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SUMMARY

FANCM is a Fanconi anemia nuclear core complex
protein required for the functional integrity of the
FANC-BRCA pathway of DNA damage response
and repair. Here we report the isolation and charac-
terization of two histone-fold-containing FANCM-
associated proteins, MHF1 and MHF2. We show
that suppression of MHF1 expression results in (1)
destabilization of FANCM and MHF2, (2) impairment
of DNA damage-induced monoubiquitination and
foci formation of FANCD2, (3) defective chromatin
localization of FA nuclear core complex proteins, (4)
elevated MMC-induced chromosome aberrations,
and (5) sensitivity to MMC and camptothecin. We
also provide biochemical evidence that MHF1 and
MHF2 assemble into a heterodimer that binds DNA
and enhances the DNA branch migration activity
of FANCM. These findings reveal critical roles of
the MHF1-MHF2 dimer in DNA damage repair and
genome maintenance through FANCM.

INTRODUCTION

Fanconi anemia (FA) is characterized by developmental defects,
bone marrow failure, and cancers (de Winter and Joenje, 2009).
FA cells exhibit hypersensitivity to DNA interstrand crosslinking
(ICL) agents and increased chromosomal breaks, hallmark
features that serve as a diagnostic test for the disease. FA
is genetically heterogeneous, comprising 13 complementation
groups; the genes mutated in these groups have been identi-
fied (de Winter and Joenje, 2009). Eight of the FA proteins
(FANCA, -B, -C, -E, -F, -G, -L, and -M) and three associated
factors (FAAP100, FAAP24, and HES1) form the FA nuclear
core complex that is required for the monoubiquitination of the
FANCD2-FANCI dimer upon DNA damage to result in the activa-
tion of downstream DNA damage repair and tolerance reactions

(Ali et al., 2009b; de Winter and Joenje, 2009; Thompson and
Hinz, 2009). Until the discovery of FANCM, the mechanism by
which the FA pathway protects cells from ICL and other DNA
damaging agents remains largely undefined, partly because
the majority of the FA core complex proteins lack recognizable
functional domains that may provide clues into their biological
roles (Ali et al., 2009b). The discovery that FANCM possesses
a helicase domain (Meetei et al., 2005) and a DNA translocase
activity capable of processing branched DNA intermediates
(Gari et al., 2008b) represents a notable advancement in delin-
eating FA core complex functions.

FANCM is a large protein of 250 kDa and is related to the
archaeal DNA helicase/nuclease HEF (Meetei et al., 2005),
S. pombe FmI1 protein (Sun et al., 2008), and S. cerevisiae
Mph1 protein (Prakash et al., 2009). FANCM exhibits homology
to the superfamily 2 (SF2) DEAH box of helicases and also to
the endonuclease domain of ERCC4 (XPF) (Ali et al., 2009b;
Meetei et al., 2005). Several interacting partners of FANCM
have been reported. HCLK2 interacts with FANCM in DNA
damage checkpoint activation (Collis et al., 2008). The C-terminal
nuclease-like domain of FANCM interacts with FAAP24, and the
complex of the FANCM C terminus and FAAP24 binds various
types of DNA, including replication fork-like structures. FAAP24
knockdown abolishes FANCD2 monoubiquitination and engen-
ders sensitivity to ICL agents (Ciccia et al., 2007). It has been
suggested that FANCM, in complex with FAAP24, serves to
recruit the FA core complex to chromatin to activate FANCD2
monoubiquitination (Ciccia et al., 2007; Kim et al., 2008). FANCM
translocates on dsDNA and can unwind the D loop and also
process branched DNA structures, such as model DNA replica-
tion forks and the Holliday junction (HJ), by DNA branch migration
(Gari et al., 2008a, 2008b; Prakash et al., 2009; Sun et al., 2008).
Importantly, genetic studies in yeast have shown that these
orthologs promote replication restart and suppress mitotic
crossovers (Prakash et al., 2009; Sun et al., 2008).

