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Fanconi anemia (FA) is a rare familial
genome instability syndrome caused by
mutations in FA genes that results in
defective DNA crosslink repair. Activation
of the FA pathway requires the FA core
ubiquitin ligase complex-dependent
monoubiquitination of 2 interacting FA
proteins, FANCI and FANCD2. Although
loss of either FANCI or FANCD2 is known
to prevent monoubiquitination of its re-
spective partner, it is unclear whether

FANCI has any additional domains that
may be important in promoting DNA re-
pair, independent of its monoubiquiti-
nation. Here, we focus on an FA-I patient-
derived FANCI mutant protein, R1299X
(deletion of 30 residues from its C-
terminus), to characterize important struc-
tural region(s) in FANCI that is required to
activate the FA pathway. We show that,
within this short 30 amino acid stretch
contains 2 separable functional signa-

tures, a nuclear localization signal and a
putative EDGE motif, that is critical for
the ability of FANCI to properly monoubiq-
uitinate FANCD2 and promote DNA
crosslink resistance. Our study enable us
to conclude that, although proper nuclear
localization of FANCI is crucial for robust
FANCD2 monoubiquitination, the puta-
tive FANCI EDGE motif is important for
DNA crosslink repair. (Blood. 2011;117(7):
2247-2256)

Introduction

Fanconi anemia (FA) is a rare, chromosome instability syndrome
associated with developmental abnormalities, bone marrow failure,
predisposition to cancer, and cellular hypersensitivity to DNA
crosslinking agents.1,2 The disorder is genetically heterogeneous
with at least 13 complementation groups currently defined. To date,
at least 8 FA and other FA-associated proteins (FANCA, -B, -C, -E,
-F, -G, -L, -M, and FAAP100) form a multisubunit nuclear core
complex that contains a catalytic ubiquitin E3 ligase activity
required for the activation of FANCD2 and its paralog FANCI by
monoubiquitination.3,4 Monoubiquitinated and phosphorylated
FANCD2 and FANCI5-9 are then targeted to BRCA1-containing
DNA damage and repair sites in chromatin (nuclear foci) to assist
in DNA crosslink repair along with at least 4 other downstream FA
members, FANCJ (BRIP1, a DNA helicase),10-12 FANCD1 (BRCA2,
a protein that mediates homologous recombination),13 FANCN
(PALB2, partner and localizer of BRCA2),14,15 and RAD51C (a
member of the RAD51-like gene family involved in HR-mediated
DNA repair).16,17

Currently, it is thought that the key trigger in the activation of
the FA pathway lies in the molecular events surrounding the DNA
damage-inducible monoubiquitination of the FANCD2 and FANCI
proteins. Insights into the mechanism of activation came with the
discovery of the gene FANCI, responsible for the FA-I complemen-
tation group.6,7,18 The FANCI protein is thought to function
similarly to that of FANCD2. Besides possessing regions of the
protein with weak homology to FANCD2, FANCI also gets
monoubiquitinated in a lysine site-specific and DNA damage-

dependent manner by the FA core E3 ubiquitin ligase complex.6,7 A
fraction of FANCI is found to be associated with FANCD2,
forming the FANCI-FANCD2 (ID) complex. Interestingly, the
monoubiquitination of FANCI and FANCD2 is dependent on each
other. Loss of either FANCI or FANCD2 prevents the monoubiquiti-
nation of its other protein partner. As expected, negative regulation
of the FA pathway can be achieved, in part, through FANCI and
FANCD2 deubiquitination, which is mediated by the deubiquitinat-
ing enzyme USP1.6,19,20 More recently, it was shown that monoubiq-
uitinated ID complex is required for replication-coupled interstrand
crosslink repair in a cell-free system.21 However, it is still unclear how
FANCI can contribute to both the upstream monoubiquitination of
FANCD2 and subsequent downstream repair of DNA crosslinks.

FANCI is a relatively large protein with 1328 amino acids
(Mr � 149 kDa) and, like other Fanconi proteins, contains little or
no known domain(s) that may provide clues to possible protein
function. To gain insight into potential structural region(s) on
FANCI that may be important for mediating FANCD2 monoubiq-
uitination and FA pathway function, we sought to analyze patient-
derived FANCI mutant proteins and determine their functional
defect in a reconstituted cell line system. From our previous study,
we identified 7 different allelic mutations in the FANCI gene from
4 different FA-I patient-derived cell lines.6 Interestingly, cells from
most, if not all, FA-I persons studied have retained expression of
mutant FANCI proteins. Similar to what has been reported for
patients harboring mutations in the FANCD2 gene,22 it is probable
that complete null mutations of FANCI are lethal in humans.6
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Studying the different hypomorphic mutations in FANCI may
provide clues to determining important functional regions/domains
in FANCI for promoting genome stability. In one particular patient
cell line (F010191), we identified 2 truncating mutations in FANCI.
The first results in a severe deletion of more than half of the coding
sequence, whereas the other results in a deletion of the last
30 residues of FANCI (R1299X).6 Despite having similar levels of
mutant FANCI compared with normal patient cells, the FA-I
F010191 lymphoblasts cells have severely reduced levels of
FANCD2 and FANCI monoubiquitination.6 This suggests that the
extreme C-terminal region of FANCI may be critical for mediating
the activation of the FA pathway.

