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ABSTRACT Fanconi anemia (FA) is an inherited disease characterized by bone marrow
failure and increased cancer risk. FA is caused by mutation of any 1 of 22 genes, and
the FA proteins function cooperatively to repair DNA interstrand cross-links (ICLs). A cen-
tral step in the activation of the FA pathway is the monoubiquitination of the FANCD2
and FANCI proteins, which occurs within chromatin. How FANCD2 and FANCI are an-
chored to chromatin remains unknown. In this study, we identify and characterize a
FANCD2 histone-binding domain (HBD) and embedded methyl-lysine-binding domain
(MBD) and demonstrate binding specificity for H4K20me2. Disruption of the HBD/MBD
compromises FANCD2 chromatin binding and nuclear focus formation and its ability to
promote error-free DNA interstrand cross-link repair, leading to increased error-prone re-
pair and genome instability. Our study functionally describes the first FA protein chro-
matin reader domain and establishes an important link between this human genetic dis-
ease and chromatin plasticity.
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Nucleosomes, the fundamental unit of chromatin, play a dynamic and instructive
role in many cellular processes, including transcription, replication, and DNA

repair. One mechanism by which nucleosomes instruct DNA repair is via the posttrans-
lational modification (PTM) of histone tails. These modifications modulate the strength
of noncovalent interactions between histones and DNA and serve as binding sites for
chromatin-interacting proteins, also known as chromatin readers. Many important DNA
repair proteins have been shown to harbor reader domains that are critical for their
repair function, examples of which include the tandem Tudor domains of 53BP1 and
the chromodomain of KAT5/TIP60 (1–3).

Fanconi anemia (FA) is a genetic disease characterized by congenital abnormalities,
progressive pediatric bone marrow failure, and a heightened cancer risk in early
adulthood (4). FA is caused by mutation of any 1 of 22 genes (5, 6). The FA proteins
orchestrate the repair of DNA interstrand cross-links (ICLs), lesions that block the
replication and transcription machineries and that can lead to structural and numerical
chromosome aberrations if repaired erroneously (7, 8). A central step in the activation
of the FA pathway is the site-specific monoubiquitination of the FANCD2 and FANCI
proteins, which occurs within chromatin (9–13). FANCD2 has been shown to bind
directly to DNA via two binding domains, and this activity stimulates FANCD2 monou-
biquitination (14–17). However, the mechanism(s) by which FANCD2 is tethered to
chromatin and whether FANCD2 displays specificity for particular histone PTMs are
unknown. Indeed, no reader domains have been identified for any of the FA proteins
to date. Intriguingly, recent studies have shown that FANCD2 possesses histone chap-
erone activity and that FANCD2 function can be modulated by changes in chromatin
state (18–21).

In this study, we describe the identification and functional characterization of a
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FANCD2 histone-binding domain (HBD) and an embedded methyl-lysine (Kme)-binding
domain (MBD). We establish that the FANCD2 MBD can bind to mono-, di-, and
trimethylated H4K20 in vitro and exhibits cellular specificity for H4K20me2. Knockdown
of KMT5A, the histone methyltransferase responsible for H4K20 monomethylation,
which primes H4K20 for subsequent di- and trimethylation, results in decreased
FANCD2 focus formation and increased sensitivity to the DNA interstrand cross-link
(ICL)-inducing agent mitomycin C (MMC). Guided by sequence conservation and in
silico modeling, we generated several HBD/MBD missense variants and stably trans-
duced FA-D2 (FANCD2�/�) patient-derived cells. Our functional analyses reveal that
disruption of the HBD/MBD decreases the affinity of FANCD2 for chromatin and impairs
its ability to assemble into nuclear foci and to effectively promote ICL repair. Conse-
quently, upon exposure to ICL-inducing agents, error-prone DNA repair pathways,
including nonhomologous DNA end joining (NHEJ), are employed, resulting in in-
creased cytotoxicity and chromosome structural aberrations. Our studies uncover a
novel mechanism by which FANCD2 is anchored to chromatin and functionally link this
important human genetic disease to chromatin plasticity.