Our attempt to better define the function of the FANCM protein
has led us to identify two associated proteins, termed MHF1 and
MHF2. We provide evidence that MHF1 and MHF2 form a heter-
odimer that binds DNA, enhances the DNA branch migration
activity of FANCM, and is indispensable for the functional

Molecular Cell 37, 879-886, March 26, 2010 ©2010 Elsevier Inc. 879


mailto:ruhikanta.meetei@cchmc.org

Molecular Cell
Regulation of FANCM by MHF1-MHF2

A s B - C Figure 1. MHF1 and MHF2 Are Components
4 z ; . a 8 § of the FA Core Complex
E § u % ‘Eé E 5 E % (A) Silver-stained gel showing the polypeptide
kDa = = 11 R bands purified from the nuclear extract of HT1080
| I > T T i
L <« HF-FANCM cells transduced with vector alone (Mock) and cells
250 b= = FANCM > s - =M rancm expressing (His)s-FLAG-tagged (HF) FANCM. The
150 b < FANCA BLM —» ; “ < FANCA polypeptides identified by MS analysis are indi-
FANCA » - o . <« FAAP100 cated by an arrow.
100 = Topollla (B) A silver-stained gel showing the BRAFT
75 g FA;?pmo - @Bas <«FANCG complex components isolated from HelLa S3 cells
. FANCG FANCB expressing HF-MHF1. See also Figures S1C and
= BLAP75 > L PR S1D
50 w— . ) .
e <« MHF1 ©) Immunc.)bllot showing .thle presence of MHF1
37— FANCL - and MHF2 in immunoprecipitates of core complex
! Degraded EANGF > — +MHF2 proteins FANCL, FANCG, and FAAP100.
lgG-L <« FANCM
25— < FAAP24/IgG-L (D) Immunoblot showing cofractionation of
20 — FAAP24-> FAAP24, MHF1, and MHF2 with FANCM by
15 e <+ MHF1 FELAPS 3 — EUFA867 Superose 6 gel filtration.
<« MHF2 g IP:MHF1 (E) Immunoblot showing copurification of FA core
MHF2 —» = Z s complex components with MHF1 from EUFA867
D E 3 < E p E cells transduced with vector alone (lane 2), FANCA
3 8 Q994 (lane 3), FANCA and FANCM (lane 4), and FANCA
23 26 29 32 35 38 41 44 47 50 53 56 59 62 65 :Fractions % E E E E E and delta (C terminus deleted) FANCM (lane 5).
- | g <«-FANCM - - :_—ZQTZ?ILYIANCM (F) HeLa cells were treated with MMC (100 ng/mL
——— e — - "‘<—FAAP24 = T IR« FANCA for 16 hr) or HU (2 mM for 16 hr) and then fraction-
e ———— e <“MHF1 1: T FANCL ated into S2, S3, and P, as described in the
= « MHF2 = e «FAAP24 E)fperlmc.entjal Procecllures., and immunoblotted
r with the indicated antibodies.
t - (G) Hela cell transduced with control
AP e < MHF1 eLa cells were transduced with control or
Peak1(1:2MDa)  Peak 2 (150 kDa) 12 3 a4 s MHF1 shRNAs, followed by cellular fractionation
ShRNA into S2, S3, and P fractions. The relevant proteins
F G _ﬂ _ﬁ - P H 3 E were revealed by immunoblotting.
% T _-_E T % T £ E = (H) HeLa cells were stably transduced with control-
2 s3 b shrna: S = 8 £ 8§ £ S8 E k& shRNA, MHF1-shRNA, or HF-MHF1, and whole-cell
T4 - T+ -+ . :HU wrancw ™ s <FANCM lysates were analyzed by immunoblotting with the
- -+ - - 4 - - + :MMC - ;- - indicated antibodies. Asterisk (*) denotes a nonspe-
& 8 | < FANCM = - = FANCA I « FANCA cific cross-reactive band. See also Figure S1.
- - & #% & «FANCA il
BP0 T TS FANCL @ < FAAP24
“ s o «—MHF1 - - <+FAAP24 N
PLTIL Ll L LS eis e - o
T R e and MHF2 (FANCM-interacting histone
T A < H2A : a fold protein 2), respectively. Based on
—— — < Acti . S
23458 e et the band intensity, it appears that MHF1

integrity of the FA pathway. These results uncover the biological
role of the MHF1-MHF2 dimer and reveal additional complexity
of the FANC-BRCA pathway of DNA damage response and
repair.

