next treated the same cell lines over several
time points with a second DNA interstrand crosslinking agent,
CDDP. Immunoblotting shows that FANCD2 monoubiquityla-
tion is undetectable in MSH2-deficient cells after up to 8 h of
treatment with CDDP, whereas FANCD2-L is detectable in

corrected cells as soon as 4h after treatment (Fig. 3C,
compare lanes 3—5 with 7—10). Again, MLH1-deficient and
corrected cells display similar levels of FANCD2 monoubiqui-
tylation after treatment with CDDP (Fig. 3D). Depletion of
MSH2 and MLHI in HeLa cells by siRNA transfection, fol-
lowed by treatment with MMC for 4 and 24 h, showed a
similar delay in FANCD2 monoubiquitylation after MSH2 de-
pletion but not after MLH1 depletion (Supplementary Material,
Fig. S1).

Monoubiquitylation of FANCD2 and FANCI leads to their
chromatin localization, so we turned next to cellular fraction-
ation experiments to determine whether chromatin loading
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was also impaired in MSH2-deficient cells. As expected, cel-
lular fractionation of MSH2-deficient and corrected cells fol-
lowed by immunoblotting revealed defective chromatin
loading of FANCD2 and FANCI in both untreated and
MMC-treated cells lacking MSH2. However, FANCD2 and
FANCI were present in detectable levels the chromatin frac-
tion of untreated MSH2-corrected cells, and increased upon
treatment with MMC for 24 h (Fig. 3E, compare lanes 5-6
and 7-8). Since unmodified FANCD2 and FANCI are
faintly detectable in the chromatin fraction of MSH2-deficient
cells, we cannot rule out the possibility that FANCD2 and
FANCI are loaded onto chromatin but are not monoubiquity-
lated in the absence of MSH2. As expected, MLH1-deficient
cells are proficient in FANCD2 and FANCI chromatin
loading, as both proteins were detectable at similar levels in
mutant and corrected cell lines both before and after treatment
with MMC (Fig. 3F, compare lanes 5—6 and 7—8). Important-
ly, mutant cell lines grew at similar rates and displayed similar
cell-cycle profiles, so the phenotypes observed cannot be
attributed to defects in growth or cell-cycle arrest (Supplemen-
tary Material, Fig. S1).

FANCD?2 foci formation is impaired in MSH2-deficient
cells

FANCD?2 has been shown to form nuclear foci, thought to rep-
resent chromatin-bound FANCD2, in response to different
types of DNA damage. Given that FANCD2 chromatin
loading is impaired in MSH2-deficient cells, we next sought to
examine FANCD2 foci formation in MMR cell lines. Cells
were seeded into eight-well culture slides and then treated
with MMC over several time points for 24 h. Immunostaining
for FANCD2 reveals that FANCD?2 foci formation is significant-
ly delayed in MSH2-deficient cells compared with their cor-
rected counterparts (Fig. 4A). Although foci were visible even
in untreated cells and as early as 2 h after MMC treatment in cor-
rected cells, FANCD2 foci did not appear in MSH2-deficient
cells until 24 h after treatment with MMC. These results correl-
ate well with the FANCD2 monoubiquitylation and chromatin-
loading defects seen in the same cells. As expected,
MLH1-deficient and corrected cells display efficient FANCD2
foci formation in both untreated and MMC-treated cells
(Fig. 4B). Cells with greater than five foci were counted in
each cell type and at each time point shown. As shown in
Figure 4C and D, a clear delay in FANCD?2 foci formation

Figure 3. MSH2 is required for normal kinetics of monoubiquitylation and
chromatin loading of FANCD2 and FANCI. (A) MSH2-deficient and cor-
rected cells or (B) MLHI1-deficient and corrected cells were treated with
500nm MMC over several time points for 24 h. Immunoblotting shows
FANCD2 and FANCI monoubiquitylation is greatly diminished in
MSH2-deficient cells, but not MLHI-deficient cells. (C) MSH2-deficient
and corrected cells or (D) MLHI1-deficient and corrected cells were treated
with 75 um CDDP over several time points for 24 h. Immunoblotting
reveals a similar deficiency in FANCD2 monoubiquitylation in
MSH2-deficient cells, but not MLHI1-deficient cells. (E) MSH2-deficient
and corrected cells or (F) MLHI-deficient and corrected cells were treated
with 500 nm MMC for 24 h and then subjected to cellular fractionation. Im-
munoblotting reveals that although FANCD2 and FANCI chromatin loading
is normal in MLHI-deficient cells, chromatin loading of both proteins is
nearly undetectable in MSH2-deficient cells.
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occurs only in MSH2-deficient cells, whereas all other cell types  in the activation of the FA pathway, whereas MLH1 is function-
show an induction in this event following MMC treatment. ing either downstream of FANCD2 and FANCI monoubiquity-
Taken together, these data identify a significant role for MSH2  lation or in a separate pathway.
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Figure 5. MSH2 and MLH1 play a key role in ICL repair. (A) Human MSH2-deficient and corrected cells, (B) MSH2-deficient MEFs and their wild-type coun-