The goal of the present study is to characterize the function of
the C-terminal domain of FANCI in promoting FANCD2 monou-
biquitination and DNA crosslink repair. We found that the last
30 residues of FANCI contain a functional nuclear localization
signal (NLS) that is critical for proper nuclear localization of the
FANCI protein. Mislocalization of FANCI resulting from the loss
of the C-terminal NLS sequence results in defective FANCD2 and
FANCI monoubiquitination and DNA crosslink sensitivity in
human cells. We also suggest a DNA crosslink repair function for
the putative EDGE motif6,7,23 that also resides within the C-termi-
nal region of FANCI. Our present findings establish the importance
of separable motifs, such as protein localization, as one type of
mechanism that contributes to the molecular pathogenesis of FA.

Methods

Cell culture

U20S (ATCC) were maintained in Dulbecco modified Eagle medium
supplemented with 10% fetal bovine serum, glutamine, and antibiotics.
Patient-derived FA-I F010191 lymphoblasts, as described,6,18 were propa-
gated in RPMI 1640 medium supplemented with 15% fetal bovine serum,
glutamine, and antibiotics. After informed consent, patient-derived FA-I
F010191 fibroblasts were established from a small skin biopsy under local
anesthesia and primary fibroblasts were grown out over several weeks in
Dulbecco modified Eagle medium supplemented with 15% fetal bovine
serum, glutamine, and antibiotics. Fibroblasts were immortalized by
transduction with a retroviral vector that expresses the large and small
T antigens from the SV40 viruses under an SFFV promoter (H.H.,
unpublished, July 2010). All cells were grown at 37°C.

Cell transfections

siRNA transfections were performed using HiPerfect (QIAGEN) and
plasmid transfections were performed using Fugene6 (Roche Diagnostics)
according to the manufacturer’s protocol. To replace endogenous FANCI
with siRNA-resistant FANCI constructs (WT FANCI, FANCI R1299X,
FANCI NLS2, and FANCI NLS3), cells were first transfected with FANCI
siRNA and followed by transfection of siRNA-resistant FANCI constructs
24 hours later.

Plasmids and siRNAs

FANCI and negative control small interfering RNA (siRNA) oligonucleo-
tide sequences were purchased from QIAGEN: KIAA1794-3
(CACGGGCATCTGGGAGATATA) for FANCI siRNA and All-Stars Nega-
tive Control siRNA for control. Flag-tagged wild-type (WT) FANCI was
constructed by cloning the full-length human FANCI cDNA into N-terminal
pFLAG-CMV vector (Sigma-Aldrich). WT Flag-FANCI was mutagenized
by polymerase chain reaction using QuikChange Site-Directed Mutagenesis
Kit (Stratagene) to generate Flag-FANCI resistant to siRNA KIAA1794-3
(see Figure 4A). Other FANCI mutants, such as K523R, R1299X, D1301A,
�NLS (K1323X), NLS2, and NLS3, were generated by polymerase chain
reaction mutagenesis using the Flag-FANCI WT siRNA resistant clone as

DNA template. Flag-FANCI-NLS2 and Flag-FANCI-NLS3 were amplified
by polymerase chain reaction from N-terminal-pFLAG-CMV FANCI
R1299X construct with the reverse primers containing FANCI NLS
sequence for Flag-FANCI NLS2 (5-GAACGTGGATCCTCATTATTTTT-
TCCTTTTCTTCTTAAGAACCATGTCTAGGAT-3) and c-Myc NLS se-
quence for Flag-FANCI NLS3 (5-GAACGTGGATCCTTAGTCCAGTTTA-
ACCCTTTTTGCTGCTGGAAGAACCATGTCTAGGAT-3).