RESULTS
FANCD2 has a histone-binding domain and embedded methyl-lysine-binding

domain. A BLASTp search using short fragments of human FANCD2 uncovered amino
acid sequence homology between FANCD2 (amino acids [aa] 953 to 968) and the
Drosophila melanogaster p55 protein (aa 358 to 373), a histone H4 binding protein and
component of the NuRD, NuRF, and CAF1 nucleosome remodeling complexes (22–25).
This region of FANCD2 is highly evolutionarily conserved among vertebrates. Using in
silico molecular modeling, the histone H4 tail from the p55-H4 structure (PDB ID 3C9C)
was docked into murine Fancd2 (PDB ID 3S4W) using the AutoDock Vina tool (26),
illustrating favorable predicted binding energies between the H4 tail and the histone-
binding domain (HBD) (Fig. 1A). Further examination of the FANCD2 HBD uncovered a
highly conserved putative methyl-lysine (Kme)-binding domain (MBD) with sequence
homology to the methyl-binding chromodomains of HP1�, TIP60, and CBX8 (Fig. 1B
and C). A glutathione S-transferase (GST)-tagged FANCD2-HBD/MBD fragment (amino
acids 604 to 1194) was purified and, in a histone peptide array screen, bound to an H4
17-mer that was either unmodified or harboring K20me1, K20me2, or K20me3. In an in
vitro histone peptide pulldown assay, a GST-tagged FANCD2-MBD fragment (amino
acids 1069 to 1142) bound to H4K20me1, H4K20me2, and H4K20me3 but not unmod-
ified H4 or H3K27me3 (Fig. 1D). MBD-Kme binding involves the docking of Kme into an
aromatic cage and the formation of cation-� interactions with delocalized electrons of
aromatic residues (27). Highly conserved aromatic amino acids within the FANCD2 Kme
binding cage include F1073, W1075, and F1078 (Fig. 1C). Using calf thymus histones, we
observed preferential binding of the MBD to H4K20me2 and a modest reduction in the
binding of a mutated MBD-W1075A fragment to H4K20me2 compared to the wild-type
MBD (Fig. 1E). Using a proximity ligation assay (PLA), we observed the preferential
binding of FANCD2 to H4K20me2 in cells and stimulation of H4K20me binding upon
MMC exposure (Fig. 1F). Taken together, our results demonstrate that FANCD2 interacts
directly with methylated H4 via its HBD/MBD and suggest that the chromatin recruit-
ment of FANCD2 is mediated via an interaction between the HBD/MBD and H4K20me2,
similar to that recently described for other important DNA repair proteins, e.g., 53BP1
and TIP60 (1–3, 28). Underscoring the clinical significance of the HBD/MBD, �69% of
reported FA-D2 patient mutations and �46% of somatic FANCD2 mutations reported
in the Memorial Sloan-Kettering Cancer Center cBioPortal for the analysis of TCGA
integrated data sets map to this region (see Tables S1 and S2 in the supplemental
material) (29–31).

The histone methyltransferase KMT5A is necessary for efficient activation of
the FA pathway and ICL repair. The KMT5A histone methyltransferase catalyzes the
monomethylation of H4K20, a prerequisite for di- and trimethylation (32, 33). To
determine if KMT5A plays a role in the regulation of the activation of the FA pathway,
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FIG 1 FANCD2 contains an HBD/MBD that exhibits specificity for H4K20me2. (A) AutoDock Vina molecular
modeling was used to dock the H4 tail (taken from the p55-H4 crystal structure [PDB ID 3C9C]) into the
histone-binding domain (HBD) of murine Fancd2 (PDB ID 3S4W), indicating favorable H bonding and electrostatic
interactions between the H4 tail and the FANCD2 HBD. Residues R302, E956, E964, H1056, and W1075 are
highlighted in marine blue. (B) Schematic of the known FANCD2 domains: N, nuclear localization signal (aa 1 to 58)
(67); CUE, coupling of ubiquitin conjugation to endoplasmic reticulum degradation (aa 191 to 238) (58); P,
PCNA-interaction motif (PIP box) (aa 527 to 534) (10); HBD, histone-binding domain (aa 604 to 1194); MBD,
methyl-lysine-binding domain (aa 1069 to 1142); T, Tower domain (aa 1146 to 1451) (11). (C) Clustal Omega
multiple-sequence alignment (MSA) of the FANCD2 MBD (aa 1069 to 1079) with known methyl-lysine-binding
chromodomains (left) and with other FANCD2 orthologs (right). Predicted key aromatic residues are indicated by

(Continued on next page)
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we depleted KMT5A in HeLa cells using small interfering RNA (siRNA) and examined
FANCD2 monoubiquitination and nuclear focus formation. Depletion of KMT5A re-
sulted in a reduction in the levels of H4K20me1 and a modest concomitant reduction
in the levels of H4K20me2 (Fig. 2A). Intriguingly, treatment with DNA-damaging agents,
in particular, the DNA polymerase inhibitor aphidicolin (APH), also led to a reduction in
H4K20me1 levels, in the absence of a corresponding decrease in H4K20me2 (Fig. 2A).
While depletion of KMT5A did not measurably impact spontaneous or DNA damage-
inducible FANCD2 or FANCI monoubiquitination (Fig. 2A), KMT5A knockdown resulted
in a significant decrease in FANCD2 nuclear focus formation following exposure to
MMC and APH (Fig. 2B and C). In addition, similar to FA patient-derived cells, cells
depleted of KMT5A exhibited increased levels of chromosome aberrations, including
gaps, breaks, and radial formations, and decreased cell survival following ICL exposure
(Fig. 2D to G). Combined depletion of FANCD2 and KMT5A resulted in a modest further
increase in ICL sensitivity over that for cells with each single knockdown (Fig. 2G).
However, unlike FA patient cells, under the experimental conditions described, we did
not observe any appreciable differences in cell cycle profiles in the absence or presence
of KMT5A following exposure to MMC or APH (Fig. 2H). Increased S-phase checkpoint
activation has previously been observed in KMT5A-depleted cells (34). Very similar
findings were observed for the nontransformed mammary epithelial line MCF10A (data
not shown). Our results demonstrate an important role for the KMT5A histone meth-
yltransferase in the activation of the FA pathway and indicate overlapping and unique
functions for FANCD2 and KMT5A in the maintenance of genome stability.