terparts and (C) human MLH]1-deficient and corrected cells were treated with

increasing concentrations of MMC and CDDP and assessed for survival using

crystal violet staining and extraction. Both MSH2- and MLH1-deficient cells are hypersensitive to DNA interstrand crosslinking agents. (D) Depletion of
MSH2, MLHI1, FANCD2, MSH2 and FANCD2, or MLH1 and FANCD2 by siRNA transfection followed by crystal violet survival assay shows that MSH2,
MLHI! and FANCD2 are epistatic with regard to ICL repair. (E) MLHI-deficient and corrected cells and (F) MSH2-deficient and corrected cells were
treated with MMC and dropped onto slides for chromosome breakage analysis. Increased radial formation is evident in both MSH2- and MLH]1-deficient
cells (marked by arrows). (G) Analysis of metaphase spreads shows a >3-fold increase in radial formation in MSH2- and MLH1-deficient cells versus their

corrected counterparts.

MSH2 and MLH1 play a key role in ICL repair

Both MSH2 and MLH1 interact with FANCD?2 in response to
treatment with DNA interstrand crosslinking agents; however,
only MSH2 appears to be required for the activation of the FA
pathway. To study the role of these proteins in ICL repair

further, we decided to examine the MMR cell lines for two
cellular phenotypes—sensitivity and radial formation after
treatment with crosslinking agents. MSH2-deficient human
and mouse cells and their wild-type counterparts were plated
in six-well plates and treated with increasing concentrations
of MMC and CDDP. After incubation for 5 days, cells were
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Fig. 5 Continued

fixed and stained with crystal violet and then assessed for cell
survival by dye extraction, followed by measurement of ab-
sorbance on a spectrophotometer. As shown in Figure 5A
and B, both human and mouse cells deficient in MSH2 are
hypersensitive to MMC and CDDP. Surprisingly, even
though FA pathway activation is intact in MLH1-deficient
cells, these cells are also clearly hypersensitive to both cross-
linking agents (Fig. 5C). These results were also confirmed
using colony-formation assays for both MSH2- and
MLH]1-deficient cells (data not shown). Clonal survival
assays also show that MSH3-deficient Chinese hamster
ovary (CHO) cells (29) are hypersensitive to MMC (Supple-
mentary Material, Fig. S1). Depletion of MSH2 and MLH1
by siRNA transfection in HeLa cells results in hypersensitivity
to MMC compared with control cells in colony-formation
assays (Fig. 5D). In addition, the double knockdown of
MSH2 and FANCD2 and MLH1 and FANCD2 results in com-
parable hypersensitivity to MMC as the single knockdown of

FANCD?2 alone, establishing an epistatic relationship between
these three proteins with respect to ICL repair.

We next examined metaphase spreads from the MMR mutant
cell lines for increased radial formation in response to treatment
with interstrand crosslinking agents, which is a diagnostic cel-
lular phenotype of FA. Cells were treated with MMC for 24 h,
collected, swollen in hypotonic buffer and fixed and dropped
onto slides. After staining with Giemsa, slides were examined
for chromosome breakage and scored for radial formation. As
shown in Figure 5E and F, MSH2- and MLH1-deficient cells
display increased radial formation in response to MMC com-
pared with their corrected counterparts. MSH2-deficient cells
displayed ~4-fold more radial forms than corrected cells
(P =0.0005), whereas MLHI-deficient cells displayed
~5-fold more radial forms than corrected cells (P = 0.0004)
(Fig. 5G). Taken together, these data indicate a significant
role for both MSH2 and MLH]1 in ICL repair and an epistatic
relationship between FANCD2, MSH2 and MLHI.