RESULTS AND DISCUSSION

MHF1 and MHF2 Are Histone-Fold-Containing
Components of the FA Core Complex

A two-step affinity purification of N-terminally (His)s-FLAG-
tagged FANCM coupled with mass spectrometry (MS) was
used to identify FANCM-associated proteins (Singh et al.,
2008). Known binding partners of FANCM, including components
of the FA core complex, were found. Interestingly, we also
identified polypeptides of 16 and 10 kDa, named FAAP16
and FAAP10 (Fanconi anemia-associated polypeptide 16 kDa
and 10 kDa), respectively (Figure 1A). We renamed FAAP16 and
FAAP10 to MHF1 (FANCM-interacting histone fold protein 1)
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and MHF2 are stoichiometric compo-

nents of the FANCM complex (Figure 1A).
Database search revealed that MHF1 (Ref Seq accession
number NP_954988.1) is identical to the previously described
apoptosis-inducing, TAF9-like domain 1 isoform A (APITD1)
protein, a candidate neuroblastoma tumor suppressor (Krona
et al., 2004). MHF1 has also been identified as a component of
the CENPA-CAD complex and named centromere protein S
(CENPS) (Foltz et al., 2006). The chicken ortholog of human
MHF2 (UniProt accession number ABMT69.1) is recently identi-
fied as a binding partner of CENP-S and named as CENP-X
(Amano et al., 2009). The CENP-S and CENP-X complex is essen-
tial for the stable assembly of outer kinetochore structure in
DT40 cells (Amano et al., 2009). BLAST analysis identified
likely orthologs of MHF1 and MHF2 in other organisms (see
Figures S1A and S1B available online). Sequence analysis
using InterProScan revealed a putative histone-fold domain
(IPR009072) in both MHF proteins. The histone fold is a conserved
protein-dimerization motif present in all histone and several
nonhistone proteins (Arents and Moudrianakis, 1995) and is
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characterized by a core that consists of three helices, of which the
middle helix is longer than the flanking ones (Arents and Moudria-
nakis, 1995). The predicted triple helical regions in the putative
histone-fold domain of MHF1 and MHF2 are shown in Figures
S1Aand S1B.

When we immunoprecipitated (His)s-FLAG-tagged MHF1 or
FLAG-tagged MHF2 using anti-FLAG antibodies, we found the
presence of other FA core complex proteins (Figures S1C and
S1D). Likewise, affinity purification of the tagged MHF1 coupled
with MS analysis from extracts of HeLa S3 cells revealed its
association with MHF2, FANCM, and other components of the
BRAFT complex that include the FA proteins (Figure 1B). In
a reciprocal experiment, when we immunoprecipitated several
other (His)s-FLAG-tagged FA core complex proteins, FANCL,
FANCG, or FAAP100, we again found associated MHF1 and
MHF2 (Figure 1C). These results thus identify MHF1 and MHF2
as components of the FA core complex.

Next, gel filtration in Superose 6 was used to examine the
cofractionation of FANCM, FAAP24, MHF1, and MHF2. The
analysis revealed the coelution of MHF1 and MHF2 in two sepa-
rate peaks of average molecular masses of 1.2 MDa (peak 1) and
150 kDa (peak 2), respectively (Figure 1D). FANCM cofractio-
nated precisely with MHF1 and MHF2 in peak 1 but was absent
in peak 2 (Figure 1D). As expected, FAAP24 was also found in
peak 1 with FANCM and MHF1 and MHF2.

To test the role of FANCM in MHF1’s association with the FA
core complex, immunoprecipitation of endogenous MHF1 from
EUFA867 (FANCA and FANCM double mutant) and EUFA867-
FANCA (deficient in FANCM only) was carried out. MHF1 failed
to coimmunoprecipitate other FA core complex proteins from
extracts of EUFA867 cells (Figure 1E, lanes 2 and 3), while
ectopic expression of either full-length FANCM or C-terminally
deleted FANCM restores the association of MHF1 with the FA
core complex (Figure 1E, lanes 4 and 5). FAAP24, which binds
the C-terminal region of FANCM, was found associated with
MHF1 only upon expression of full-length FANCM (Figure 1E,
lane 4). These results suggest that MHF1 is recruited to the FA
core complex by FANCM.