The FANCD2 HBD/MBD is required for efficient chromatin binding and nuclear
focus formation. To determine the importance of the HBD/MBD for efficient FANCD2
monoubiquitination, nuclear focus formation, and its retention in chromatin, we gen-
erated a series of FANCD2 variants harboring missense mutations in the HBD/MBD
and stably expressed these mutants in FA-D2 (FANCD2�/�) patient-derived cells (35).
FANCD2 H1056 is predicted to play a role in histone tail binding, based on our
molecular modeling analysis, while W1075 is a highly conserved aromatic amino acid
within the predicted Kme binding cage (Fig. 1A). In contrast to the monoubiquitination-
defective mutant FANCD2-K561R (36), the HBD/MBD missense mutants remained
competent for DNA damage-inducible monoubiquitination (Fig. 3A). Importantly, these
findings demonstrate that our HBD/MBD mutations do not perturb overall protein
structure or stability or the interaction with the multisubunit FA core complex ubiquitin
ligase. FANCI monoubiquitination was also restored, albeit weakly, in FA-D2 cells
expressing the FANCD2 wild type (WT) and the HBD/MBD mutants but not in cells
expressing FANCD2-K561R (Fig. 3A). To analyze the chromatin binding affinity of the
HBD/MBD mutants, we used a salt chromatin extraction assay adapted from Xu et al.
(2010) (37). The HBD/MBD mutants were released from chromatin at lower salt con-
centrations than wild-type FANCD2, indicating a reduced affinity of the mutants for
chromatin (Fig. 3B and C). In an alternative approach, compared to wild-type FANCD2,
FANCD2-W1075A exhibited reduced retention in chromatin when cells were cotreated
with MMC and the protein synthesis inhibitor cycloheximide (Fig. 3D).

Moreover, similar to FANCD2-K561R and unlike wild-type FANCD2, the FANCD2
HBD/MBD mutants failed to efficiently assemble into discrete nuclear foci following ICL

FIG 1 Legend (Continued)
an asterisk. H. sapiens; Homo sapiens, M. musculus, Mus musculus; G. gallus, Gallus gallus; X. laevis, Xenopus laevis; D.
rerio, Danio rerio; D. melanogaster, Drosophila melanogaster. (D) Streptavidin-Sepharose pulldown of biotinylated
histone peptides incubated with purified GST-FANCD2-MBD. A streptavidin silver stain signal serves as a loading
control. (E) Glutathione-agarose pulldown of GST-tagged wild-type FANCD2-MBD (GST-D2-MBD) and MBD-W1075A
(GST-D2-MBD-W1075A) fragments incubated with purified histones from calf thymus (CTH). (F) Quantification of
proximity ligation assay (PLA) results with FANCD2 and H4K20me1, H4K20me2, H4K20me3, and H3K27me3 in U2OS
cells. Binding of 53BP1 to H4K20me was used as a positive control for our PLA. Nuclei with �20 PLA spots were
considered positive. Experiments were performed three times with similar results. Error bars represent the standard
errors of the means from three independent experiments. At least 300 nuclei were scored per biological replicate.
***, P � 0.001. NT, not treated.
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exposure (Fig. 4A and C). Consistent with previous studies showing a dependency
between FANCD2 and FANCI nuclear focus formation (12, 13), FANCI nuclear focus
formation was also markedly impaired in cells expressing the HBD/MBD mutants (Fig.
4B and C). We next used PLA to examine the interaction between wild-type FANCD2

FIG 2 The histone methyltransferase KMT5A is necessary for efficient activation of the FA pathway and ICL repair. (A)
HeLa cells were incubated with control nontargeting siRNA (siControl) or siRNA targeting KMT5A (siKMT5A) for 64 h. The
cells were then treated with 200 nM mitomycin C (MMC) or 1 �M aphidicolin (APH) for 16 h, and whole-cell lysates were
analyzed by immunoblotting. Ub, ubiquitin; L:S ratio, ratio of monoubiquitinated to nonubiquitinated FANCD2 or FANCI.
(B) Representative images of FANCD2 foci in MMC-treated HeLa cells. Cells were treated as described in the legend to
panel A. D, DAPI; D2; FANCD2; M, merge. Bars, 10 �m. (C) Quantification of FANCD2 focus formation for the assay whose
results are presented in panel B. Nuclei with �10 FANCD2 foci were considered positive. At least 300 nuclei were scored
per biological replicate. (D and E) HeLa cells were incubated with siControl or siKMT5A for 64 h. Cells were then treated
with 10 nM MMC for 16 h, and metaphase (met.) chromosomes were analyzed for the presence of structural aberrations.
Representative chromosome images are shown in panel D. M, mitomycin C. Fifty metaphases were scored per treatment.
These experiments were performed twice with similar results. Error bars represent the standard errors of the means. *,
P � 0.05; ***, P � 0.001. (F) HeLa cells were incubated with siControl, siKMT5A, siFANCD2, or siKMT5A plus siFANCD2
(siDouble) for 64 h, and whole-cell lysates were analyzed by immunoblotting. *, nonspecific band. (G) Cells were treated
with increasing concentrations of MMC for 48 h, and percent survival was determined using an 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium survival assay. Error bars represent the standard
errors of the means from four replicates. Experiments were performed twice with similar results. (H) HeLa cells were
incubated with siControl or siKMT5A for 64 h and then treated with 200 nM MMC or 1 �M APH for 16 h. Cells were fixed,
stained with propidium iodide, and analyzed by flow cytometry. Cell cycle analysis was performed using FlowJo (v10.2)
software.
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and the HBD/MBD mutants and H4K20me1, -me2, and -me3 in FA-D2 cells, using
methylation-specific antibodies. While wild-type FANCD2 interacted strongly with
H4K20me2—and much less so with H4K20me1, H4K20me3, or H3K27me3—this inter-
action was markedly impaired for both the H1056A and W1075A mutants (Fig. 4D).