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddr366/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddr366/-/DC1

Human Molecular Genetics, 2011, Vol. 20, No. 22 4403

A
50
M No Treatment
404 ©.25mM DEB ;.
> :
g
30 49—
]
-9 ¥
¥ I
g 20— 3 =
g f
10+— 3 f—
0 — -
spell-/- spell+/-
B Genotype
> 1
e
g 0.8
:
2 08
(Y.
o
X 04
= 0
=
z
g 02
e
¢ .l .
< 0 ‘ : .
control Fanconi RNAI Spell-/- Fanconi RNAI
Genotype Spel1-/-

Figure 6. Mutation of MSH2 in Drosophila results in DEB hypersensitivity and increased mutagenesis. (A) spe/l mutant flies (MSH2-deficient) were assessed
for sensitivity to DEB as percent of surviving progeny. The expected percentage of each genotype is 33% based on Mendelian ratios. Spe// mutant flies are
hypersensitive to DNA crosslinking agents. (B) Flies with heterozygous mutations in the tumor-suppressor gene lats were treated with 0.25 mm DEB and
tumors were counted in resulting progeny to assess mutation frequency. Examples of tumors from Fanconi RNAi flies are shown in (C). Fanconi RNAi,
spell —/— and Fanconi RNAIi spell —/— flies had significantly more tumors than control flies, but Fanconi RNAi spell/ —/— flies did not have significantly
more tumors than Fanconi RNAI alone or spel// mutation alone, indicating an epistatic relationship between Drosophila FANCD2 and MSH2 in ICL repair.

Mutation of MSH2 in Drosophila results in diexpoxybutane
hypersensitivity and hypermutability

Several FA proteins in humans have been shown to harbor
strong homology to Drosophila proteins, including
FANCD2, FANCDI, FANCL and FANCM (30-34). Since
MSH2 (spell in Drosophila) mutant flies have previously
been constructed and have been shown to be deficient in
MMR (35), we sought to characterize these flies with regard
to ICL repair. The progeny from a cross between heterozygous
Spell mutant flies were exposed to diexpoxybutane (DEB),
and sensitivity to drug was assessed as the percent of surviving
spell —/— progeny. As shown in Figure 6A, Spell mutant flies
are hypersensitive to DNA crosslinking agents, similar to the
phenotype seen in human cell lines. FANCD2 RNAi flies
have also been previously constructed and shown to exhibit
this same hypersensitivity to crosslinking agents (34). There-
fore, in order to examine whether the Drosophila homologues
of MSH2 and FANCD2 show evidence of the epistatic rela-
tionship we see in human cell lines with regard to ICL
repair, we assayed mutation frequency following DEB treat-
ment in FANCD2 RNAIi and spel/—/— mutant flies. For this
assay, we utilized flies with a heterozygous mutation in the

tumor-suppressor gene, /ats. Tumors arise with nearly 100%
penetrance following mutation of the remaining functional
copy of lats, allowing tumor number to serve as a measure
of mutation frequency (36). Flies were crossed in vials, and
parental flies were removed after 48 h of egg laying.
Progeny were treated with DEB and then examined for
tumor formation to determine mutation frequency in each fly
genotype. As shown in Figure 6B, Fanconi RNAI,
spell —/— and Fanconi RNAIi spell —/— flies had significant-
ly more tumors than controls. Fanconi RNAi spell —/— flies
did not have significantly more tumors than Fanconi RNAi
alone (P = 0.65) or spell mutation alone (P = 0.16). These
data demonstrate an epistatic relationship between the Dros-
ophila homologues of FANCD2 and MSH2 with regard to
ICL repair and suggest that the role for MSH2 in ICL repair
may be conserved throughout many species.

MMR is defective in FA cell lines

In view of the fact that FANCD?2 interacts with both MSH2
and MLHI and proteins in many DNA repair pathways have
proven to be promiscuous in their repair functions, we were
interested in whether FA proteins might be involved in the
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Figure 7. MMR is defective in FA cell lines. (A) Endogenous MSH2 was immunoprecipitated from extracts of FANCA-deficient and corrected cells. MLH1
does not co-precipitate with MSH2 in FANCA-deficient cells. (B) Endogenous MSH2 was immunoprecipitated from extracts of FANCD2-deficient and corrected
cells. The interaction between MSH2 and MLHI1 is reduced in FANCD2-deficient cells. (C) Several FA mutant and corrected cell lines in addition to the
MSH2-deficient cell lines HEC59 and its corrected counterpart were transfected with the pCAR-OF reporter vector to assess MMR activity. Both the
MSH2-deficient cells and several different FA mutant cells displayed at least a 4-fold increase in -gal expression compared with their corrected counterparts,
indicating a defect in MMR in all FA cell lines tested on par with the defect observed in MSH2-deficient cells.

revealed that the interaction between MLH1 and MSH2 is
compromised in FA mutant cell lines, but intact in corrected
cell lines (Fig. 7A and B). Owing to this unexpected finding,