Immunocytochemistry

Detection of FANCD2 and BRCA1 foci, U2OS cells, or F010191 fibro-
blasts were treated with 2mM hydroxyurea (HU) for indicated times. Cells
were permeabilized with Scully buffer (0.5% Triton X-100, 20mM
N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic acid, pH 7.4, 50mM NaCl,
3mM MgCl2, 300mM sucrose) for 2 minutes and fixed with 2% (vol/vol)
paraformaldehyde in phosphate-buffered saline (PBS) for 20 minutes
at room temperature. Cells were then blocked in blocking solution (5% goat
serum 0.1% NP-40 in PBS) and incubated with anti FANCD2 (1:500; NB
100-182 Novus) and anti-BRCA1 (1:400; D9 Santa Cruz Biotechnol-
ogy) antibodies diluted in blocking solution for 2 hours. Cells were
washed 3 times with 0.1% NP-40 PBS and incubated with AlexaFluor
546-conjugated goat anti–rabbit immunoglobulin G (IgG) (Invitrogen) and
AlexaFluor 488-conjugated goat anti–mouse IgG (Invitrogen) at a dilution
of 1:500 in blocking solution for 1 hour. Cells were washed 3 times with
0.1% NP-40 PBS and mounted in Vectashield with 4,6-diamidino-2-
phenylindole (Vector Laboratories). For WT FANCI, FANCI R1299X,
FANCI �NLS, FANCI NLS2, and FANCI NLS3 localization, cells were
first fixed with 2% (vol/vol) paraformaldehyde in PBS for 20 minutes and
then permeabilized with Scully buffer for 2 minutes. Anti-FLAG (1:500,
Sigma-Aldrich M2) antibody and AlexaFluor 546-conjugated goat anti–
mouse IgG (Invitrogen) were used. Images were captured using a Deltavi-
sion personal DV system (Applied Precision) on a base Olympus IX71
microscope and a CoolSnap HQ camera (Photometrics). Images were
deconvolved using Softworx Suite software (Applied Precision). The
images were opened and then sized and placed into figures using Image J
Version 1.43 software (available at http://rsb.info.nih.gov/ij) or Adobe
Photoshop Version 7.0. Professional (Adobe Systems).

Western blotting

Western blots were performed with whole-cell extracts prepared in lysis
buffer (0.1M Tris, pH 6.8, 2% [wt/vol] sodium dodecyl sulfate and 12%
[vol/vol] �-mercaptoethanol) and separated on Nupage 3% to 8% Tris-
acetate gels (Invitrogen). Immunoblotting was performed as previously
described6 using anti-FANCD2, anti-FANCI (A301-254A, Bethyl Laborato-
ries), antiphospho ATM (ab2888, Abcam), anti-ATM (ab17995, Abcam),
antiphospho-Chk1 (ab2834, Abcam), antitubulin (ab4074, Abcam), anti-
proliferating cell nuclear antigen (sc-56, Santa Cruz Biotechnology),
anti-FANCA (A301-980A, Bethyl Laboratories), and anti-FLAG (M2,
Sigma-Aldrich) antibodies.

Subcellular fractionation

FA-I F010191 lymphoblast cells were fractionated into cytoplasmic and
nuclear fractions by hypotonic swelling with a protocol adapted from
Mendez and Stillman.24 Cells were resuspended in buffer A (10mM
N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic acid, pH 7.9, 10mM KCl,
1.5mM MgCl2, 0.34M sucrose, 10% [vol/vol] glycerol 1mM dithiothreitol,
and 1mM phenylmethylsulfonyl fluoride) and Triton X-100 (0.1% [vol/vol]
final concentration) was added for 5 minutes on ice. Nuclei were pelleted by
low-speed centrifugation (1300g at 4°C for 5 minutes). The supernatant
(cytoplasmic fraction) was transferred to a new tube and further clarified by
high-speed centrifugation (20 000g at 4°C for 15 minutes). Nuclei were
washed once with buffer A and lysed in lysis buffer (0.1M Tris, pH 6.8,
2% [wt/vol] sodium dodecyl sulfate and 12% [vol/vol] �-mercaptoethanol).
Fractionation of the cell lysates was confirmed by Western blot with
antitubulin antibody (ab6160, Abcam) and anti-LSD1 antibody (Reinberg
Laboratory) as cytoplasmic and nuclear markers, respectively.
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MMC sensitivity assay

F010191 fibroblasts were transfected with different FANCI constructs
(WT FANCI, FANCI NLS2, FANCI NLS3, FANCI D1301A, and FANCI
�NLS). Twenty-four hours after transfection, cells were replated at
750 cells per well in 96-well plates. Twenty-four hours after replating, cells
were treated with mitomycin C (MMC; Sigma-Aldrich) at the desired final
concentrations. Cells were incubated with the drug for 5 days and their
survival rates were measured using a CellTiter Glo kit (Promega) following
the manufacturer’s instructions.

Results

DNA damage-induced monoubiquitination of FANCD2 is
severely reduced in FA-I F010191 lymphoblasts

In our previous study, we showed that biallelic mutations in the
FANCI gene were found in different FA-I patient-derived cells.6

Different allelic mutations of FANCI may provide clues to the
requirement of different structural regions of FANCI toward their
function in the FA pathway. Figure 1A shows a schematic diagram
of predicted FANCI motifs and FANCI proteins expressed from
normal or FA-I cell line (F010191). Interestingly, the mutant allele
detected in the FA-I cell line (F010191) results in a deletion of the
last 30 residues of FANCI (Figure 1A). As shown previously and in
Figure 1B, the expression level of the truncated FANCI protein
(R1299X) in F010191 lymphoblastoid cells (LCLs) is similar to
that of full-length FANCI from normal LCLs. However, DNA
damage-induced monoubiquitination of both FANCI and FANCD2
was inhibited after HU treatment in the F010191 LCLs expressing
the FANCI R1299X protein. Unlike FA patient-derived cells
harboring severe deletions of FA core ubiquitin ligase components,
the levels of FANCI and FANCD2 monoubiquitination in the
F010191 LCLs were still detectable with a long exposure of a
Western blot, albeit extremely low (Figure 1B, long exposure).
ATM (pSer1981) and Chk1 (pSer317) phosphorylation levels were
comparable between the normal and F010191 lymphoblasts after
HU treatment, implicating that the DNA damage response in the
F010191 cells is functioning properly despite the defect in the FA
pathway (Figure 1B; and data not shown). This suggests that the
function of the extreme C-terminal region of FANCI may be
critical for the efficiency or amplification of the monoubiquitina-
tion signal for the FA pathway.