FIG 3 FANCD2 HBD/MBD mutants are proficient for monoubiquitination but exhibit a decreased binding affinity
for chromatin. (A) FA-D2 cells stably expressing LacZ, wild-type (WT) FANCD2, FANCD2-K561R, FANCD2-H1056A,
and FANCD2-W1075A were incubated in the absence or presence of 200 nM mitomycin C (MMC) or 200 �M
hydroxyurea (HU) for 24 h, and whole-cell lysates were analyzed by immunoblotting. L:S ratio, ratio of monoubiq-
uitinated to nonubiquitinated FANCD2 or FANCI. (B) FA-D2 cells stably expressing wild-type FANCD2, FANCD2-
H1056A, and FANCD2-W1075A were incubated in the absence or presence of 200 nM MMC for 24 h, and nuclear
fractions were extracted in buffers containing the indicated NaCl concentrations. (C) Quantification of the protein
band intensities from the assay whose results are presented in panel B calculated from three independent
experiments. The y axis depicts the ratios of band intensities compared to the band from FA-D2 cells expressing
wild-type FANCD2 at the equivalent NaCl concentration. (D) FA-D2 cells stably expressing wild-type FANCD2 or
FANCD2-W1075A were incubated in the absence or presence of 200 nM MMC and 50 �g/ml (216 �M) cyclohexi-
mide (CHX) for the indicated times, and chromatin-associated proteins were analyzed by immunoblotting. The
numbers to the left of the gel are molecular masses (in kilodaltons).
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Similar results were obtained with a FANCD2-EE956,964AA mutant; E956 and E964 are
highly conserved residues of the p55 homology region (Fig. 1A and results not shown).
We also performed PLA with 53BP1 and H4K20me1, H4K20me2, H4K20me3, and
H3K27me3 in FA-D2 cells expressing wild-type FANCD2 and the W1075A mutant and
observed a modest, yet statistically significant, increase in 53BP1 binding to H4K20me2
and -me3 in FA-D2 cells expressing FANCD2-W1075A compared to cells expressing
wild-type FANCD2 (Fig. 4E). Taken together, our results indicate that FANCD2 prefer-

FIG 4 FANCD2 HBD/MBD mutants fail to assemble into nuclear foci or interact with H4K20me2. (A and B)
FA-D2 cells stably expressing wild-type FANCD2, FANCD2-K561R, FANCD2-H1056A, and FANCD2-W1075A
were incubated in the absence or presence of 200 nM mitomycin C (MMC) for 24 h. Cells were fixed and
stained with anti-FANCI (green) and anti-V5 (red) antibodies and counterstained with DAPI (blue). (A)
Quantification of FANCD2 nuclear foci. (B) Quantification of FANCI nuclear foci. Nuclei with �5 V5 (FANCD2)
or FANCI foci were considered positive. (C) Representative images from the assay whose results are presented
in panels A and B. Bars, 10 �m. (D) Quantification of proximity ligation assay (PLA) results with FANCD2 and
H4K20me1, H4K20me2, H4K20me3, and H3K27me3 in FA-D2 cells stably expressing wild-type FANCD2,
FANCD2-H1056A, and FANCD2-W1075A. (E) Quantification of PLA results with 53BP1 and H4K20me1,
H4K20me2, H4K20me3, and H3K27me3 in FA-D2 cells stably expressing wild-type FANCD2 or FANCD2-
W1075A. Nuclei with �20 PLA spots were considered positive. Experiments were performed three times with
similar results. At least 300 nuclei were scored per biological replicate. Error bars represent the standard errors
of the means from three independent experiments. P � 0.001.
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entially binds to H4K20me2 in cells, with binding being mediated by the HBD/MBD
domain. In addition, our results suggest that decreased binding of H4K20me2 by
FANCD2 may lead to increased H4K20me2 binding by 53BP1.

The FANCD2 HBD/MBD is required for efficient conservative ICL repair. Next,
we examined the impact of disruption of the HBD/MBD on ICL repair. We cultured our
FA-D2 patient cell series in the absence and presence of MMC and examined �H2AX
nuclear focus formation, a marker of DNA double-strand break (DSB) formation (38),
immediately after exposure and following a recovery period. Unlike FA-D2 cells ex-
pressing wild-type FANCD2, cells expressing FANCD2-H1056A and -W1075A exhibited
persistent elevated �H2AX nuclear focus formation following ICL exposure (Fig. 5A). We
also examined 53BP1 and DNA-PKcs pS2056 nuclear focus formation in our FA-D2 cell
series. 53BP1 is also a DSB marker and blocks 5=-3= DNA strand resection, a critical