MMR pathway. To that end, we first immunoprecipitated
endogenous MSH2 from whole-cell extracts of two FA
mutant and corrected cell lines. Surprisingly, immunoblotting



we reasoned that FA cell lines may be deficient in MMR as
well. MMR has previously been studied in many different con-
texts using pCAR reporter vectors (37,38). The pCAR-OF
vector contains a (3-galactosidase (3-gal) gene preceded by a
58 bp CA repeat region (CA,g) that sets the reporter gene
out of frame. MMR deficiency is characterized by instability
of simple repeat sequences such as this one (39), so the
reading frame can be restored if the replication machinery
slips on the repeat sequence and defective MMR prevents cor-
rection of these errors. After transfection of the pCAR-OF re-
porter vector into mutant and corrected cells, an increase in
[B-gal expression would then indicate that MMR is deficient
in these cells. We transfected this reporter vector into
several FA mutant and corrected cell lines in addition to the
MSH2-deficient cell line HEC59 and its corrected counterpart
as a control. Significantly, both the MSH2-deficient cells and
several different FA mutant cells displayed at least a 4-fold in-
crease in [3-gal expression compared with their corrected
counterparts (Fig. 7C). For MSH2 mutants, P = 0.001. The
FA cell lines used were deficient in FANCG (P = 0.001),
FANCD2 (P = 0.001) and FANCJ mutant cells (P = 0.001),
demonstrating that MMR is defective in cell lines correspond-
ing to mutations in all three levels of the FA pathway sub-
groups—core complex, ID complex and downstream
effectors, respectively. Notably, these data represent the first
description of defective MMR in FA cell lines.

DISCUSSION

Although 15 FA proteins have been identified to date that par-
ticipate in a common pathway to repair ICLs, much still
remains unknown about the detection and processing of
these deleterious lesions. In this study, we identify two
novel FANCD2-binding partners, MSH2 and MLH1. MSH2
binds to FANCD2-L in response to crosslinking agents, and
this interaction requires ATR and is enhanced by the presence
of MLH1. MLHI1 interacts with FANCD2 only in response to
crosslinking agents and requires MSH2. In addition, we find
that FANCD2 and FANCI monoubiquitylation and chromatin
loading and FANCD2 foci formation are impaired in
MSH2-deficient cells, but not in MLHI-deficient cells.
However, both MSH2- and MLH1-deficient cells are hyper-
sensitive to multiple crosslinking agents and display the char-
acteristic increase in radial formation common to all FA
mutant cells. Lastly, studies in both human cell lines and
Drosophila mutants indicate an epistatic relationship
between FANCD2, MSH2 and MLHI1 in ICL repair. Although
previous studies have demonstrated interactions between
MMR and FA or FA-associated proteins (25,40,41), this is
the first demonstration of a physical and functional interaction
between the pivotal FA protein FANCD2 with MMR proteins
(MSH2 and MLHI1), and also the first report of an interaction
between MSH2 and an FA protein.

Previous studies have implicated human MutS complexes in
the recognition and early processing of ICLs. MutS complexes
are able to bind ICLs in vitro (21), and the initial processing
steps of an ICL require MSH2 (22), but not MLH]1. Evidence
has also been presented that MSH2 plays a role in ATR activa-
tion and recruitment to sites of DNA damage (19).
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Interestingly, MSH2 has also been shown to interact with
ERCCI1-XPF in response to ICLs induced by CDDP (42), and
ERCCI1-XPF has been proposed to perform the first incision
of'the crosslink in ICL repair (43). Taken together with our find-
ings that MSH2 interacts with FANCD?2 and is required for the
monoubiquitylation and chromatin loading of FANCD2 and
FANCI, we therefore suggest that MSH2 plays a crucial role
in the detection of ICLs and the early signaling events
leading to the activation of the FA pathway. Given that
several FA core complex proteins are phosphorylated in an
ATR-dependent manner, including FANCA, E, G and M, as
well as FANCD?2 in response to DNA damage (28,31,44—47),
it is likely that MSH2 initiates a signaling cascade responsible
for activation and chromatin loading of the FA core complex in
addition to FANCD2 and FANCI as we have shown.