Reduced nuclear accumulation of endogenous FANCI R1299X
mutant in F010191 LCLs

According to the schematic of predicted FANCI motifs, FANCI has
a putative EDGE motif and NLS sequence that resides in the last
30 residues of the protein.6,7,25 Because these 2 putative motifs are
missing in the FANCI R1299X mutant, we speculate that either one
or both of these motifs are required for efficient FANCI and
FANCD2 monoubiquitination after DNA damage. Interestingly,
when cell fractionation studies were performed using normal and
F010191 LCLs, the percentage of total FANCI protein in the
nucleus of endogenous R1299X expressing cells was significantly
reduced compared with WT cells (Figure 1C-D). It is known that
FANCI and FANCD2 can associate with each other to form the ID
complex.6,7 However, the mislocalization of R1299X did not
dramatically alter the nuclear accumulation of endogenous
FANCD2, suggesting that the defect is largely confined to subopti-
mal nuclear localization of FANCI (Figure 1C-D). It is probable
that FANCD2 nuclear localization is not dependent on FANCI.

Ectopic expression of FANCI R1299X in U2OS cells reveals its
defect in nuclear localization

To test whether the FANCI R1299X mutant protein is defective in
nuclear localization, we generated and expressed different FANCI
constructs in U2OS cells to determine their overall subcellular
localization by indirect immunofluorescence (Figure 2B). As

Figure 1. FANCI is mislocalized in FA-I F010191 lymphoblasts. (A) Schematic
representation of WT FANCI and mutant FANCI proteins expressed in F010191
FA-I cells. In silico predicted leucine zipper, armadillo (ARM) repeat domain, EDGE
motif and NLS, and lysine 523 (the monoubiquitination target of the FA core complex).
(B) Time course of FANCI and FANCD2 monoubiquitination after 2mM HU treatment
in normal or F010191 LCLs evaluated by Western blot analysis with the indicated
antibodies. Note the slightly faster migrating FANCI protein in the F010191 LCLs
resulting from the missing residues from the C-terminus. (C) Equal amounts of
fractionated cytoplasmic (C) and nuclear (N) protein extracts from normal or
FA-I lymphoblast lines were analyzed by Western blot with the indicated antibodies.
Procedure for fractionation is described in “Subcellular fractionation.” (D) Nuclear
accumulation of FANCI and FANCD2 proteins was quantified by determining the
band intensity of underexposed Western blot film with ImageJ Version 1.43 software.
Error bars represent SD from 3 independent experiments. The percentage of protein
in the nucleus is compared with total from both cytoplasmic and nuclear fractions.
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expected, we showed that WT Flag-FANCI localized predomi-
nantly in the nucleus. However, Flag-FANCI R1299X was found to
be predominantly cytoplasmic (Figure 2C). To confirm whether the
localization defect is the result of the loss of the C-terminal NLS on
FANCI R1299X, the FANCI NLS sequence (Figure 2A, KKKRKK)
was added back to the C-terminal end of the FANCI R1299X
construct (Flag-FANCI-NLS2). We also used an unrelated NLS

sequence from the c-Myc protein26,27 (Figure 2A, PAAKRVKLD)
for control (Flag-FANCI-NLS3). The expression of both Flag-
FANCI-NLS2 and -NLS3 were found to be predominantly nuclear,
suggesting that the mislocalization of FANCI 1299X could be
rescued by the addition of an NLS sequence (Figure 2C). We noted
that the Flag-FANCI-NLS3 nuclear localization was not as com-
plete or efficient as the -NLS2 construct (Figure 2C). This may