Reliance of Chromatin Association of FANCM and the FA
Core Complex on MHF1

Immunoprecipitation of endogenous MHF1 using anti MHF1
antibody codepleted FANCM and a significant amount of
FAAP24 from the flowthrough fraction (Figure S1E). This associ-
ation did not change following DNA damage with mitomycin C
(MMC) or replication stress with hydroxyurea (HU) (Figure S1E).
Thus, FANCM and MHF1 constitutively associate with each
other in vivo. Cellular fractionation was carried out with HelLa
cells treated with HU or MMC or left untreated to examine the
localization of MHF1 (Kim et al., 2008; Singh et al., 2009). Consis-
tent with previously published results (Kim et al., 2008), FANCM
was exclusively detected in the chromatin (P, pellet) fraction
under all conditions (Figure 1F). Monoubiquitinated FANCD2
was found primarily in the P fraction, as previously described
(Montes de Oca et al., 2005), while FANCA was distributed
among the S2, S8, and P fractions. Interestingly, MHF1 was
found only in the P fraction, suggesting that FANCM and MHF1
are localized in the chromatin (Figure 1F, lanes 7-9).

Since FANCM is required for chromatin association of the FA
core complex (Kim et al., 2008), we asked whether MHF1 is
also important in this regard. We examined the cellular localiza-
tion of the FA core complex in Hela cells transduced with MHF1
shRNA or control shRNA (Figure 1G).

Depletion of MHF1 greatly reduced chromatin-associated
FANCM and FAAP24 (Figure 1G, lanes 5 and 6) and also affected
the chromatin localization of FANCA and FANCL (Figure 1G,
lanes 5 and 6). These results thus indicate that MHF1 is needed
for optimal chromatin association of the FA core complex.

Stability of FANCM, MHF2, and FAAP24 Is Affected

by MHF1

The absence of a subunit of a multicomponent complex often
destabilizes the entire complex (Singh et al., 2008). Indeed,
FANCM and MHF2 are rendered unstable upon MHF1 depletion,
while FAAP24 was only moderately destabilized. No change in
the level of FANCA expression was seen (Figure 1H, lane 2).
Overexpression of MHF1 led to an increase in the MHF2 level
without affecting the FANCM or FAAP24 level (Figure 1H, lane
3). Neither the stability nor the interaction of MHF1 and MHF2
is affected by FANCM deficiency (Figure S1F). These results
again indicate an association of MHF1 with FANCM, FAAP24,
and MHF2 in a higher-order complex.

Dependence of the FA Pathway on MHF1

FANCD2 monoubiquitination upon MMC treatment or DNA repli-
cation stress requires the FA core complex (de Winter and Joenije,
2009). We wished to determine whether FANCD2 monoubiquiti-
nation is similarly dependent on MHF1. As expected, in cells
transduced with control shRNA, FANCD2 monoubiquitination
occurred normally after MMC or HU treatment (Figure 2A, lanes
2 and 3). In contrast, cells transduced with MHF1 shRNA became
impaired for FANCD2 monoubiquitination (Figure 2A, lanes 5
and 6). Just as previously described for FANCM-deficient cells,
MHF1-depleted cells are more severely impaired in FANCD2
monoubiquitination after MMC treatment than after HU treatment
(Bakker et al., 2009; Singh et al., 2009). Monoubiquitination of
FANCD?2 is known to target this protein to repair foci. In control
cells, HU or MMC treatment resulted in a dramatic induction in
FANCD?2 focus formation (Figure 2B), whereas MHF1 depletion
compromised focus formation (Figure 2B and Figure S2A). Impor-
tantly, cell-cycle analysis indicated that the defect in damage-
induced activation of FANCD2 in the absence MHF1 does not
result from accumulation of cells at a cell-cycle stage incompat-
ible with FANCD2 monoubiquitination or focus formation (data
not shown). Thus, MHF1 is required for efficient damage-induced
monoubiquitination and focus formation of FANCD2.

Defective FANCD2 monoubiquitination has been previously
associated with hypersensitivity to DNA crosslinking agents
(de Winter and Joenje, 2009). Specifically, FANCM-deficient
cells have been shown to be sensitive to both MMC, an ICL
agent, and camptothecin, a topoisomerase | inhibitor (Rosado
et al., 2009; Singh et al., 2009). We observed that HelLa cells
transduced with MHF1 shRNA are 2- to 3-fold more sensitive
to MMC (Figure 2C) and 3- to 4-fold more sensitive to campto-
thecin than the control (Figure 2D); this drug sensitivity was
similar to that engendered by FANCM deficiency (Bakker et al.,
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Figure 2. MHF1 Is Required for the Activa-
tion of the FA Pathway