Our data show that MLH1-, MSH3- and MSH2-deficient
cells are hypersensitive to DNA crosslinking agents. Previous
reports have suggested that MMR-defective cells are resistant
to CDDP and psoralen ICLs (48—50), but this result has not
been consistent. MSH2-deficient cells have been shown by
several groups to be hypersensitive to MMC and psoralen
ICLs (51,52). In addition, PMS2-deficient HeLa cells and
MLH]1-defective Raji 10 cells have both been shown to be
hypersensitive to MMC (52), supporting a role for the
MutLa complex in ICL repair. Even more recently, a study
now describes a clinical mutation in MLH1 that causes sensi-
tivity to MMC (53), again lending credence to our data
showing that MMR-defective cells are hypersensitive to
DNA crosslinking agents. Lastly, other groups have shown
that sensitivity to CDDP in some MMR-defective cells
differs based on the p53 status of each subline (54,55). In
this study, we have shown sensitivity to ICL agents in four dif-
ferent species deficient in one of three MMR proteins.

Other recent reports have shown that FANCJ interacts with
the MutLa complex, and that disruption of this interaction
results in hypersensitivity to interstrand crosslinking agents
(25). It was therefore suggested that MLH1 may function to
facilitate downstream ICL repair through the regulation of
FANCJ helicase activity. Here we describe a
damage-inducible interaction between FANCD2 and MLHI.
As FANCD?2 also binds to FANCJ (Chen and Kupfer, unpub-
lished data, 2011), it is conceivable that FANCD2 escorts
MLHI1 to FANCI to facilitate the unwinding of DNA and sub-
sequent ICL repair. This would place MLH1 downstream of
FANCD2 and FANCI monoubiquitylation and chromatin
loading, and would explain the differences we observe
between MSH2- and MLH1-deficient cells.

Mutations in MMR genes are most often associated with her-
editary non-polyposis colorectal cancer (HNPCC) (56). Given
that FA patients are generally not at a significantly increased
risk for this type of cancer, it would be easy to dismiss the im-
portance of the interaction between FA and MMR proteins.
However, some cases of colon cancer have been reported in
FA patients (57) and preliminary studies have suggested that
some subsets of colorectal cancer patients may have alterations
in FA genes (58). In addition, although monoallelic mutations
in MMR genes result in HNPCC, biallelic mutations in MMR
genes are now being described as the basis for constitutional
mismatch-repair deficiency syndrome (CMMR-D) (59). Inter-
estingly, similar to FA, CMMR-D is characterized by a
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predisposition to childhood cancers, mainly hematological ma-
lignancies or brain tumors, and café au lait spots (60). And like
CMMR-D, monoallelic mutation of some FA genes results in
familial breast cancer, whereas biallelic mutation of these
same genes results in FA (61). CMMR-D has been attributed
to biallelic mutations in MSH6, MSH2, MLH1 and PMS2 to
date (62—65). The overlap between FA and CMMR-D as dis-
eases is indicative of a likely functional overlap between the
FA and MMR pathways.

A recent report by Xie et al. (66) also shows a possible link
between FANCJ and MMR signaling. They demonstrate that a
clinical mutation in MLH1, which ablates its ability to bind to
FANCI, causes sensitivity to MMC. However, they also find
that FANC]J deficiency results in reduced MMR signaling as
measured by a decrease in Chkl1 phosphorylation after stimu-
lation with methyl nitrosourea, an agent that induces
O°-methylguanine formation and spurs an MMR response.
These data suggest an overlap in function between MMR
and FA proteins, and support our data showing that MMR is
defective in multiple FA cell lines.

This is the first report of defective MMR in FA cells; however,
other DNA repair proteins have been shown to be required for
MMR that were previously unappreciated in this respect. Defi-
ciency in MREI11, a protein first implicated in the repair of
DNA double-strand breaks, has now been shown to lead to de-
fective MMR and microsatellite instability (67). Similar to our
studies, MREI11 interacts with MLHI1, and depletion of
MRE11 results in MMR deficiency as measured by an analogous
plasmid-based assay. This suggests that perhaps even more
DNA repair proteins are involved in the MMR pathway or
other functions of MMR proteins remain to be discovered.

Our data suggest a significant physical and functional inter-
action between the FA and MMR pathways. We therefore
propose a 2-fold model (Fig. 8) where MSH2 and MLHI1 are
required for ICL repair. MSH2 is responsible for the activation
of the FA pathway, likely through the recognition of the lesion
and activation and recruitment of ATR. This model is sup-
ported by a recent report showing a requirement for MSH2
in ATR recruitment following CDDP treatment (20). Down-
stream of FANCD2 and FANCI monoubiquitylation, MLH1
could be shuttled to FANCJ by FANCD?2 in order to facilitate
DNA unwinding and subsequent repair steps. Conversely, FA
proteins are involved in MMR, where at least FANCA and
FANCD?2 enhance the interaction between MSH2 and MLHI.