Figure 2. Exogenous expression of FANCI R1299X
mutant localizes to cytoplasm in U2OS cells. (A) Table
showing FANCI and c-Myc NLS amino acid sequence
used in the study. NLS software (www.predictprotein.org)
was used to identify the putative C-terminal NLS se-
quence for FANCI. (B) Schematic diagram of FANCI WT,
FANCI R1299X, and FANCI R1299X proteins with the
fusion of NLS sequences from FANCI (FANCI-NLS2) or
c-Myc (FANCI-NLS3) at the C-terminus and C-terminal
NLS deleted (FANCI-�NLS). (C) U2OS were transfected
with the indicated Flag-tagged FANCI constructs. Forty-
eight hours after transfection, cells were fixed and stained
with anti-Flag antibody. 4,6-diamidino-2-phenylindole is used
for DNA staining in the nucleus. A total of 200 cells were
counted and scored for predominantly nuclear (N), both
nuclear and cytoplasmic (N-C), or cytoplasmic (C) staining
and graphed as percentage of total cells. Representative
images of each expression constructs are shown.
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explain the subtle FANCD2 monoubiquitination differences ob-
served between these 2 mutant expression constructs described
later in the paper (Figures 3A, 4C). We also mutated KKKRKK to
RRRKRR in the Flag-FANCI-NLS2 construct and found that the
expression of the mutant NLS2 was primarily in the cytoplasm,
similar to that of R1299X (data not shown). In addition, the EDGE
motif, which lies immediately upstream of the NLS and is present only
in the FANCI WT construct but absent in the other 3 expression
constructs tested (FANCI-R1299X, -NLS2, -NLS3) is probably not
required for the nuclear localization of FANCI. To demonstrate that this
is the case, we deleted the C-terminal NLS sequence in FANCI while
keeping the EDGE motif intact (Flag-FANCI-�NLS or FANCI K1323X)
and showed that the protein was primarily localized in the cytoplasm,
similar to the R1299X mutant (Figure 2C).

The addition of an NLS sequence to the FANCI R1299X protein can
rescue DNA damage-inducible FANCD2 monoubiquitination

To determine whether the loss of FANCI nuclear localization is the
cause for the monoubiquitination defect observed in the F010191

FA-I cells, we decided to test, in a heterologous cell-based system,
what effect the expression of different FANCI mutants had on
FANCD2 monoubiquitination. To do this, we first developed a
FANCI WT expression construct harboring silent mutations that
could not be targeted by the oligonucleotide siRNA used in this
study to knockdown human endogenous FANCI (Figure 3A). As
shown in Figure 3A, siRNA knockdown of endogenous FANCI
abolished FANCD2 monoubiquitination after HU treatment. How-
ever, the monoubiquitination of FANCD2 could be rescued with
the expression of WT FANCI that is resistant to the FANCI siRNA
sequence (Figure 3A). Importantly, the expression of FANCI
R1299X could not restore FANCD2 monoubiquitination in FANCI
siRNA-treated cells. This provided us an opportunity to indepen-
dently validate the FANCI R1299X-mediated FA pathway defect in
a heterologous cell-based system. Analysis of 2 different NLS
sequences added to the FANCI R1299X mutant showed that they
were both capable of correcting the FANCD2 monoubiquitination
defect (Figure 3A). This suggests that the inability of FANCI to
appreciably accumulate inside the nucleus results in the defect in

Figure 3. Addition of an NLS sequence to FANCI R1299X can rescue FANCD2 monoubiquitination and nuclear foci formation after DNA damage. (A) Diagram of the
21-bp FANCI oligonucleotide siRNA target sequence (top line). Bold letters indicate silent mutations introduced in the siRNA-resistant FANCI cDNA (bottom line). U2OS cells
were transfected with control or FANCI-specific siRNA for 24 hours, followed by transfection of empty vector or the indicated FANCI expression constructs. Twenty-four hours
after the second transfection, cells were treated with 2mM HU for 18 hours and FANCD2 monoubiquitinatation was assessed by Western blot analysis with the indicated
antibodies. The L/S ratio between the monoubiquitinated (L) and unmodified form of FANCD2 (S) is shown and measured using ImageJ Version 1.43 software.
(B) Replacement of endogenous FANCI in U2OS with empty vector or the indicated FANCI expression constructs were performed as described in panel A. Cells were then
treated with 2mM HU for 18 hours and FANCD2 and BRCA1 foci formation was analyzed by indirect immunofluorescence as indicated. FANCD2 nuclear foci after HU treatment
were quantified as percentage of cells with 5 or more FANCD2 foci. Error bars represent the SD from 3 independent experiments.
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FANCD2 monoubiquitination. This underscores the relevance and
significance of proper protein localization as a mean to fully
activate and engage a DNA damage response pathway.

It has been shown that monoubiquitination of FANCI and
FANCD2 is required for its targeting to DNA damage/repair foci in
the nucleus.5-7 As expected, the expression of FANCI constructs
that were capable of supporting FANCD2 monoubiquitination, was
also necessary to promote DNA damage-induced FANCD2 nuclear
foci formation in cells treated with FANCI siRNA (Figure 3B).
As shown previously, the loss of FANCI did not perturb
BRCA1 nuclear foci formation6 (Figure 3B). These studies suggest
that loss of the C-terminal NLS on FANCI can dramatically alter
the cell’s ability to mediate a DNA damage response through the

FA pathway. Despite the loss of the EDGE motif, artificial fusion of
NLS to FANCI R1299X mutant can rescue the FANCD2 monoubiq-
uitination and localization to DNA damage/repair sites on chromatin.

