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Maintenance of genomic integrity is an essential cellular function.
We previously reported that the transcription factor and tumor
suppressor CCAAT/enhancer binding protein δ (C/EBPδ, CEBPD; also
known as “NFIL-6β”) promotes genomic stability. However, the mo-
lecular mechanism was not known. Here, we show that C/EBPδ is
a DNAdamage-induced gene,which supports survival ofmouse bone
marrow cells, mouse embryo fibroblasts (MEF), human fibroblasts,
and breast tumor cells in response to the DNA cross-linking agent
mitomycin C (MMC). Using gene knockout, protein depletion, and
overexpression studies, we found that C/EBPδ promotesmonoubiquiti-
nation of the Fanconi anemia complementation group D2 protein
(FANCD2), which is necessary for its function in replication-associated
DNA repair. C/EBPδ interacts with FANCD2 and importin 4 (IPO4,
alsoknownas “Imp4”and“RanBP4”) via separatedomains,mediating
FANCD2–IPO4associationandaugmentingnuclear importof FANCD2,
a prerequisite for its monoubiquitination. This study identifies a tran-
scription-independentactivity of C/EBPδ in theDNAdamage response
that may in part underlie its tumor suppressor function. Furthermore,
we report a functionof IPO4andnuclear import in theFanconi anemia
pathway of DNA repair.
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Maintaining the integrity of the genome is pivotal to life.
Therefore, a multitude of mechanisms have evolved to deal

with damage to the genome. Depending on the type and timing of
DNAdamage, specific pathways are activated that sense the lesion,
communicate the problem to checkpoint kinases that arrest the cell
cycle, and initiate appropriate repair mechanisms (1). Several
different checkpoint kinases phosphorylate the ubiquitous histone
H2AX, which then binds to sites of DNA damage. The phos-
phorylated form of H2AX (termed “γH2AX”) is, therefore,
a surrogate marker for DNA lesions and activation of check-point
signaling (2, 3). Genetic defects in components of these pathways,
if not lethal, can lead to specific syndromes. Fanconi anemia (FA)
is an autosomal recessive disorder, characterized by developmental
abnormalities, progressive bone marrow failure, acute myeloid
leukemia, and susceptibility to cancer (4, 5). Cells derived fromFA
patients accumulate DNA damage at an increased rate and exhibit
hypersensitivity to DNA cross-linking agents such as mitomycin C
(MMC), resulting in a greater number of chromosomal abnor-
malities, including translocations and radial chromosomes (6). FA
can be caused bymutation of any one of 13 genes identified to date.
In response to DNA damage, the FA proteins Fanconi anemia
complementation group (FANC)-A, -B, -C, -E, -F, -G, -L, and -M
form a ubiquitin ligase core complex in the nucleus and mono-
ubiquitinate FANCD2 and FANCI. Monoubiqutination of
FANCD2 and FANCI is considered the essential step in the FA
pathway that mediates replication-dependent removal of in-
terstrand DNA cross-links (7–9).
In this report we describe the physical and functional association

of FANCD2 with the CCAAT/enhancer binding protein δ (C/
EBPδ) transcription factor. C/EBPδ is a leucine zipper (LZ) DNA-

bindingprotein that usually isnothighly expressedbut is inducibleby
many different stimuli and is considered a stress-response gene (10).
C/EBPδ has many tumor suppressor-like properties. For example,
its expression is down-regulated in several types of cancer (11–14),
and its expression in tumors has been associated with favorable
prognosis (15, 16). Although C/EBPδ-knock-out (KO) mice are vi-
ableand fertile (17), primaryC/EBPδ-nullmouseembryofibroblasts
(MEFs) in vitro exhibit chromosomal instability, including triradial
chromosomes (18), a lesion often seen in cells with defects in theFA
pathway (4–6). This phenotype suggested that C/EBPδ plays a role
in genome maintenance or DNA-repair pathways. Here, we report
that C/EBPδ augments cell survival after DNA damage from in-
terstrand cross-linkers by facilitating nuclear import of FANCD2.