MATERIALS AND METHODS
Antibodies

MSH2 polyclonal and monoclonal antibodies were obtained
from Cell Signaling Technology and Calbiochem, respective-
ly. MLH1 monoclonal and polyclonal antibodies were
obtained from BD Pharmigen or Cell Signaling Technology,
respectively. FANCD?2 polyclonal and monoclonal antibodies
were obtained from Abcam and Santa Cruz, respectively.
PCNA antibody was obtained from Novus Biologicals. Topo
IT and «-tubulin antibodies were obtained from Calbiochem.
Ku86 antibody was obtained from Santa Cruz. FANCI anti-
body was made as previously described. Secondary antibodies
(ECL anti-rabbit IgG, HRP-linked; ECL anti-mouse IgG,
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Figure 8. A model showing the overlapping functions of MMR and FA pro-
teins in ICL and MMR. MSH?2 is likely involved in the detection of ICLs and
early signaling events leading to the monoubiquitylation and chromatin
loading of FANCD2 and FANCI, such as recruitment of ATR. MLHI1 may
play a role in ICL repair downstream of FANCD2 and FANCI monoubiquity-
lation, dependent on its interaction with both FANCD2 and FANC]J. Converse-
ly, FANCA and FANCD?2, along with other members of the FA pathway, may

be required for efficient binding between MSH2 and MLHI. This role in the
MSH2-MLHI interaction renders all FA cell lines tested defective in MMR.

HRP-linked; and Protein A, HRP-linked) were obtained from
Amersham Health, Inc.

Cell culture

HeLa, H1299, FA-D2 mutant cells PD20, PD20 + FANCD2
K561R and PD20 + FlagFANCD2, MSH2++ MEFs and
MSH2 —/— MEFs (kindly provided by P.M.G., Yale Univer-
sity) and HCT116 cells (kindly provided by T. Kunkel,
NIEHS) were cultured in DMEM (Invitrogen, Grand Island,
NY, USA) containing 10% fetal bovine serum (Biowest,
Miami, FL, USA) and 1% Pen-Strep (Invitrogen). HEC59
cells (kindly provided by T. Kunkel, NIEHS), EUFA30,
EUFA30 + FANCJ, EUFA326 and EUFA326 + FANCG
cells were cultured in DMEM (Invitrogen) containing 20%
fetal bovine serum (Biowest) and 1% Pen-Strep (Invitrogen).
HCT116 + Ch3 cells (kindly provided by T. Kunkel, NIEHS)
were cultured in DMEM containing 10% fetal bovine serum,
1% Pen-Strep and 400 pwg/ml G418 (Sigma, St Louis, MO,
USA). HEC59 + Ch2 cells (kindly provided by T. Kunkel,
NIEHS) were cultured in DMEM containing 20% fetal bovine
serum, 1% Pen-Strep and 250 wg/ml G418 (Sigma). Cells
were treated with either 500 nm MMC or 75 M CDDP for the
duration indicated for western blotting. Lymphoblastoid
HSCg (GMO02188; wild-type cells), GMO01389D (ATM-
deficient cells), DK0064 (Seckel syndrome cells with impaired



ATR function), HSC72 (FA-A), BD215 (FA-C), EUFA143
(FA-G) were grown in RPMI1640 medium with 15% fetal calf
serum (28). HSCg, GM01389D and DK 0064 (68) were provided
by Penny Jeggo (Sussex Centre for Genome Damage and Stabil-
ity). SKUT1, an MSH2-deficient cell line (provided by Mark
Meuth, University of Sheffield Institute of Cancer Research),
HCC1937 (BRCAl—/—) and retrovirally cDNA-corrected
HCC1937 4+ wt BRCA1 (provided by Helmut Hanenberg, Uni-
versity of Dusseldorf) and CHO cell lines Pro- and D35 provided
by Larry Chasin (Columbia University) were all grown in
DMEM with 10% fetal calf serum (29,69—71).

Purification of FANCD2 subcomplexes

FANCD2 subcomplexes were purified using methods previ-
ously described (26). Briefly, the ‘middle’ FANCD2 subcom-
plex was purified through several steps of chromatography,
immunoprecipitated with anti-FLAG beads (Sigma), then sub-
jected to SDS—PAGE, followed by silver-staining using Sil-
verQuest Kit (Invitrogen, Carlsbad, CA, USA) and following
manufacturer’s instructions. Silver-stained bands were then
trypsin-digested and analyzed by LC-MS for the identification
of FANCD2-interacting proteins.