Correction of the F010191 FA-I patient-derived fibroblasts with
ectopic expression of FANCI

Despite the increasing number of FA-I patients being characterized,
only one FA-I patient cell line has been functionally corrected with
the introduction of WT FANCI.7 It is unclear why FA-I patient-
derived cells have been difficult to functionally correct. Several
laboratories, including ours, have used different methods of gene
transduction to achieve FANCI WT expression into the different
FA-I lymphoblasts, but with minimal success (data not shown).
Instead of using patient lymphoblasts, we decided to obtain
fibroblasts from the same F010191 FA-I patient to determine
whether these cells would be easier to functionally correct.
Interestingly, the level of FANCI R1299X protein expression is
significantly lower than in other normal fibroblast or transformed
epithelial cells compared with their FANCI levels (Figure 4A; and
data not shown). It is unclear what causes the decrease in total
FANCI protein in F010191 FA-I fibroblasts but not in the lympho-
blasts. Nevertheless, the F010191 fibroblasts mimic a cell line with
reduced FANCI protein levels, similar to the condition during
FANCI siRNA knockdown treatment. Surprisingly, simple tran-
sient expression of WT FANCI was capable of increasing the levels
of FANCD2 monoubiquitination (Figure 4B). As expected, expres-
sion of FANCI K523R (FANCI mutant that cannot be monoubiquiti-
nated) and R1299X failed to increase FANCD2 monoubiquitina-
tion in the F010191 fibroblasts (Figure 4B). This is an important
control to show that simple overexpression of FANCI mutants is
insufficient to activate FANCD2 monoubiquitination. Importantly,
expression of FANCI-NLS2 and -NLS3 was capable of
increasing the monoubiquitination levels of FANCD2 (compare
WT with NLS2 and NLS3 L/S ratios; Figure 4C). This was also
true for the correction of FANCD2 nuclear foci formation in the
F010191 fibroblasts with WT versus NLS2 and NLS3 mutants
(Figure 5A-B). Thus, the molecular events associated with FA
pathway activation appears to be operational after complementing
the F010191 FA-I fibroblasts with WT FANCI or a FANCI mutant
missing the EDGE motif that is still capable of localizing and
accumulating to the nucleus.

FANCI missing the EDGE motif fails to correct DNA
crosslinker sensitivity

The FANCI R1299X mutant has a deletion of the last 30 amino
acids. Within this short region contains 2 putative motifs: one is an
NLS and the other is a lesser-known or characterized EDGE motif,
which lies upstream of the NLS. Throughout this study, we have
shown that the defect in FANCD2 monoubiquitination and nuclear
foci localization can be attributed to the loss of the C-terminal NLS
sequence in the naturally occurring R1299X FANCI mutant.
However, it is unclear whether the EDGE motif plays any
functional role in the FA pathway because it is not required for
FANCI nuclear localization, FANCD2 monoubiquitination, and
FANCD2 nuclear foci formation. Therefore, we tested whether
expression of FANCI without the EDGE motif could still correct
DNA crosslinker sensitivity in the F010191 fibroblasts. Surpris-
ingly, expression of WT FANCI, but not the FANCI-NLS2
and -NLS3 mutants, was found to be more resistant to the DNA
crosslinker MMC in the F010191 fibroblasts (Figure 5C). Thus,
artificial nuclear accumulation of the FANCI R1299X mutant is

Figure 4. Recovery of FANCD2 monoubiquitination in the FA-I F010191 fibro-
blasts. (A) HeLa and F010191 fibroblasts were either untreated or treated with HU
(2mM for 18 hours). (B-C) F010191 fibroblasts were transfected with empty vector or
the indicated FANCI expression constructs. Forty-eight hours after transfection, cells
were treated with 2mM HU for 24 hours and FANCD2 monoubiquitination was
assessed by Western blot analysis and probed with the indicated antibodies. The L/S
ratio was calculated as described in Figure 3A.
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not sufficient to fully correct FA-I cells. This opens the
possibility that the EDGE motif is required for an unspecified
function that is independent or downstream of FANCD2-FANCI
DNA damage-induced monoubiquitination and foci formation.
To further characterize the EDGE motif, we tested the D1301A
point mutant of the EDGE motif that was first shown to
modulate in vitro DNA-binding activity of FANCI.25 We found
that the D1301A mutant of FANCI behaved similarly to the
NLS2 construct, in terms of rescuing the FANCD2 monoubiquiti-
nation and foci formation defect in the F010191 fibroblasts
(Figure 6A and data not shown). However, the D1301A mutant
could not fully complement the MMC sensitivity to WT levels
(Figure 6B). The slight increase in MMC resistance of the
D1301A mutant compared with the NLS2 construct is probably
the result of the milder mutation of the EDGE motif generated in
the mutants. Although highly improbable, it is a possibility that
the FANCI EDGE motif may mediate DNA crosslinker resis-
tance outside of the nucleus. To rule out a potential EDGE motif
function that is independent of its nuclear localization, we tested
whether the FANCI-�NLS could rescue MMC sensitivity in the
F010191 fibroblasts. As expected, FANCI-�NLS construct
failed to functionally complement the FA-I fibroblasts for
FANCD2 monoubiquitination and MMC resistance (Figure
6C-D), suggesting that the intact EDGE motif is not sufficient
for its role in DNA crosslink repair without proper protein

localization. The potential role for the EDGE motif in FANCI
will be addressed in “Discussion.”