FIG 5 The FANCD2 HBD/MBD is required for efficient conservative ICL repair. (A to C) FA-D2 cells stably
expressing LacZ, wild-type FANCD2, FANCD2-K561R, FANCD2-H1056A, and FANCD2-W1075A were in-
cubated in the absence or presence of 200 nM mitomycin C (MMC) for 24 h and allowed to recover for
an additional 24 h. Cells were fixed and stained with anti-�H2AX (A), anti-53BP1 (B), or anti-DNA-PKcs
pS2056 (C) antibodies, and the numbers of nuclei with �10 �H2AX (A), �20 53BP1 (B), or �5 DNA-PKcs
pS2056 (C) foci were scored. At least 300 nuclei were scored per biological replicate. (D) FA-D2 cells stably
expressing wild-type FANCD2 or FANCD2-W1075A were incubated in the absence (not treated [NT]) or
presence of 200 nM MMC for 24 h. Cells were fixed and stained with anti-ERCC1, and the numbers of
nuclei with �10 large foci were scored. At least 300 nuclei were scored per sample. Experiments were
performed twice with similar results. Error bars represent the standard errors of the means from two
independent experiments. ***, P � 0.001; N.S., not significant. (E) The same cells used in the assay whose
results are presented in panels A to C were incubated in the presence of various concentrations of MMC
for 7 to 10 days, the surviving cells were stained with crystal violet, and percent survival relative to the
number of surviving untreated cells was scored. (F) The same cells were incubated in the absence
(nontreated) or presence of 16 nM MMC for 24 h, and metaphase chromosomes were analyzed for
structural aberrations, including gaps, breaks, and radial formations. Representative chromosome aber-
rations from MMC-treated FA-D2 cells expressing FANCD2-H1056A and FANCD2-W1075A are shown. All
experiments were performed three times with similar results, except for those whose results are
presented in panel F, which were performed twice. Error bars represent the standard errors of the means.
For the assay whose results are presented in panel F, 80 metaphases were scored per treatment. **,
P � 0.01; ***, P � 0.001.
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initiating step of homologous recombination (HR) (39, 40), while DNA-PKcs phosphor-
ylated at S2056 is a marker of error-prone NHEJ DSB repair (41, 42). Similar to the
findings observed for �H2AX, persistent elevated levels of 53BP1 and DNA-PKcs pS2056
nuclear foci were observed in cells expressing FANCD2-H1056A and -W1075A, in
contrast to cells expressing wild-type FANCD2 (Fig. 5B and C). Previous studies using
Xenopus egg extracts have shown that FANCD2 promotes the recruitment of the
XPF/ERCC1 endonuclease to sites of DNA damage (43). Consistent with these findings,
we observed a defect in ERCC1 nuclear focus formation in cells expressing FANCD2-
W1075A compared to cells expressing wild-type FANCD2 following MMC exposure (Fig.
5D). We also measured cell survival and metaphase chromosome aberrations in HBD/
MBD mutant-expressing cells. Unlike wild-type FANCD2 and similar to FANCD2-K561R,
the FANCD2-H1056A and -W1075A mutants failed to fully rescue the ICL sensitivity of
FA-D2 patient cells (Fig. 5E). Chromosomes from cells expressing FANCD2-H1056A and
-W1075A also exhibited greater numbers of aberrations, including gaps, breaks, and
radial formations, than cells expressing wild-type FANCD2 (Fig. 5F). Stable expression of
FANCD2-H1056A and -W1075A had no observable impact on the cellular growth rate.
Taken together, our findings demonstrate that H4K20me2 binding by the FANCD2
HBD/MBD is essential for the promotion of error-free conservative ICL repair and link
chromatin plasticity to activation of an important tumor suppressor pathway.

DISCUSSION

In this study, we describe the identification and functional characterization of a
methyl-lysine-binding domain in the FANCD2 protein that exhibits specificity for
H4K20me2. Disruption of this domain results in a decreased affinity for chromatin and
an inability to assemble into discrete nuclear foci, presumed sites of active ICL repair
(36). Consequently, cells expressing FANCD2 HBD/MBD mutants demonstrate evidence
of persistent DSBs and an increased dependence on error-prone ICL repair pathways,
including NHEJ. This, in turn, leads to increased sensitivity to ICL-inducible chromosome
structural aberrations and cytotoxicity. A role for the FA proteins in suppressing
erroneous NHEJ repair has previously been described (41). Consistent with an impor-
tant role for the H4K20me2 chromatin mark in facilitating efficient activation of the FA
pathway and ICL repair, depletion of the KMT5A H4K20 monomethyltransferase re-
duced ICL-inducible FANCD2 nuclear focus formation and resulted in ICL sensitization.
Mutation of the HBD/MBD or depletion of KMT5A did not, however, impact FANCD2 or
FANCI monoubiquitination. This is consistent with several reports demonstrating the
uncoupling of monoubiquitination from nuclear focus formation and chromatin bind-
ing (44–47). For example, in the absence of the histone variant H2AX, FANCD2 fails to
assemble into DNA damage-inducible nuclear foci yet remains competent for monou-
biquitination (44). Similarly, while Usp1�/� murine embryonic fibroblasts exhibit con-
stitutively elevated Fancd2 monoubiquitination and chromatin localization, they fail to
form Fancd2 nuclear foci and exhibit ICL hypersensitivity (46). Collectively, our results
support a model whereby FANCD2 monoubiquitination and chromatin localization are
necessary, but not sufficient, for effective ICL repair. The ability of FANCD2 to assemble
into nuclear foci, however, is essential for effective ICL repair. Our study describes one
critical determinant of FANCD2 nuclear focus formation: the ability of FANCD2 to
interact directly with H4K20me2 via the HBD/MBD.