Results
C/EBPδ Interacts with FANCD2. To understand the molecular func-
tions of C/EBPδ, we explored which proteins it can interact with.
Ectopic C/EBPδ was immunoprecipitated from 293T cells, and
proteins to which it bound were identified using mass spectrometry
(Table S1). This approach suggested that C/EBPδ interacts with
FANCD2.Both theseproteins arepredominantlynuclear, and their
expression is down-regulated in breast cancer (19–21). Further-
more, primary C/EBPδ-null MEFs exhibit genomic instability, in-
cluding triradial chromosomes (18), which are a hallmark of FA-
deficient cells (22). For these reasons we decided to pursue the
significance of C/EBPδ interaction with FANCD2. Fig. 1A illus-
trates the various C/EBPδ expression constructs used in this study.
The nuclear localization signal of C/EBPδ lies within its DNA-
bindingdomain (23).Therefore,mutants lacking this domaindonot
enter the nucleus. However, the R198A point mutation, which
inhibits sequence-specific DNA binding of C/EBPδ, does not in-
terfere with nuclear localization (24, 25). First, we confirmed the
interaction between C/EBPδ and FANCD2 in 293T cells by coim-
munoprecipitation (co-IP) assay. As shown in Fig. 1B, endogenous
FANCD2 interacted with wild type (WT) C/EBPδ, with a protein
truncated at residue 196 (ΔDBD), and with an internal fragment
comprising amino acids 140–215 but not with amutant truncated at
residue 151.Amutant with an internal deletion of amino acids 153–
199 was unable to coprecipitate FANCD2 (Fig. 1C). We therefore
termed this 47-aa region the FANCD2 interaction domain (D2ID).
WT C/EBPδ interacted with both the unubiquitinated “S” form of
FANCD2 (FANCD2-S) and the monoubiquitinated “L” form
(FANCD2-L) in MMC-treated or untreated 293T cells (Fig. 1C),
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suggesting that potential modifications of either protein in response
to DNA damage are not necessary for and do not interfere with
their interaction.
To detect interaction of endogenous C/EBPδ and FANCD2, we

used the DuoLink in situ proximity ligation assay (PLA). In this
assay, two proteins are immunostained with opposite species-
specific secondary antibodies that are linked to complementary
oligonucleotides. When two different antibody molecules bind in
close proximity, the linked DNA can be amplified and visualized
with a fluorescent probe as distinct foci. Each signal spot may
represent one molecule of each of two interacting proteins. InWT
MEFs, the interaction between C/EBPδ and FANCD2 was clearly
detectable in both the cytoplasm and the nucleus (Fig. 1D and Fig.
S1A). No significant signal was generated in C/EBPδ-null (KO)
MEFs because of the absence of C/EBPδ protein (Fig. 1D and Fig.
S1A). To verify this interaction further, we obtained human
FANCD2-null PD20 fibroblasts, which indeed generated no signal
in the PLA assay (Fig. 1E and Fig. S1B). However, in cells recon-
stitutedwith FANCD2 (PD20-D2), an interactionwithC/EBPδwas
again detectable (Fig. 1E and Fig. S1B). Because this assay detects
FANCD2 andC/EBPδ only when they are in complex, andC/EBPδ
does not localize to DNA-damage foci (SI Results), this assay does
not visualize FANCD2 in the DNA-damage foci. As a negative
control, we assessed the combination of FANCA and C/EBPδ
antibodies in PD20-D2 cells, which did not generate any signal in
this assay (Fig. S1C). In summary, this approach demonstrated
specific interaction of endogenous C/EBPδ and FANCD2.
In PD20-D2 cells, in particular, there also was a shift of signal

from more cytoplasmic to nuclear localization in response to
MMC.Moreover, we noted that inMEFs the PLA signal increased

with MMC in both the cytoplasm and the nucleus. Given that the
co-IP assays with overexpressed C/EBPδ did not indicate an effect
of MMC on interaction per se (Fig. 1C), we asked whether ex-
pression of endogenous C/EBPδ changed upon DNA damage.
Indeed, C/EBPδ protein levels were induced in several different
cell types, such as MEFs, PD20/-D2, and human breast tumor cell
lines (Fig. 1F). In contrast, MMC did not induce C/EBPδ expres-
sion in untransformed human MCF-10A breast epithelial cells,
which have higher basal levels of C/EBPδ (25) (Fig. 1F). To assess
further the interaction of endogenous C/EBPδ and FANCD2
proteins, we performed co-IP assays in MDA-MB-468 cells and
confirmed that both FANCD2-S and FANCD2-L associate with
C/EBPδ in the presence and absence ofMMC treatment (Fig. 1G).
Taken together, induction of C/EBPδ expression in response to

DNA damage and the interaction of C/EBPδ with FANCD2 ob-
served inmouse and human fibroblasts and in human breast cancer
cells suggest that C/EBPδmayplay a role in the cellular response to
DNA damage.