(A) Immunoblot showing that ablation of MHF1
expression in HelLa cells by shRNA reduces
the level of monoubiquitinated FANCD2 in cells
treated with MMC or HU. MHF1 knockdown
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were used to show that phenotype observed is
not due to the reduced levels of FANCM.
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MHF1 expression was knocked down by shRNA.
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2009; Singh et al., 2009). Furthermore, the impaired FANCD2
monoubiquitination (Figure S2C), MMC (Figure 2C), and campto-
thecin sensitivities (Figure 2D) can be rescued by expressing
MHF1 that is resistant to shRNA knockdown, suggesting that
the observed defects were specific to MHF1 depletion alone
and not an off-target effect by shRNAs. Also, in order to address
the question of whether the observed defects, namely impaired
FANCD2 monoubiquitination, foci formation, and sensitivity to
MMC or camptothecin, are a direct result of MHF1 knockdown or
an indirect effect of the reduced FANCM in MHF1 knockdown
cells, we forced overexpressed FANCM in MHF1 knockdown
cells to overcome the reduced levels of FANCM in these cells
(Figure S2D). MHF1 knockdown cells overexpressing FANCM
still showed impaired FANCD2 monoubiquitination (Figure 2A,
lanes 7-9), reduced foci formation (Figure 2B), and increased
sensitivity to MMC (Figure 2C) or camptothecin (Figure 2D),
suggesting that the defects were specific to MHF1 and not an
indirect effect of FANCM destabilization. Interestingly, overex-
pression of FANCM in MHF1 knockdown cells also restored
the FAAP24 level, suggesting that the instability of the FAAP24
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100 tions. HelLa cells stably expressing shRNA-
resistant HF-MHF1 were used as a control to
show that the phenotype observed is not due
to the off-target effect of shRNA. Also, MHF1
knockdown Hela cells stably overexpressing
HF-FANCM were used to show that phenotype
observed is not due to the reduced levels of
FANCM.

(E) Chromosomal aberrations following MMC
treatment. Hela cells were transfected with
siRNAs, and cells were treated with MMC. Meta-
phase spreads were prepared and scored for
10 chromosomal aberrations. See also Figure S2E.

in MHF1 knockdown cells was an indirect effect of FANCM insta-
bility (Figure S2D). Taken together, these data indicate that
MHF1 plays a role in ICL repair and in the recovery of replication
forks stalled by topoisomerase |I-DNA cleavage intermediates
induced by camptothecin.

Genomic instability is the hallmark feature of FA cells. FANCM-
deleted chicken, mouse, and human cells show elevated
chromosome aberrations. Accordingly, we tested the MHF1-
depleted cells for chromosome aberrations. Indeed, MHF1
depletion led to MMC-induced chromosomal instability (Fig-
ure 2E). Even though FANCM-deleted chicken and mouse
cells show elevated sister chromatid exchanges (Bakker et al.,
2009; Mosedale et al., 2005), FA-M cells or HelLa cells depleted
of MHF1 by shRNA do not exhibit this phenotype (Figure S2E).

MHF1-MHF2 Dimer Binds DNA

We expressed MHF1 and MHF2 proteins tagged with the
maltose-binding protein (MBP), and the MHF1-MHF2 complex
harboring a GST tag on MHF1 and a (His)s tag on MHF2 in
E. coli, and devised procedures for their purification to near
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Figure 3. DNA Binding by the MHF1-MHF2
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The relative affinities of MHF1-
MHF2 toward different DNA substrates
were determined by incubating varying
amounts of the protein complex with
pairs of the substrates (Figure 3C). These
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(Figure S3A).
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homogeneity (Figure 3A). During MHF1-MHF2 purification, the
GST tag was cleaved off the MHF1 subunit. Little or no dissoci-
ation of the MHF1-MHF2 complex occurred throughout purifica-
tion, indicating a high degree of stability of the complex.

We used mobility shift of radiolabeled DNA species—single-
stranded (ss), double-stranded (ds), splay arm (SA), and HJ—in
polyacrylamide gels to query whether the purified MHF proteins
and complex possess DNA-binding activity. We found that
neither MBP-MHF1 nor MBP-MHF2 has an appreciable affinity
for any of DNA substrates tested. In contrast, MHF1-MHF2 heter-
odimer bound all the DNA substrates (Figure 3B). We note that
the lack of DNA binding in MBP-MHF1 and MBP-MHF2 did not
stem from the presence of the MBP tag, as DNA-binding activity
is seen upon mixing the two MBP-tagged MHF proteins (D.S. and
X.-F.Z, unpublished data). These data suggest that MHF1 and
MHF2 proteins exist and function only as a dimer in DNA binding.