Immunoprecipitation

H1299 cells were cultured on 15 cm plates and treated with
500 nm MMC for 24 h before harvest by scraping. Following
a PBS rinse, cells were lysed in non-denaturing lysis buffer
(NDLB: 1% Triton X-100, 50 mm Tris—Cl, pH 7.4, 300 mm
NaCl, 5mm EDTA, 1 pg/ml leupeptin, 1 wg/ml pepstatin,
1 wg/ml aprotinin, 2mm sodium pyrophosphate, 2 mm
sodium orthovanadate) and sonicated for 10 s. Extracts were
cleared by centrifugation at 17 000g for 10 min at 4°C. The
supernatant was removed and equal amounts of protein were
used for each immunoprecipitation. One microgram of
FANCD?2 antibody or normal rabbit IgG (Santa Cruz, Santa
Cruz, CA, USA) was added to samples and incubated over-
night at 4°C on a rotator. Protein A sepharose beads (GE
Healthcare, Waukesha, WI, USA) were then washed in
NDLB, added to each sample and then left to rotate at 4°C
for 1 h. Beads were then washed five times in 1 ml of wash
buffer (0.1% Triton X-100, 50 mm Tris—Cl, pH 7.4, 300 mm
NaCl, 5 mm EDTA), pelleted by centrifugation and then resus-
pended in equal amounts of wash buffer and SDS loading
buffer. FANCD2-MSH2 co-immunoprecipitation in FA,
ATM, ATR and BRCAI cell lines (Fig. 2) was performed
using Sigma’s (Poole UK) EZview red protein gel affinity
system as previously described (72,73), using FANCD2 anti-
body (Santa Cruz Biotechnology, USA) to immunoprecipitate
and anti-human MSH2 (N-20, sc-494, Santa Cruz Biotechnol-
ogy, UK) for western blotting. Total cell extracts were pre-
pared from 1-2 x 107 exponentially growing cells treated
with 50 nm MMC for 18 h.

Western blotting

Protein samples were suspended in SDS loading buffer, boiled
for 5 min and then briefly centrifuged. Samples were then run
on an 8% SDS—-PAGE and transferred to nitrocellulose
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(Trans-Blot, Bio-Rad, Hercules, CA, USA). Membranes
were blocked in 5% milk in PBS-T (PBS + 0.1% Tween-20)
overnight at 4°C, and then incubated at room temperature
for 1 h or overnight at 4°C in appropriate primary antibody
diluted in PBS-T. After three 5 min washes in PBS-T, mem-
branes were then incubated for 1 h at room temperature in ap-
propriate secondary antibody at a dilution of 1:5000 in
PBS-T + 0.5% milk. Finally, blots were washed five times
for 5min in PBS-T and developed by chemiluminescence
(Supersignal West Pico Kit, Pierce, Rockford, IL, USA).

Cellular fractionation

Cellular fractionation protocol was adapted from published
methods in Montes de Oca et al. (6). Cells were grown in
10 cm dishes, treated with 500 nm MMC for 24 h and collected
by scraping. Soluble fractions were extracted by resuspending
the pelleted cells in buffer A + 0.5% Triton X-100 (10 mm
PIPES, pH 7, 100 mm NaCl, 3 mm MgCl,, 1 mm EGTA,
300 mM sucrose, 0.5 mM Na3zVO,, 50 mm NaPO;, 1 pg/ml
aprotinin, 1 wg/ml leupeptin, 1 pwg/ml pepstatin A, 1 mm
PMSF) and incubating at room temperature for 3 min.
Nuclei were pelleted by centrifugation for 3 min at 300g and
were then washed three times in buffer A, followed by incuba-
tion in buffer A + DNasel for 30 min at room temperature.
The extract was centrifuged for 3 min at 300g and supernatant
was set aside. The pellet was extracted again with non-
denaturing lysis buffer (see immunoprecipitation methods)
and the resulting supernatant was pooled with the buffer
A + DNase 1 supernatant to form the chromatin fraction.
Western blotting was used to analyze cellular fractions.

Cell-cycle analysis

Cell lines were harvested, washed and then fixed in 70%
ethanol overnight at 4°C. Cells were then incubated in
RNAse A solution (10 pg/ml) for 5 min at room temperature
and stained with propidium iodide (Sigma). Flow cytometric
analysis was then performed by the Yale FACs Core Facility,
using a FACSCalibur flow cytometer.