C/EBPδ Augments Cell Survival in Response to DNA Damage. Because
wehad found thatC/EBPδ interactswithFANCD2,weassessed the
role of C/EBPδ in cell survival in response to MMC by comparing
cells from WT and C/EBPδ-KO mice. The number of colonies
formed by primary mouse bone marrow cells diminished when the
cells were cultured in the presence of increasing concentrations of
MMC (Fig. 2A). Depending on the MMC concentration, C/EBPδ-
null bone marrow cells formed 19–54% fewer colonies than WT
cells. In the absence of MMC, there was no difference in colony
numbers between genotypes (Fig. 2B). This result shows that
C/EBPδ promotes cell survival in the presence ofMMC.To test the

Fig. 1. Interaction of C/EBPδ and FANCD2 proteins. (A) Schematic representation of mutations in C/EBPδ constructs. R198A is the full-length protein with an
R-to-A mutation at residue 198; ΔDBD is a deletion of the DNA-binding basic region (BR) and leucine zipper (LZ); ΔD2ID is a deletion of amino acids 153–199.
TAD, transactivation domain. (B) FANCD2 co-IP analysis of 293T cells transfected with Flag-tagged C/EBPδ constructs. Immunoprecipitates (IP) and input
samples were analyzed with anti-FANCD2 and anti-Flag antibodies. The multiple bands generated by amino acids 140–215 probably are caused by phos-
phorylation events because this region harbors several kinase recognition motifs. (C) C/EBPδ co-IP analysis from 293T cells as in B. (D) WT and KO MEFs were
treated for 3 h with 5 μg/mL MMC. Fixed cells were incubated with antibodies against C/EBPδ and FANCD2 followed by OLink in situ PLA and fluorescence
microscopy using appropriate filters (DAPI, blue; PLA, red). (Fig. S1 shows single-channel images.) (E) FANCD2-deficient cells (PD20) and cells reconstituted
with FANCD2 (PD20-D2) were treated for 20 h with 500 ng/mL MMC before processing as described in D. (F) Western blot analysis of whole-cell lysates from
WT and C/EBPδ-KO MEFs, PD20-D2 or PD20 cells, or the human breast epithelial cell lines MCF-10A, MCF-7, MDA-MB-468, and SKBR-3; treated for 20 h with
1 μg/mL MMC (100 ng/mL for PD20/-D2 cells). (G) Immunoprecipitation from MDA-MB-468 cells with anti-C/EBPδ antibody (Rockland) and input samples were
analyzed with anti-FANCD2 and anti-C/EBPδ (BD Biosciences) antibodies.
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role of C/EBPδ in response to acute damage, MEFs were treated
withMMC for 2 h, and cell numberswere evaluated 1wk later. Loss
of C/EBPδ significantly impaired cell survival after MMC at con-
centrations of 5 μg/mL or higher (Fig. 2C). Consistent with these
observations, lack of C/EBPδ led to 5- to 6-fold increased cell death
after 24 h or 72 h of MMC exposure (Fig. 2D). Concomitantly, KO
cells were lostmore rapidly from theG1 phase of the cell cycle (Fig.
2D). Profiling the distribution of living cells among cell-cycle phases
showed that C/EBPδ-null cells were enriched at 4N DNA content
(G2) under all conditions (Fig. 2E), a finding that is consistent with
the arrest in late S-phase and G2 as seen in FA pathway-deficient
cells (26, 27). Interestingly,C/EBPδ-null cells exhibited significantly
more cells inS-phase, bothuntreated andafter 8hMMCtreatment,
perhaps because of the elevated levels of cyclin D1 in these cells
(25). However, after 24 h ofMMC exposure, virtually all livingWT
andKO cells were either inG1 orG2, with C/EBPδ-null cells being
enrichedatG2 (4N).Collectively, thesedata show that, likeFAcells
(5, 28), C/EBPδ-deficient cells are hypersensitive to MMC, al-
though the phenotype is milder than in FA cells.
To investigate whether DNA-repair mechanisms are deficient in

C/EBPδ-null cells, we assessed the amount of γH2AX, a marker
for sites of DNA damage (2). As shown previously (25), untreated
KO MEFs contained more γH2AX foci than controls (Fig. S2A).