MHF1, but Not MHF2, Interacts

with FANCM

We used affinity pull-down assay with
amylose beads (specific for the MBP tag
on the MHF proteins) to check for interaction of FANCM with
MHF1 and MHF2 proteins. Purified FANCM was retained on
the affinity matrix via MHF1 (Figure 4A, lane 3), but little or
no association with MHF2 occurred (Figure 4A, lane 9). As
expected, FANCM did not bind to the amylose beads with
MBP present (Figure 4A, lanes 6 and 12). These results indicate
that FANCM interacts with MHF1 but not MHF2.

160 240 320

Stimulation of FANCM DNA Branch Migration Activity

by MHF1-MHF2

FANCM has a DNA branch migration activity that can process
branched DNA structures such as a movable replication
fork (MRF) (Gari et al., 2008b). We tested the effect of MHF1-
MHF2 on this activity of FANCM by incubating a radiolabeled
MRF with either FANCM alone or FANCM with MHF1-MHF2,
and analyzed the reaction mixtures by polyacrylamide gel
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Figure 4. Enhancement of DNA Branch
Migration by MHF1-MHF2 Heterodimer
(A) Amylose bead pull-down assay with FANCM

FANCM

A MBP- MBP- B
MHF1 MBP  MHF2 MBP
kba SWE SWE SWESWE
250 —fpaie = ARG S A
150— nd -
100= -
75- w * . _ . MBP-
o il ~/MHF1
e __MBP- BM __
50-m @ MHF2  Product
; — = - —— = —MBP
123456 789101112 1
C D
O FANCM MHF1-MHF2 - -
704 B FANCM/MHF1-MHF2 FANCM, .. - -
FANCM ~— *
©
=]
©
e
o
= BM —
2 Product
1 2
ATP + +
ATPYS = =
AMP-PNP = -
Time (min)
E F
404 [JFANCM
w40 310 min ) O
S H30 min 2
-g 30 §30-
z T
9 20 @ 207
o ©
g =
< 10 < 104
® B3
0 04
ssDNA — o= + - + 3 6
FANCM  MHF1-  FANCM,, ..
MHF2

electrophoresis under nondenaturing conditions and phosphori-
maging (Figure 4B). As expected (Gari et al., 2008b), FANCM
alone could process the MRF to yield a branch migration product
(Figure 4C). Importantly, the MHF1-MHF2 dimer, while being
devoid of DNA branch migration activity on its own (Figure 4D,
lane 9), had a strong stimulatory effect on this FANCM attribute;
a 3.5-fold enhancement was seen at the earliest time point of
3 min (Figure 4C). Branch migration by the FANCM-MHF1-
MHF2 ensemble is completely dependent on ATP (Figure 4B),
which cannot be substituted by either of the nonhydrolyzable
ATP analogs ATP-yS and AMP-PNP (Figure 4D). Consistent
with these observations, the ATPase-deficient FANCMyq17r
mutant did not display any DNA branch migration activity even
with MHF1-MHF2 present (Figures 4D and 4E). We note that
neither of the purified MHF proteins alone has any DNA branch
migration activity (Figure S3B), nor could they stimulate FANCM’s
DNA branch migration activity (data not shown).
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and MBP-MHF1 or MBP-MHF2. S, W, and E
represent supernatant, wash, and elution lanes,
respectively. The asterisk (*) denotes a proteolytic
product of FANCM.

(B) Stimulation of the branch migration activity
of FANCM by the MHF1-MHF2 dimer. ATP
was present in all the reactions except the one

- - --- in lane 8. NP, no protein control; BM, branch
migration.
345678 (C) Quantification of the results shown in (B).
(D) DNA branch migration by FANCM,
FANCMk117r, or the combination of FANCM or
+ + + = + + FANCMk117r and MHF1-MHF2 was examined
- = = 4+ + - with or without ATP, ATP-yS, or AMP-PNP, as
+ + + = = =

indicated. BM, branch migration.

(E) ATP hydrolysis by FANCM, MHF1-MHF2, or
FANCMgq17r Was examined with or without
ssDNA, as indicated.