Discussion

In this study, we provide evidence to explain the molecular defect
in a patient-derived FA-I cell line (F010191) expressing a short
C-terminal truncation mutant form of FANCI. Although only
missing the last 30 amino acids from the C-terminal end of the
FANCI protein, this FA-I cell line has been reported previously to
have defective FANCD2 and FANCI monoubiquitination.6 Thus, it
was unclear how the C-terminal region mechanistically contributes
to the activation of the FA pathway. Here we show that mislocaliza-
tion of the FANCI protein is responsible for the loss of monoubiq-
uitination and nuclear foci formation in the FANCD2 effector
protein. Predicted motifs in the C-terminal region of FANCI
suggest an EDGE motif and NLS sequence. To test the contribution
of the NLS motif, we artificially fused an NLS sequence (one from
the original FANCI NLS, the other from c-Myc NLS) to the
C-terminal region of the truncated FANCI protein (R1299X).
Importantly, fusion proteins carrying the C-terminal NLS se-
quences were capable of rescuing the FANCD2 monoubiquitina-
tion and nuclear foci formation defect from the R1299X FANCI
mutant in different cell types.

Figure 5. FANCI missing the EDGE motif fails to correct MMC sensitivity in the FA-I F010191 fibroblasts. (A) F010191 fibroblasts were transfected with empty vector or
the indicated FANCI expression constructs. Forty-eight hours after transfection, cells were treated with 2mM HU for 24 hours and processed for immunostaining. FANCD2 and
BRCA1 nuclear foci formation was analyzed by immunofluorescence as previously described. (B) FANCD2 nuclear foci after HU treatment were quantified. Error bars
represent SD from 3 independent experiments. (C) FA-I F010191 fibroblasts were transfected with either empty vector or the indicated FANCI expression constructs; and
48 hours after transfection, cells were treated with MMC at the indicated dose for 5 more days. Percentage cell survival is shown as an average of 3 independent experiments.
Error bars represent the SD for the different experiments performed.
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For the first time, we were able to functionally complement the
FA-I fibroblast cell line (F010191) with WT FANCI expression.
This enabled us to directly test the functional contribution of
different FANCI mutants toward the monoubiquitination and
nuclear foci formation of FANCD2 during DNA damage. We were
able to confirm our heterologous cell-based studies and show that
the addition of an NLS to the R1299X FANCI mutant was
sufficient to overcome the localization defect of the R1299X
FANCI mutant and rescue the monoubiquitination and nuclear foci
formation of FANCD2 in the FA-I patient-derived fibroblasts
(F010191). However, unlike the WT FANCI, the NLS fused
R1299X FANCI could not correct MMC sensitivity in the patient
fibroblasts. This suggests that the putative EDGE motif (which is
still missing in the NLS fused R1299X FANCI mutant) may be
important in mediating a function of FANCD2-FANCI independent
of FANCI, monoubiquitination and foci formation, such as in DNA
damage sensing or DNA crosslink repair.

As mentioned in “Results,” FANCI has a putative EDGE motif
that resides in the last 30 residues of the protein. To study the role of
different structural domains on FANCI, we initially focused our
attention on patient-derived mutations of the FANCI gene that may
shed some light on critical structural regions of the FANCI protein
for normal FA pathway function. Fortunately, the FA-I F010191
patient-derived cells have one mutant expressing allele that results
in the deletion of the last 30 residues of FANCI (the other mutant
allele results in a more severe protein truncation).6 This gave us an
excellent opportunity to dissect the structure and function of the
C-terminal region containing the EDGE motif in the patient-
derived cells because it was already known that the human patient
missing this region results in the FA phenotype. The EDGE motif
was previously defined by the EDGE sequence itself, containing a
cluster of acidic residues (letters denote amino acids).23 It was
originally discovered and characterized in a splice variant form of
FANCD2 containing exon 44. Reconstitution of FANCD2 mutants
with a defective EDGE motif failed to rescue MMC sensitivity in
FANCD2-deficient fibroblasts, implying a crucial function of the
EDGE motif in DNA damage sensing or DNA repair.23 Interest-
ingly, expression of FANCD2 with defective EDGE motif in the
FA-D2 cells displayed normal cellular phenotype regarding the
levels observed for FANCD2 monoubiquitination and nuclear foci

formation. This molecular signature is strikingly similar to the
FANCI EDGE motif scenario portrayed in our present study.