MMC treatment caused an increase in the number of γH2AX foci
(Fig. S2A) and in γH2AX levels in cell lysates (Fig. S2B). This
response was more pronounced in KO MEFs than in controls.
These data are consistent with a DNA-repair defect in C/EBPδ-
null cells and support the notion that C/EBPδ interaction with
FANCD2 may be functionally relevant.

C/EBPδ Augments Monoubiquitination of FANCD2. To investigate
further the consequence(s) of C/EBPδ interaction with FANCD2,
we compared FANCD2 protein in C/EBPδ WT and KO MEFs.
There was no significant difference in the steady-state levels of
FANCD2 (Fig. 3A). However, upon MMC treatment, KO MEFs
exhibited less monoubiquitinated FANCD2-L. This phenotype
could be partially rescued by ectopic C/EBPδ (Fig. 3A), suggesting
a direct role for C/EBPδ in FANCD2monoubiquitination. Similar
results were obtained in a HEK293 cell line with a tetracycline-
inducible C/EBPδ transgene (25) in which C/EBPδ augmented the
shift of FANCD2-S to FANCD2-L by MMC (Fig. S3). To assess
the functional significance of this observation, we compared the
survival response of these cells. Indeed, tetracycline significantly
enhanced the survival in the presence of MMC specifically of 293-
C/EBPδ cells but not of the parental 293 cells (Fig. 3B). Further-
more, overexpression of WT C/EBPδ improved the survival of
MMC-treated, FANCD2-reconstituted PD20-D2 cells by about
30%. However, C/EBPδ did not promote survival of FANCD2-
deficient PD20 cells under these conditions (Fig. 3C). Importantly,
the C/EBPδ mutant lacking the FANCD2 interaction domain
(ΔD2ID) was unable to promote survival of PD20-D2 cells (Fig.
3C). Consistent with these results, FANCD2 monoubiquitination
was augmented specifically by WT C/EBPδ but not by ΔD2ID-C/
EBPδ in PD20-D2 cells (Fig. 3D). On the other hand, silencing of
endogenous C/EBPδ expression reduced the ratio of FANCD2-L
to -S isoforms in MMC-treated PD20-D2 cells (Fig. 3E). Taken
together, these data demonstrate that C/EBPδ promotes mono-
ubiquitination of FANCD2 and cell survival in response to MMC
by interacting directly with FANCD2.

C/EBPδ Augments Nuclear Import of FANCD2. To investigate the
mechanism by which C/EBPδ promotes FANCD2 mono-
ubiquitination, we introduced various C/EBPδ constructs into
HEK293 cells. MMC-induced monoubiquitination was promoted
by WT C/EBPδ and the R198A mutant but not by the ΔDBD or
ΔD2ID mutants (Fig. 4A). Because monoubiquitination occurs in
the nucleus, and our previous results suggested that MMC may
cause a shift ofC/EBPδ-FANCD2complexes from the cytoplasm to
thenucleus (Fig. 1D andE), we analyzed the subcellular localization
of these proteins by cell fractionation. Although most FANCD2
protein was in the nucleus, MMC triggered further translocation of
cytoplasmic FANCD2 to the nucleus (Fig. 4B andC). Interestingly,
WT C/EBPδ and the R198A mutant promoted MMC-induced nu-
clear translocation of FANCD2, as seen by the loss of cytoplasmic
FANCD2-S (Fig. 4B) and increased nuclear FANCD2-L (Fig. 4C).
In contrast, C/EBPδ mutants that did not promote monoubiqui-
tination also failed to augment nuclear translocation and were
deficient in either nuclear localization (ΔDBD) or FANCD2 in-
teraction (ΔD2ID). These observations suggested that C/EBPδ
facilitates the nuclear import of FANCD2 by direct protein in-
teraction. In agreement with this conclusion, analysis of cell frac-
tions revealed reduced FANCD2 levels in the nuclear protein
extracts of C/EBPδ-null MEFs (Fig. S4). Additional experiments
with FANCA-deficient cells show that FANCD2 monoubiqui-
tination is not required for its nuclear import and that induction
of C/EBPδ expression by MMC does not require the FA pathway
(SI Results and Fig. S5).
Most proteins require active, selective transport mechanisms to