(F) Effect of MHF1-MHF2 on the ssDNA-depen-
dent ATPase activity of FANCM. See also Figures
S8 and S4.

f E E Z %_ ?_ Each experiment was performed in triplicate,
-+ = = == and mean values are shown with standard
- -t = == deviations.

MHF1-MHF2 Does Not Affect

the FANCM ATPase Activity

We asked whether the ATPase activity
of FANCM is influenced by the MHF1-
MHF2 heterodimer. We first verified
that the FANCM ATPase activity is
dependent on DNA (Gari et al., 2008b).
The results from time course experiments
showed that MHF1-MHF2 does not affect
the potency of the FANCM ATPase
activity, regardless of whether ssDNA or
dsDNA was used as cofactor (Figure 4F
and Figure S3C). We have also examined
a possible effect of MHF1-MHF2 on DNA
binding by FANCM but have not found a significant effect in this
regard (data not shown).

10 20 30

DNA Binding by MHF1-MHF2 Is Required for Biological
Function

Based on sequence alignment (Figure S1) of orthologs from
higher organisms, the C-terminal region of MHF1 from residue
110 (humbering based on the human protein) onward harbors
highly conserved basic residues that could potentially be
involved in the interaction with DNA. To test this premise, a trun-
cation mutation, R110X, that deletes the C-terminal portion in
question, was generated within the context of the dimeric
complex with wild-type MHF2 (Figure S3D). We note that the
R110X truncation does not affect the interaction of MHF1 with
MHF2 and the mutant MHF1g410x-MHF2 complex can be puri-
fied to a nearly homogeneous state using the procedure devised
for the wild-type counterpart and with a similar yield (Figure S3D).
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Importantly, we found that the MHF1g110x-MHF2 complex lacks
DNA-binding activity (Figure S4A), thus validating the premise
that the C-terminal conserved domain of MHF1 is crucial for
the DNA-binding activity of the MHF1-MHF2 complex.
Interestingly, the mutant MHF1g10x-MHF2 complex main-
tains the ability to interact with FANCM, as verified in an affinity
pull-down experiment that made use of the (His)6 tag on the
MHF complex (Figure S3E) . However, when tested in the branch
migration assay, the MHF1g110x-MHF2 mutant complex failed to
stimulate the activity of FANCM in contrast to the wild-type
MHF1-MHF2 complex (Figure S4B). Moreover, FLAG-tagged
MHF1g110x coimmunoprecipitates with FAAP24, MHF2, and
FANCM in cells (Figure S4C). Expression of MHF1r410x in the
MHF1 knockdown Hela cells stabilized FANCM and FAAP24
but failed to complement the FA phenotypes of impaired
FANCD2 monoubiquitination (Figure S4D) and sensitivity to MMC
and CPT (Figures S4E and S4F), suggesting that the DNA-binding
activity of the MHF dimer is critical for biological function.

Synopsis

Our efforts directed at delineating the complexity of FANCM
protein complexes have led us to identify two associated
proteins, which we have named MHF1 and MHF2. Both of these
MHF proteins coexist with FANCM constitutively in the chro-
matin fraction in cells. Gel filtration analysis of cell extracts
showed that a significant fraction of cellular MHF2 and MHF1
proteins coelute with FANCM in a large complex in excess of
1 MDa in mass. Our cell-based studies focusing on the MHF1
protein have provided ample evidence for its involvement in
the FA pathway of DNA damage response, such that ablation
of MHF1 via shRNA treatment led to a reduction of FANCM
and MHF2 protein level and chromatin association, with a
companion defect in the monoubiquitination of FANCD2 and
increased genomic instability.

Consistent with their possession of the histone fold, the MHF
proteins assemble into a stoichiometric, heterodimeric complex
that possesses a DNA-binding activity. Our biochemical studies
have shown a preference of the MHF1-MHF2 dimer for the Holli-
day junction structure over several other DNA substrates. Impor-
tantly, our results have revealed that the MHF1-MHF2 dimer
interacts directly with FANCM via MHF1, and that the protein
dimer strongly enhances the DNA branch migration activity of
FANCM in a manner that is dependent on FANCM’s ability to
hydrolyze ATP. These properties of the MHF1-MHF2 dimer
distinguish it from the FANCM-associated factor FAAP24 (Ciccia
et al., 2007), which also binds DNA but, unlike MHF1-MHF2,
exerts no stimulatory effect on FANCM'’s ability to process
branched DNA substrates (Gari et al., 2008b).