Immunofluorescence staining

Cells were plated in eight-chamber slides, grown to 50% con-
fluence and then treated with 500 nm MMC for the duration
indicated. Slides were then rinsed in PBS, fixed in 4% paraf-
ormaldehyde for 5 min at room temperature, rinsed in PBS
and then permeabilized in 0.3% Triton X-100 for 5 min at
room temperature. After rinsing in PBS, slides were then
blocked overnight at 4°C in PBS 4 0.1% NP40 4 10%
normal goat serum (Amersham Biosciences). Primary anti-
bodies FANCD2 and normal rabbit IgG (Abcam and Santa
Cruz, respectively) diluted 1:1000 in PBS + 0.1% NP40 +
0.5% BSA were then added and slides were incubated for
1 h at room temperature. Slides were washed three times for
5 min in PBS-T at room temperature, and then Alexa Fluor
488 goat anti-rabbit IgG (Invitrogen) secondary antibody
was diluted 1:5000 in PBS + 0.1% NP40 4+ 0.5% BSA and
added to slides for 1 h at room temperature. After washing
three times for 5 min in PBS-T at room temperature and two
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times for 3 min in PBS at room temperature, slides were
mounted using DAPI Vectashield Hard-Set (Vector Laborator-
ies, Burlingame, CA, USA) and analyzed on a Nikon
TE2000-E Eclipse inverted fluorescent microscope.

siRNA transfection

All siRNA duplex pools were obtained from Dharmacon
Research and transfected using X-tremeGENE siRNA trans-
fection reagent (Roche, Mannheim, Germany), OPTI-MEM
(Invitrogen) and manufacturer’s protocol. Cells were plated
in six-well plates and transfected at 50% confluence. Cells
transfected with siRNA directed towards MSH2 and
FANCD2 were replated for survival assays and collected for
western blotting 72 h after transfection.

Cell survival assays

Cells were seeded into six-well plates at 10 000 cells per well
and treated with MMC or CDDP 24 h later. After incubation
for 5 days, media were aspirated, and wells were rinsed
once with PBS. Cells were then fixed in 10% methanol/10%
acetic acid for 5 min at room temperature on a rocker.
Fixing solution was aspirated and crystal violet solution (1%
in methanol) was then added to cells and rocked for 5 min
at room temperature. Plates were then rinsed in tap water to
remove excess crystal violet and allowed to dry. Extraction
of crystal violet dye was performed using extraction solution
(methanol/SDS) and allowing plates to rock for 2 h. Absorb-
ance was then measured at 595 nm. For colony survival
assays in HeLa cells, cells were transfected as above, then
replated in six-well plates at 500 cells per well 48 h after trans-
fection. Twenty-four hours after plating, cells were treated
with increasing concentrations of MMC for 1 h, rinsed with
PBS and then fresh media were added and cells were incu-
bated for 10 days. Colonies were fixed in 10% methanol/
10% acetic acid, stained with crystal violet and counted.
Clonal survival assays on CHO cell lines were performed as
previously described (74).

Chromosome breakage analysis

Cells were treated with MMC for 24 h and 1 pm colcemid for
2—6h and collected by trypsinization. Pellets were washed
once in PBS, then swollen in hypotonic buffer (40 mm KCl,
25 mwm sodium citrate) for 20 min at 37°C. Cells were pelleted
and hypotonic solution was aspirated, followed by fixation in
acetic acid:methanol (1:3) for 10 min at room temperature.
Cells were then dropped onto slides and left to dry, stained
with Giemsa stain and analyzed on a Nikon TE2000-E
Eclipse inverted microscope. A minimum of 25 metaphase
spreads of each cell type were analyzed for radial formation.

Drosophila mutagenesis

Fanconi RNAI lines and lats™ flies have been previously
described (34,36). Spell mutant lines were a gift from
Carlos Flores (35). Pnr-Gal4 lines were obtained from the
Bloomington Stock Center (75). Flies were crossed in vials
containing 15 ml of standard Drosophila cornmeal-molasses

media (www.flystocks.bio.indiana.edu/Fly_Work/media-recip
es/media-recipes.htm). Following 48 h of egg laying, parental
flies were removed. DEB (Sigma) was then diluted in 250 .l
of ddH,0O and added to vials containing progeny to obtain
the final concentration indicated.

Statistical analysis

The frequencies are expressed as proportions of flies exhibit-
ing mutations, and standard errors of these proportions are
based on the binomial distribution. Significance for 2 x 2
tables were assessed using the y” test. Values were considered
not significant if P > 0.05.

MMR assays

Cells plated in six-well plates were transfected with pCAR-OF
and pCAR-IF constructs using Lipofectamine 2000, OPTI-
MEM and manufacturer’s protocol (Invitrogen). After incuba-
tion for 48 h, cells were collected and B-gal expression was
measured using the Beta-Glo Assay System Kit (Promega,
Madison, WI, USA) and a Lumat LB 9507 luminometer.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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