enter thenucleus (29).Anumber of nuclear import complexes have
been identified, consisting of either importin α or importin β cargo-
recognition molecules. Usually, substrate recognition and binding
occurs through nuclear localization signals (NLSs) that are com-
posed of basic residues and reside within DNA- or RNA-binding
domains (30). The mass spectrometry results suggested that
importin 4 (IPO4) interacts with C/EBPδ (Table S1). Co-IP studies
demonstrated that all C/EBPδ variants that contained the NLS

Fig. 2. Analysis of cell survival in response to DNA damage. (A) Bonemarrow
cell colony formation assay. Primary total bone marrow cells from WT and C/
EBPδ-KO mice were cultured in methylcellulose-based medium with MMC at
the indicated concentrations. Colonies were counted 10–14 d later. Data are
mean ± SEM of four mice per genotype; each experiment was performed in
triplicate. Controls were set at 1. *P < 0.05; **P < 0.01; ***P < 0.001. (B) Av-
erage number of colonies (mean ± SEM) in dishes without MMC from the
experiments in A. (C) Analysis of cell viability. Immortalized WT and KOMEFs
were treated for 2 h with MMC as indicated. Medium was changed, and cell
viability was assessed 1 wk later. Data are means ± SEM of three experiments;
controls were set at 100%. *P < 0.05. (D) Analysis of cell death. Primary WT
and KO MEFs were treated with 500 ng/mL MMC for the indicated times.
Shown is the fraction of cells at G1 and at sub-G1 DNA content as ameasure of
cell death from three independent MEF isolates (mean ± SEM) analyzed by
flow cytometry. ***P < 0.001. (E) Analysis of cell-cycle distribution in primary
WT and KO MEFs. The cellular DNA content was determined by flow cytom-
etry as ameasure of cell-cycle phase in cells treated with 1 μg/mLMMC for the
indicated times. Shown is the distribution of living cells (%) in the G1, S, and
G2 phases from three independent MEF isolates for each genotype (mean ±
SEM). *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.00001.
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(Fig. 1A) could interact with IPO4 in HEK293 cells, whereas the
ΔDBD mutant did not (Fig. 5 A and B), consistent with its exclu-
sively cytoplasmic localization (Fig. 4 B and C). As shown pre-
viously (Fig. 1 B andC), all mutants exceptΔD2ID interacted with
FANCD2.On theother hand, IPO4did not interact with FANCD2
unlessWT-orR198A-C/EBPδwaspresent, as determined by co-IP
of either IPO4 (Fig. 5B) or FANCD2 (Fig. 5C). In the presence of
ΔDBD or ΔD2ID mutants, IPO4 did not interact with FANCD2.
The ΔDBD mutant interacted only with FANCD2, whereas the
ΔD2ID mutant interacted only with IPO4. Taken together, these
interaction studies show that C/EBPδ mediates the indirect asso-
ciation of FANCD2 with IPO4 through its interaction with both of
these proteins via separate domains (Fig. 5D). Although none of
the interactions was altered in the presence or absence of MMC,
the data suggest that they are a prerequisite for theMMC-induced
nuclear translocation of FANCD2 in the presence of C/EBPδ.