The loss of KMT5A (PR-SET7/SET8) or the KMT5B (SUV4-20H1) and KMT5C (SUV4-
20H2) methyltransferases, which mediate the di- and trimethylation of H4K20, results in
widespread genome instability across the evolutionary spectrum, even in the absence
of exogenous DNA-damaging agents (34, 48–50). A DNA repair-independent role for
FANCD2 in the protection of stalled replication forks has also been established (51). The
importance of the H4K20me2 chromatin mark for the maintenance of genome stability
has become increasingly well recognized (52, 53). H4K20me2 has been shown to be an
important factor for the chromatin recruitment of 53BP1. 53BP1 promotes NHEJ and
suppresses homologous recombination (HR) by negatively regulating 5=-3= DNA strand
resection, a critical initiating step of HR (39, 40). 53BP1 binds to H4K20me2 via its
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tandem Tudor domains (1). Similar to our findings for the FANCD2 MBD, disruption of
the Tudor folds compromises the recruitment of 53BP1 to sites of DNA damage (54).
However, while delayed, Suv4-20h-double-null mouse embryo fibroblasts support
53bp1 nuclear focus formation following exposure to ionizing radiation (IR) (50),
highlighting the multifactorial nature of its chromatin recruitment. For example, bind-
ing to H2AK15ub via its ubiquitination-dependent recruitment motif (UDR) also pro-
motes 53BP1 chromatin binding (55). Conversely, TIP60-mediated H2AK15 and H4K16
acetylation inhibits 53BP1 chromatin binding (56, 57). While much less is known about
the mechanistic aspects of FANCD2 chromatin recruitment, we predict a similar sce-
nario with the existence of multiple determinants of efficient chromatin targeting.

Our studies indicate that FANCD2 binding to H4K20me2 is necessary for stable
association and site-specific accumulation within chromatin. We also previously estab-
lished that FANCD2 has an ubiquitin-binding domain (UBD): an amino-terminal CUE (for
coupling of ubiquitin conjugation to endoplasmic reticulum degradation) domain (58).
While the FANCD2 UBD is required for efficient chromatin targeting, the ubiquitinated
protein with which this domain interacts has yet to be identified. The RNF8 and
BRCA1-BARD1 E3 ubiquitin ligases have also been shown to be required for the efficient
chromatin recruitment of FANCD2 (36, 45, 59, 60), leading us to predict that FANCD2,
like 53BP1, may also function as a bivalent chromatin reader. Therefore, despite the
widespread abundance of H4K20me2 (50), only a subset of H4K20me2-marked nucleo-
somes is likely to support efficient FANCD2 recruitment. Interestingly, we observed a
modest increase in 53BP1 binding to H4K20me2 upon mutation of the FANCD2 MBD,
suggesting that FANCD2 and 53BP1 may compete for binding to the H4K20me2 mark.
FANCD2 has been shown to promote the recruitment of TIP60 and the acetylation of
H4K16 (61), which would be expected to decrease the affinity of 53BP1 for chromatin
binding. The relationship between 53BP1 and FANCD2 remains to be clearly elucidated:
while FANCD2 is generally thought to promote HR and restrict NHEJ (41, 62–64),
combined deletion of murine 53bp1 and Fancd2 results in increased ICL-inducible
genomic instability compared to deletion of Fancd2 alone (45). Studies of ICL repair
using Xenopus egg extracts have established that FANCD2 is required for nucleolytic
incisions proximal to the ICL, most likely by promoting the recruitment of SLX4 and
XPF/ERCC1, consistent with our findings (43, 65). Thus, the absence of FANCD2 may
preclude the generation of an optimal initiating structure for both HR and NHEJ. Future
studies on the interplay between FANCD2 and 53BP1, the chromatin modifications that
dictate their functions, and the chromatin remodeling complexes with which they
interact will be essential for improving our understanding of ICL repair, the molecular
basis of FA, and the development of effective therapeutic options for FA.

MATERIALS AND METHODS
Cell culture. PD20 FA-D2 (FANCD2�/�) (35) and HeLa cells were grown in Dulbecco modified Eagle

medium (DMEM) supplemented with 15% (vol/vol) fetal bovine serum, 1% (vol/vol) L-glutamine, and 1%
(vol/vol) penicillin-streptomycin. PD20 FA-D2 cells harbor a maternally inherited A-to-G change at
nucleotide 376 that leads to the production of a severely truncated protein and a paternally inherited
missense hypomorphic mutation leading to an R1236H change (35). PD20 FA-D2 cells were stably
infected with pLenti6.2/V5-DEST (Invitrogen) harboring wild-type or mutant FANCD2 cDNAs. Stably
infected cells were grown in DMEM complete medium supplemented with 2 �g/ml blasticidin. MCF10A
cells were grown in DMEM–Ham’s F-12 medium supplemented with 5% (vol/vol) horse serum, 20 ng/ml
epidermal growth factor, 0.5 mg/ml hydrocortisone, 100 ng/ml cholera toxin, 10 �g/ml insulin, 1%
(vol/vol) L-glutamine, and 1% (vol/vol) penicillin-streptomycin.