In summary, our discovery of the MHF1-MHF2 heterodimeric
complex and its biochemical, genetic, and cytological analyses
have revealed an additional level of complexity of the FA pathway.
More detailed understanding of the architecture and function of
the FA core complex that includes MHF1-MHF2 will help eluci-
date the molecular defects that underlie the pathogenesis of FA.

EXPERIMENTAL PROCEDURES

The following materials and methods were described in the Supplemental
Experimental Procedures: cells, cell cultures, chemicals, drug sensitivity

assay, cloning, constructs and retroviral production, purification of FANCM
and MHF1 complexes, preparation of cellular fractions, FANCD2 immuno-
fluorescence, chromosome breakage and sister chromatid assays, gel
filtration analysis, computational analysis, purification of FANCM and
FANCMy117r, purification of MHF1-(His)e-MHF2, purification of MBP-MHF1
and MBP-MHF2, DNA substrates, affinity pull-down assays, and ATPase
assay.

Protein Knockdown by siRNA/shRNA

For stable knockdown of MHF1, pSilencer 5.1-U6 Retro vector system
(Ambion, Inc., Austin, TX) was used to express shRNA in mammalian cells.
pSilencer 5.1 Retro Scramble supplied with the kit was used as a control.
The shRNA sequence targeting 5UTR of MHF1 is 5-GATAATGTGTACT
GCGTTA-3'. For transient knockdown, ON-TARGETplus SMARTpool siRNAs
was used. A nonspecific control, siRNA (catalog number D-001210-01), was
used in all experiments. Cells were transfected as described earlier (Singh
et al., 2008).

Antibodies

Rabbit MHF1 and MHF2 polyclonal antibodies were raised against fusion
proteins containing full-length MHF1 and MHF2 with MBP. These fusion
proteins were expressed and purified from E. coli in accordance with the manu-
facturer’s protocols. Anti-FANCM, -FANCA, -FANCL, -FANCG, -FAAP100,
-FANCB, and -FANCD2 were described earlier (Ali et al., 2009a; Meetei et al.,
2005). Anti-FAAP24 was a kind gift from Dr. Stephen West. Anti-histone H2A
antibody was purchased from Millipore (Billerica).

DNA-Binding Assays

DNA-binding reactions (10 pL) were carried out for 5 min at 37°C in binding
buffer (25 mM Tris [pH 7.5], 1 mM DTT, 100 pg/mL bovine serum albumin)
with the indicated concentration of protein and 30 nM radiolabeled DNA.
Where indicated, reactions were treated with 0.5% SDS and 0.5 mg/ml
Proteinase K at 37°C for 5 min before analysis. After the addition of 5 pl of
gel loading buffer (50% glycerol, 20 mM Tris-HCI [pH 7.4], 2 mM EDTA,
0.05% orange G), the reaction mixtures were resolved in a 4% or 6% native
polyacrylamide gel in TBE buffer (45 mM Tris-borate, 1 mM EDTA [pH 8.0])
at 4°C. Gels were dried onto Whatman DE81 paper (Whatman International
Limited) and then analyzed in a Personal Molecular Imager FX Phosphorlm-
ager (Bio-Rad).

DNA Branch Migration Assay

The indicated concentration of FANCM (12 nM), FANCM/MHF1-MHF2
(12 nM), or FANCMk+47r (20 nM) protein was incubated at 37°C with the radio-
labeled DNA substrate (50 nM) in 10 pl of buffer D (25 mM Tris-HCI [pH 7.5],
1 mM DTT, 100 pug/ml BSA) containing 1.5 mM MgCl,, 1 mM ATP, and
50 mM KCI. The reaction was stopped at the indicated times by treatment
with SDS (0.5% final) and Proteinase K (0.5 mg/ml) for 5 min at 37°C. The reac-
tion mixtures were resolved in an 8% native polyacrylamide gel in TBE buffer
at 4°C. Gels were dried and analyzed as above. The branch migration assay
with the MHF1g110x-MHF2 mutant was performed as described above for
the wild-type MHF complex.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures, Supplemental Experimental
Procedures, and Supplemental References and can be found with this article
at doi:10.1016/j.molcel.2010.01.036.
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