IPO4 Participates in the DNA-Damage Response. To assess directly
the role of IPO4 in nuclear import of FANCD2 and C/EBPδ, we
silenced IPO4 in MDA-MB-468 cells. These cells were chosen
becauseof the expression levels of endogenousC/EBPδ, FANCD2,
and IPO4 and because of the efficient nuclear translocation of
FANCD2 in response to MMC (Fig. 6 A and B). Indeed, IPO4
depletion reduced nuclear localization of both FANCD2 and C/
EBPδ both before and after MMC treatment (Fig. 6B), and cyto-
plasmic FANCD2 still was detectable upon MMC treatment (Fig.
6A). Similar results were observed after silencing of C/EBPδ (Fig. 6
and Fig. S5). Although these data confirm the role of endogenous
C/EBPδ in nuclear translocation of FANCD2, they also identify an
important role of IPO4 in nuclear import of both of these proteins.
Last, we addressed the functional relevance of IPO4 and C/

EBPδ in this system by assessing cell survival in response to
MMC. Indeed, silencing of either IPO4 or C/EBPδ significantly
enhanced the cytotoxicity of MMC on MDA-MB-468 cells (Fig.
6C), demonstrating that, like C/EBPδ, IPO4 promotes cell sur-
vival in response to DNA damage. Because numerous reports
have documented the role of nuclear FANCD2 in cellular sur-
vival in response to MMC (7–9), we suggest that the reduced cell
survival after silencing of C/EBPδ or IPO4 is the result, at least in
part, of their role in augmenting nuclear import of FANCD2.

Discussion
In this study we identified a function of the transcription factor
C/EBPδ and the nuclear import factor IPO4 in the DNA damage
response. C/EBPδ mediates interaction of the DNA-repair protein
FANCD2 with IPO4 and as a result facilitates nuclear import of
FANCD2, which is essential for the FA DNA-repair pathway. This
activity of C/EBPδ is independent of its functions as a transcription
factor. Using silencing strategies or cells deficient in either FANCD2
or C/EBPδ and through the overexpression of WT C/EBPδ or mu-
tants that cannot interactwith either IPO4orFANCD2,we showthat

Fig. 3. C/EBPδ augments FANCD2monoubiquitination and cell survival in response to MMC. (A) C/EBPδ-KOMEFs were transfected with Flag-taggedWTmouse
C/EBPδ or vector control for 16 h before treatment with 500 ng/mL MMC for 20 h. Whole-cell lysates were analyzed for expression of C/EBPδ and FANCD2 in
comparisonwithWTMEFs. Tubulinwas used as loading control. L/S, quantificationof the FANCD2-L/S ratio in lysates ofMMC-treated cells. (B) 293-C/EBPδ and293P
cells were seeded in 96-well plates and 16 h later were treated with tetracycline (Tet; 500 ng/mL) and/or MMC (1 μg/mL) for the indicated times before relative
quantification of cell numbers. Data representmean ± SEMof two experiments, each done in six wells per data point, shown relative to untreated controls (set at
1 for each time point). **P< 0.01 comparingMMC-treated cellswithorwithoutC/EBPδ induction by tetracycline. (C) PD20-D2 andPD20 cellswere transfectedwith
Flag-taggedWT C/EBPδ, theΔD2IDmutant, or vector control for 8 h before being placed in 96-well dishes at 5,000 cells/well. The next day, MMC (100 ng/mL) was
added, and cell viability was assessed 48 h later. Data aremean± SEMof three experiments, each performed in triplicate, and relative to cells withoutMMC (set at
100%). **P< 0.01 relative to vector andΔD2ID transfected cells. (D)Western blot analysis of FANCD2 and C/EBPδ in PD20-D2 and PD20 cells treated as in C. C/EBPδ
was detected by anti-Flag antibodies. (E) PD20-D2 cells were transfectedwith shRNA constructs against C/EBPδ (+) or GFP (-) as control and 24 h later were treated
with 500 ng/mL MMC for another 24 h. Whole-cell lysates were analyzed for FANCD2 and C/EBPδ expression.

Fig. 4. C/EBPδ augments nuclear import of FANCD2. HEK293 cells were
transfected with Flag-tagged C/EBPδ expression constructs and treated with
MMC (1 μg/mL) for 24 h. (A) Whole-cell (WE), (B) cytoplasmic (CE), and (C)
nuclear (NE) extracts were analyzed for expression of FANCD2 and C/EBPδ
(anti-Flag). Tubulin and H2AX are shown as loading controls. The purity of
cytoplasmic versus nuclear fractions also is shown in Fig. S7.