In vitro studies have suggested that purified FANCI can directly
bind to different types of DNA substrates.21,25,28 The intrinsic
DNA-binding activity of FANCI does not require its monoubiquiti-
nation or association with FANCD2.25,28 Interestingly, it was
shown that changing a single residue (D1301A) in the FANCI
EDGE motif dramatically enhanced its DNA binding for different
substrates, suggesting that the EDGE motif may be involved in
regulating the dynamics of FANCI-FANCD2 DNA binding during
interstrand crosslink repair.25 However, from these previous stud-
ies, it was still unclear whether the intrinsic DNA-binding activity
of FANCI functions upstream or downstream of FANCI and
FANCD2 monoubiquitination and nuclear foci formation in vivo.
Evidence from our present study points to an independent function
for the FANCI EDGE motif. This is in agreement with the current
model suggesting that both FANCI and FANCD2 may be directly
involved in binding to specific DNA structural intermediates to
function in DNA repair.25,29 It will be interesting to test whether
mutations in the EDGE motif prevent FANCI-FANCD2 from
dissociating from DNA in a timely manner to insure proper
recovery from DNA crosslink repair, in vivo. Recently, several
studies suggest that the monoubiquitinated FANCI-FANCD2 pair
is responsible for recruiting a novel FA-associated nuclease, FAN1,
which is critical for DNA crosslink repair.30-33 It will be interesting
to test whether the EDGE motif in FANCI is required for
subsequent FAN1 binding after DNA damage. It has been sug-
gested, although not proven, that the monoubiquitination of
FANCI-FANCD2 provides a dock for the recruitment of FAN1 to
FANCD2 via its UBZ domain (ubiquitin-binding zinc finger motif).
Generally, ubiquitin-binding domain-containing substrates that
interact with their ubiquitinated receptors have a secondary binding
site with their cognate receptors. This appears to be the case for
proliferating cell nuclear antigen and the translesion synthesis
polymerases, whereby the translesion synthesis polymerases inter-
act with monoubiquitinated proliferating cell nuclear antigen via
their PIP box and ubiquitin-binding domains for a more specific
interaction.34

Mutations in FA genes that cause protein mislocalization
probably play an important role in the molecular pathogenesis of

Figure 6. A deletion of the C-terminal NLS of FANCI
fails to correct MMC sensitivity in the FA-I F010191
fibroblasts. (A,C) F010191 fibroblasts were transfected
with empty vector or the indicated FANCI expression
constructs. Forty-eight hours after transfection, cells were
treated with 2mM HU for 24 hours and FANCD2 monou-
biquitination was assessed by Western blot analysis and
probed with the indicated antibodies. The L/S ratio was
calculated as described in Figure 3A. (B,D) FA-I F010191
fibroblasts were transfected with either empty vector or
the indicated FANCI expression constructs; and 48 hours
after transfection, cells were treated with MMC at the
indicated dose for 5 more days. Percentage cell survival
is shown as an average of 3 independent experiments.
Error bars represent the SD for the different experiments
performed.
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FA. For example, the 8 proteins forming the FA core ubiquitin
ligase complex, and other FA-associated proteins are normally
localized predominantly in the nucleus.35-42 Specific patient-
derived mutations in FA core complex genes, such as in FANCA,
can result in aberrant cytoplasmic localization of the FANCA
protein, which can lead to defects in FA core complex assembly,
FANCD2 monoubiquitination, and interstrand crosslink repair.43

Although it is possible that FA proteins may possess cytoplasmic
function, the majority of the FA pathway function takes place in the
nucleus and possibly on chromatin-bound DNA. Localization of
FA proteins, including FANCI, to the nuclear compartment is
probably critical for the efficient activation of DNA damage
sensing, signaling, and repair of DNA lesions. In our present study,
we provide evidence that a patient-derived mutant form of FANCI
(R1299X) is mislocalized into the cytoplasmic compartment. This
is the result of the loss of its C-terminal NLS sequence. We found
that the localization defect in the FANCI mutant did not drastically
affect or change the localization of FANCD2. This suggests that
FANCI may be targeted to the nucleus independently of FANCD2
and that FANCD2 subcellular localization is not completely
dependent on FANCI. Based on primary amino acid sequence
analysis, human FANCD2 has 2 NLS sequences that are unrelated
to the C-terminal NLS on FANCI.44 However, to the best of our
knowledge, the function of these 2 FANCD2 NLS sequences has
not been tested. Currently, the model for FA pathway activation
involves the interaction between FANCI with FANCD2 on nuclear
chromatin-bound DNA to facilitate their mutual monoubiquitina-
tion.6,7,21 In addition, it is probable that the nuclear PI3-like kinase,
ATR, is important in stimulating this reaction through phosphoryla-
tion of the ID complex.8,45,46

Mislocalization of FA proteins may also play a role in carcino-
genesis. In a recent study, FANCD2 was found to be largely
cytoplasmic in more malignant human breast tumor tissues.47

Cytoplasmic localization of FANCD2 in cells, similar to that of
FANCI, also probably prevents FA pathway activation, leading to
genome instability. It is still unclear what is the precise mechanism
that causes the FANCD2 protein mislocalization in these human
breast cancer tissues.47 It will be interesting to determine whether

FANCI may also be abnormally expressed and cytoplasmically
localized in human breast cancers and whether this is the result of
sporadic mutations that target the C-terminal NLS function of
FANCI. It is known that defects in protein NLSs have been
associated with human disease conditions, such as numerous
cancers and developmental disorders.48 The increasing prevalence
of FA gene mutations observed in human cancers1,49 underscores
the importance of careful structure/function analyses of FA proteins
and their role in facilitating genome stability.
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