siRNA, immunoblotting, and antibodies. ON-TARGETplus SMARTpool siRNA against KMT5A (L-
031917-00-0005; Dharmacon) was used for siRNA studies. siRNA targeting FANCD2 has previously been
described (66). Cells were plated in six-well dishes at a density of 2 � 105 cells per well. On the following
day, cells were transfected with siRNA specific for FANCD2 and/or KMT5A and control nontargeting siRNA
using the Lipofectamine 2000 reagent. At 64 h following transfection, cells were incubated in the
absence or presence of 200 nM MMC or 1 �M APH for 16 h and harvested for analysis. For immunoblot-
ting analysis, cell suspensions were washed in ice-cold phosphate-buffered saline (PBS) and lysed in SDS
lysis buffer (2% [vol/vol] SDS, 50 mM Tris-HCl, pH 7.4, 10 mM EDTA) with sonication. Proteins were
resolved on NuPAGE 3 to 8% (wt/vol) Tris-acetate or 4 to 12% (wt/vol) bis-Tris gels (Invitrogen) and
transferred to polyvinylidene difluoride (PVDF) membranes. For flow cytometry analysis, cells were
washed in PBS and incubated in 50 �g/ml propidium iodide (PI) (Sigma) and 30 U/ml RNase A for 10 min
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at 37°C, followed by analysis using a BD FACSVerse flow cytometer. The percentages of cells in G1, S, and
G2/M phase were determined by analyzing PI histograms with FlowJo (v10.2) software. The following
mouse monoclonal antibodies were used: anti-ERCC1 (D-10; sc-17809; Santa Cruz Biotechnology),
anti-GST (136700; Invitrogen), anti-�H2AX (05-636; Millipore), anti-H3K27me3 (ab6002; Abcam), anti-
H4K20me1 (39727; Active Motif), anti-H4K20me2 (GTX630545; GeneTex), anti-H4K20me3 (39671; Active
Motif), anti-HP1� (05-689; Millipore), anti-�-tubulin (MS-581-P1; NeoMarkers), and anti-V5 (R960-25;
Invitrogen). The rabbit polyclonal antibodies used were anti-53BP1 (sc-22760; Santa Cruz Biotechnology),
anti-DNA-PKcs pS2056 (ab18192; Abcam), anti-FANCD2 (NB100-182; Novus Biologicals), anti-FANCI
(A300-212A and A300-254A; Bethyl Laboratories), anti-V5 (D3H8Q; Cell Signaling Technology), anti-H2A
(07-146; Upstate), and anti-H3 (ab1791; Abcam).

Plasmids. Mutant cDNAs were generated using a QuikChange II site-directed mutagenesis kit
(Stratagene). The forward and reverse oligonucleotide sequences used were as follows: H1056A FP
5=-CCAGGAGTGAAAGTTCAGGAGTACGCCATAATGTCTTCCTGC-3=, H1056A RP 5=-GCAGGAAGACATTATGG
CGTACTCCTGAACTTTCACTCCTGG-3=, W1075A FP 5=-CATGGGCTTTTTGCTGCGAGTGGATTTTCTCAACCTG-
3=, and W1075A RP 5=-CAGGTTGAGAAAATCCACTCGCAGCAAAAAGCCCATG-3=. The histone-binding do-
main (HBD) and methyl-lysine-binding domain (MBD) fragments were cloned into the pGEX-6P-1 plasmid
using restriction enzyme cloning. The forward and reverse oligonucleotide sequences used were as
follows: HBD FP 5=-ATAGAATTCATGGATGAGCAGTGCACACAG-3=, HBD RP 5=-TATCTCGAGTCACTCTGTGT
GCTCCAGGTA-3=, MBD FP 5=-ATAGAATTCATGTTTCATGGGCTTTTTG-3=, and MBD RP 5=-TATCTCGAGTCAC
AAAATAACCATCAAAAG-3=.

Protein purification. GST fusion proteins were expressed in BL21 Rosetta2(DE3)pLysS cells following
induction with isopropyl-�-D-1-thiogalactopyranoside (IPTG) at 16°C. Cells were pelleted, lysed in buffer
A (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM
dithiothreitol, and 0.5% [vol/vol] NP-40 plus protease inhibitor cocktail tablets [Roche]), and flash frozen.
On the following day, the cells were thawed on ice and lysed using a French press. Lysates were spun
at 12,000 � g for 30 min at 4°C, and the supernatant was filtered using a 0.45-�m-pore-size filter.
Glutathione-agarose (Invitrogen) was applied to a column and washed with deionized H2O and buffer A.
Filtered supernatant was applied to the column. The column was washed in buffer B (50 mM Tris-HCl, pH
8.0, 750 mM NaCl, 0.5% [vol/vol] NP-40) and then buffer A. Proteins were eluted at room temperature in
buffer C (50 mM Tris HCl [pH 8.0], 150 mM NaCl, 0.5% [vol/vol] NP-40, 20 mM reduced glutathione).
Elution samples were resolved on NuPAGE 4 to 12% (wt/vol) bis-Tris gels and stained with SimplyBlue
SafeStain (Invitrogen). Protein-containing fractions were pooled and dialyzed against buffer D (50 mM
Tris-HCl [pH 8.0], 150 mM NaCl, 0.05% [vol/vol] NP-40).