16134 | www.pnas.org/cgi/doi/10.1073/pnas.1002603107 Wang et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002603107/-/DCSupplemental/pnas.201002603SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002603107/-/DCSupplemental/pnas.201002603SI.pdf?targetid=nameddest=SF7
www.pnas.org/cgi/doi/10.1073/pnas.1002603107


both C/EBPδ and IPO4 play a significant role in nuclear import of
FANCD2andcell survival in response toMMC.The interactionofC/
EBPδwithFANCD2and IPO4explains in part its role in cell survival
in response to DNA damage by cross-linking agents. Furthermore,
this study identifies IPO4 and nuclear import as players in the FA
DNA damage-response pathway.
This study, togetherwith two recent reports (25, 31), underscores

a multifaceted impact of C/EBPδ on the DNA damage response.
By promoting cyclin D1 degradation (25), C/EBPδ may augment
growth arrest to allow DNA repair to proceed. Furthermore, C/
EBPδ induces superoxide dismutase 1 (SOD1) expression, which
reduces reactive oxygen species and supports cell survival in re-
sponse to cisplatin compounds (31). These, and possibly other,
activities of C/EBPδ alsomay contribute to cell survival in response
toMMC.However, our data showing that C/EBPδ-augmented cell
survival requires its FANCD2 interaction domain and the presence
of endogenous FANCD2 strongly suggest that interaction with
FANCD2plays a significant part in the role ofC/EBPδ in theMMC
response. However, C/EBPδ-null cells display only a mild FA
phenotype, consistentwithnuclearFANCD2-L still beingobserved
in C/EBPδ null cells, albeit at reduced levels.
FA is a cancer-susceptibility syndrome (5). Interestingly, a very

recent immunohistochemical study showed that a significant pro-
portion of malignant breast tumors had lost expression of nuclear
FANCD2 but retained cytoplasmic expression, whereas benign
lesions retained both nuclear and cytoplasmic staining (32). These
observations are consistent with FANCD2 nuclear import serving
as a tumor-suppressing mechanism. Hence, the functional in-
teraction of C/EBPδ with FANCD2 may be part of its tumor
suppressor activity and its role in maintaining genomic stability.
FANCD2 is a largeprotein that requires anactivenuclear import

mechanism to participate in DNA repair. How FANCD2 is trans-
ported to the nucleus has been unknown to date. Using several
relevant software programs, we were not able to identify an NLS in
FANCD2 itself. Therefore, FANCD2 association with IPO4 is
achieved through an adaptor mechanism using the transcription
factor C/EBPδ. Interestingly, TNF-α signaling was reported to
promote nuclear translocation of FANCD2 in HEK293 cells (33).
Because C/EBPδ expression can be induced by TNF-α (10), it may
play a role in this pathway also, although the physiological signifi-
cance is unknown.We also could speculate that FANCD2-C/EBPδ
complexes may serve functions other than nuclear import of
FANCD2. One of the most prominent features of FANCD2 is its
localization to sites ofDNAdamage, which with FANCD2 staining
can be visualized as discrete nuclear foci in cells with DNA lesions
(34). We were unable to produce evidence of significant colocali-

zation of C/EBPδ with FANCD2 foci (Fig. S6). However, because
other C/EBP factors have been shown to associate tightly with
chromatin, andbecauseC/EBPδ, amongC/EBP family proteins, has
the lowest stringency for DNA sequence recognition to bind DNA
(35, 36), it is conceivable that C/EBPδmay shuttle FANCD2 to the
chromatin but not remain associated within DNA damage foci.
IPO4 is a monomeric import receptor that also plays a role in

ribosomal RNA processing (37). Only a few proteins are known to
be substrates of IPO4 (30, 38–40). Interestingly, one study suggests
that the IPO4 ortholog Imp4 of Schistosoma mansoni, Escherichia
coli, and yeast promotes cell survival in response to alkylating
agents (41). IPO4 has an RNA-binding domain (37) and therefore
also may bind single-stranded DNA. Because prokaryotes do not
have nuclear membranes, one can speculate that IPO4 may have
a direct role in DNA-repair pathways that potentially could extend
to its association with FANCD2 and precede the evolution of its
function as a nuclear import protein.

Fig. 5. C/EBPδ mediates FANCD2 interaction with IPO4. HEK293 cells were transfected with Flag-tagged C/EBPδ constructs and treated with MMC as in-
dicated. Lysates were immunoprecipitated (IP) with (A) anti-Flag antibody for C/EBPδ, (B) anti-IPO4 antibody, or (C) anti-FANCD2 antibody or respective IgG
control. LE, long exposure; SE, short exposure. Western blots of input (shown in A) and immunoprecipitates were analyzed for expression of the indicated
proteins. In this experiment, C/EBPδ was detected by anti-C/EBPδ antibody (BD69319; BD Biosciences). (D) Schematic (not drawn to scale) indicating how
FANCD2 and IPO4 interact with different domains of C/EBPδ but not with each other (see Fig. 1A for designation of C/EBPδ domains).

Fig. 6. IPO4 augments nuclear localization of FANCD2 and cell survival in re-
sponse to MMC. MDA-MB-468 cells were transiently transfected with siRNA
against IPO4or C/EBPδ orwith scrambledoligos as control.MMC (500ng/mL)was
added24h later, and cellswere incubated for another20hbeforepreparationof
(A) cytoplasmic (CE) or (B) nuclear (NE) cell extracts, followed by Western blot
analysis of protein expression as indicated. The purity of cytoplasmic versus nu-
clear fractions also is shown in Fig. S7. (C) MDA-MB-468 cells were transfected as
aboveandwere placed in 96-well dishes at 5,000 cells/well 8 h later. Thenext day,
MMC (500 ng/mL) was added, and cell viability was assessed 48 h later. Data are
mean ± SEM of three experiments, each performed in triplicate, and relative to
cells before treatment (set at 100%). **P < 0.01 relative to control siRNA.
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IPO4depletion efficiently reduced nuclear FANCD2even in the
absence of DNA damage, demonstrating that IPO4 is responsible
for translocation of a significant fraction of FANCD2 to the nu-
cleus. However, silencing of C/EBPδ or IPO4 did not completely
block FANCD2 nuclear translocation. Most likely, FANCD2 also
may use other adaptor proteins and importin molecules to enter
the nucleus. The interaction of ectopic C/EBPδwith FANCD2 and
IPO4 in cell lysates was not modulated byMMC, indicating that C/
EBPδ can bind both proteins even in the absence of activatedDNA
damage-response pathways. However, the in situ DuoLink assay
and cell fractionations revealed that nuclear translocation of
FANCD2 is stimulated by MMC in some cell types, such as PD20-
D2 andMDA-MB-468. This stimulation may be, in part, the result
ofMMC-induced C/EBPδ expression. However, the active nuclear
import process also may be stimulated by DNA damage-induced
signals, although the association of C/EBPδ, IPO4, and FANCD2
is independent of such signals. In any case, the nuclear import
function described here is a prerequisite for FANCD2 mono-
ubiquitination and for any subsequent functional relevance of
FANCD2-C/EBPδ-IPO4 complexes in the nucleus. This study
revealed nuclear import of FANCD2 as a regulated step in the
DNA damage response. Furthermore, we identified C/EBPδ and
IPO4 as two molecules that play important roles in the nuclear
import of FANCD2.

Materials and Methods
Cells. All cell lines have been described previously (SI Text). Cells were treated
with MMC at 1 μg/mL for 24 h, unless indicated otherwise. Culture, trans-
fection, survival, and cell cycle assays according to standard procedures are
described in SI Materials and Methods.

WesternAnalysis, Immunoprecipitation, Immunocytochemistry,andRNAi.Western
analysis, immunoprecipitation, immunocytochemistry,andRNAiwereperformed
according to standard procedures. Details are given in SIMaterials andMethods.

DuoLink in Situ Proximity Ligation Assay. Anti-mouse PLA probe plus, anti-
rabbit PLA probe minus, and detection kit 563 were purchased from OLink
Bioscience. Formalin-fixed cells were permeabilized using 0.3% Triton X-100,
blocked with 3% BSA, and incubated with primary antibody for C/EBPδ
(BD69319; BD Biosciences Pharmingen), FANCD2 (Novus), or FANCA (R6512;
Fanconi Anemia Research Fund) at 1:600 each for 1 h. PLA probes were diluted
1:15 in blocking solution, and all other steps were performed according to the
manufacturer’s instructions. Detection of the PLA signals was carried out with
an LSM 510 META confocal fluorescence microscope (Zeiss).
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