Immunofluorescence microscopy. Cells were plated at a density of 3 � 105 cells per well of culture
slides (BD Falcon). On the following day, cells were treated with 200 nM MMC for 24 h. Cells were
prepermeabilized in permeabilization buffer (0.3% [vol/vol] Triton X-100 in PBS, pH 7.4) and fixed on ice
in fixing buffer (4% [wt/vol] paraformaldehyde and 2% [wt/vol] sucrose in PBS, pH 7.4) for 15 min. Cells
were permeabilized for 10 min and blocked in antibody dilution buffer (ADB; 5% [vol/vol] goat serum and
0.1% [vol/vol] NP-40 in PBS, pH 7.4) for 30 min. Cells were stained for 1 h in primary antibody diluted in
ADB, washed with PBS and permeabilization buffer, and stained with fluorescent secondary antibodies
for 30 min in ADB. Cells were washed in PBS and permeabilization buffer and counterstained with
4=,6-diamidino-2-phenylindole dihydrochloride (DAPI). Foci were analyzed using a Zeiss AxioImager.A1
upright epifluorescence microscope with AxioVision LE (v4.6) image acquisition software. Proximity
ligation assays (PLA) were performed similarly to the immunofluorescence microscopy protocol up to the
secondary antibody step. The remainder of the PLA protocol was carried out according to the manu-
facturer’s instructions (DUO92101; Sigma-Aldrich).

MMC cell survival assay. Cells were plated at a density of 1.5 � 104 cells per well in 6-well dishes.
On the following day, the cells were treated with various concentrations of mitomycin C (MMC) for 7 to
10 days. The cells were washed in PBS and fixed in fixing buffer (10% [vol/vol] methanol, 10% [vol/vol]
acetic acid). The cells were then stained with crystal violet (1% [wt/vol] crystal violet in methanol). On the
following day, the crystal violet was dissolved in dissolving solution (0.02% [vol/vol] SDS in methanol) for
2 h. The solutions were transferred to 96-well dishes, and the optical density at 570 nm was read using
a 96-well Bio-Rad 680 microplate reader.

Chromosome breakage assay. For chromosome breakage assays, cells were grown in the absence
or presence of 10 or 16 nM MMC for 24 h. Prior to harvesting, cells were treated with 0.1 �g/ml colcemid
(Gibco/Invitrogen) for 2 h. Cell pellets were incubated in 0.075 M KCl at 37°C for 18 min, followed by
fixation in Carnoy’s fixative (3:1 methanol-glacial acetic acid) with multiple changes. Cells were dropped
onto chilled slides and air dried prior to staining with 3% (vol/vol) Giemsa solution (Sigma). Metaphases
were analyzed using a Zeiss AxioImager.A1 upright epifluorescence microscope with AxioVision LE (v4.6)
image acquisition software.

In vitro bulk histone-binding assays. Glutathione-agarose (Invitrogen) was blocked in NETN150
(20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.25% [vol/vol] NP-40, 1 mM EDTA) plus 1% (wt/vol) bovine serum
albumin, washed in NETN150, and added to GST fusion proteins overnight at 4°C. Histones purified from
calf thymus (Sigma) were precleared with glutathione-agarose at 4°C overnight. Precleared calf thymus
histones were boiled for 10 min and added to bead-bound GST fusion proteins, and the mixture was
incubated at 4°C for 1 h. The beads were washed 4 times in NETN200 (20 mM Tris-HCl, pH 7.5, 200 mM
NaCl, 0.25% [vol/vol] NP-40, 1 mM EDTA), and bound proteins were eluted in 2� lithium dodecyl sulfate
(LDS)–10% (vol/vol) �-mercaptoethanol with boiling. Proteins were resolved on 4 to 12% (wt/vol) bis-Tris
gels (Invitrogen) and stained with SimplyBlue SafeStain (Invitrogen) or H4K20me1, H4K20me2,
H4K20me3, and H2A antibodies.
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NaCl extraction assay. Cells were plated at a density of 3 � 106 cells in 15-cm2 dishes. Cells were
treated with 200 nM MMC for 24 h. Cells were harvested in ice-cold PBS, and a portion was set aside for
the whole-cell lysate. The remaining pellet was lysed in CSK buffer {10 mM PIPES [piperazine-N,N=-bis(2-
ethanesulfonic acid)] (pH 6.8), 300 mM sucrose, 100 mM NaCl, 3 mM MgCl2, 1 mM EGTA, 0.5% (vol/vol)
Triton X-100} for 10 min at 4°C, and the supernatant containing soluble proteins was collected. The
remaining pellet was split into three and lysed in salt extraction buffer {20 mM HEPES (pH 7.9), 0.5 mM
TCEP [Tris(2-carboxyethyl)phosphine hydrochloride], 1 mM PMSF, 1.5 mM MgCl2, 0.1% Triton X-100}
containing 150, 250, or 500 mM NaCl.

In vitro histone peptide binding assays. GST fusion proteins were incubated with biotinylated
histone peptides (Epicypher) overnight at 4°C in binding buffer (50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 0.05% [vol/vol] NP-40). Samples were incubated for 1 h at 4°C with streptavidin-Sepharose (GE)
(previously washed in binding buffer). After incubation, samples were washed 4 times with wash
buffer (50 mM Tris-HCl [pH 7.5], 200 mM NaCl, 0.1% [vol/vol] NP-40) and eluted in 2� LDS–10%
(vol/vol) �-mercaptoethanol with boiling. Proteins were resolved on 4 to 12% (wt/vol) bis-Tris gels
(Invitrogen) and either silver stained using a silver stain for mass spectrometry kit (Thermo) or
immunoblotted with antibodies against GST (Invitrogen).
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