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ABSTRACT Fanconi anemia (FA) is an autsmal reces
sive disease characterized by congenial anoma, apltc
anemia, and chromosomal Instability. A cDNA encoding the
FA complementation group C (FACC) polypeptide was re-
cently cloned [Strathdee, C. A., Gavish, H., Shannon, W. R.
& Buchwald, M. (1992) Nature (London) 356, 763-7671. To
further characterize this polypeptide, we generated a rabbit
polyclonal antiserum against its carboxyl terminus. We used
this antiserum to analyze the FACC polypeptide from normal
or mutant (FA) lymphoblast cell lines. By Immunoprecipita-
tion, the wild-type FACC was a 60-kDa protein, consistent with
its predicted molecular mass. FA group C cell lines expressed
foI-length FACC, truncated FACC, or no detectable FACC
polypeptide. In addition, the antiserums if Immuno-
precipitated a 50-kDa and a 150-kDa FACC-related protein
(FRP-5O and FRP-150). Unexpectedly, cell fractionation and
Immunofluorescence studies demonstrated that the FACC
polypeptide localizes to the cytoplasm. In conclusion, we have
generated an antserum specific for the human FACC poly-
peptide. The antiserum should be useful for screening FA cells
for mutant FACC polypeptides and for identifying and cloning
FACC-related proteins.

Fanconi anemia (FA) is an autosomal recessive disease
characterized by progressive pancytopenia, cancer suscep-
tibility, multiple congenital abnormalities, and chromosomal
instability (1, 2). Cells from FA patients are hypersensitive to
DNA cross-linking agents, such as mitomycin-C (MMC) and
diepoxybutane (3). Several studies have suggested that the
molecular defect ofFA is one ofDNA repair (4, 5). Cell fusion
studies have identified at least four complementation groups
(6). Recently, a cDNA for FA complementation group C
(FACC) was cloned (7, 8). The primary sequence of the
predicted 558-amino acid FACC polypeptide has no homol-
ogy with known proteins, and its function remains unknown.
Mutation analysis ofthe FACC gene indicates that approx-

imately 15% of FA patients are group C [referred to here as
FA(C)] (9, 10). Several types of mutations have been found
within the FACC gene (9) although the mutations do not
cluster within any specific region of the gene. The most
frequent mutations are the IVS4+4 A-to-T mutation, a splice
mutation that results in loss of exon 4 (10), and the delG322
mutation, which results in a frameshift and a premature stop
codon in exon 1 (7, 9).
To help elucidate the function of the FACC polypeptide,

we have raised a rabbit polyclonal antibody against the
carboxyl terminus of FACC. The anti-FACC antibody rec-
ognized wild-type FACC in normal lymphoblasts and mutant
forms ofFACC in lymphoblasts derived from FA(C) patients.
The antiserum also immunoprecipitated two FACC-related
proteins. By cell fractionation and immunofluorescence stud-
ies, the wild-type FACC polypeptide localizes to the cyto-

plasm. FACC is therefore unlikely to play a direct role in the
repair of DNA damage.

MATERIALS AND METHODS
Cell Loies and Culture Con s. The Epstein-Barr virus

(EBV)-transformed normal and mutant (FA) lymphoblast
lines have been previously described (7, 10). Human
HSC536N cells were generously supplied by M. Buchwald
(7). PD4, PD7, and PD153 cells were obtained from M.
Grompe and the Fanconi Anemia Cell Repository (Oregon
Health Sciences University) (10). 4510C cells were obtained
from the ATCC. All lymphoblast lines were maintained as
suspension cultures in RPMI medium 1640 supplemented
with 15% heat-inactivated fetal calf serum (growth medium).
They were grown at 3rC in a humidified, 5% C02-containing
atmosphere.
Development of an Anti-FACC Antiserum. To generate a

polyclonal antibody against the FACC polypeptide, a glu-
tathione S-transferase (GST)-FACC fusion protein contain-
ing the carboxyl terminus of FACC (amino acids 281-558)
was expressed in Escherichia coli and purified. Purification
of the GST fusion protein was performed as described
previously (11) with a few modifications. The bacteria were
suspended in a lysis buffer containing lysozyme (1 mg/ml),
dithiothreitol (5 mM), N-lauroylsarcosine (1.5%o) (12). Triton
X-100 (1%), and protease inhibitors (aprotinin at 2 pg/ml,
leupeptin at 10 pg/ml, pepstatin at 1 pg/ml, and 1 mM
phenylmethylsulfonyl fluoride), sonicated, and then centri-
fuged at 12,000 x g. From the supernatant, the GST-FACC
fusion protein was purified by using glutathione-Sepharose
(Pharmacia). The GST-FACC fusion protein was injected
into rabbits (100 pg per injection) by standard techniques
(13). Antiserum was prepared by depletion of anti-GST
immunoglobulin and by purification with staphylococcal pro-
tein A-Sepharose.

Metabolic Labling and Immunoprecptation. Metabolic
labeling of EBV-transformed lymphoblasts with [35S~methio-
nine (2 hr) and immunoprecipitation of labeled proteins were
performed as described previously (14). Briefly, cell extracts
in TBS (50 mM Tris-buffered isotonic saline, pH = 7.5)
containing 5 mM EDTA, 1% (vol/vol) Triton X-100, 0.2%
sodium dodecyl sulfate (SDS), and sodium deoxycholate at 5
mg/ml were precleared two times with preimmune serum
(1:100) and subsequently mixed with the rabbit antiserum
against FACC (1:200) or a monoclonal antibody against p53
(Oncogene Science, Ab-2) (1:100). Alternatively, where in-
dicated, a monoclonal antibody against the influenza virus
hemagglutinin (HA) (monoclonal antibody 12CA5) was used
to immunoprecipitate the epitope-tagged FACC polypeptide

Abbreviations: FA, Fanconi anemia; MMC, mitomycin-C; FACC,
FA complementation group C; FA(C), FA group C; EBV, Epstein-
Barr virus; GST, glutathione S-transferase; HA, influenza virus
hemagglutinin; FRP, FACC-related protein.
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(1:100). Protein A-Sepharose (Pharmacia) immune com-
plexes were washed three times with TBS containing 1%
Triton X-100 and 0.1% SDS, and subjected to SDS/
polyacrylamide gel electrophoresis (PAGE) on 10%1 or6-12%
gradient gels as indicated.

Cell FraCtionation. 35S-labeled lymphoblasts were washed
three times in ice-cold phosphate-buffered saline and swollen
for 15 min in ice-cold hypotonic buffer containing 10 mM
Hepes (pH 7.4), 2 mM MgC12, 40 mM KCl, and protease
inhibitors (as above), and ruptured in a Dounce homogenizer.
After 20 strokes, phase-contrast microscopy indicated that
more than 95% ofthe cells were disrupted. The homogenates
were centrifugated at 200 x g for 15 min. The pellet was used
as a nuclear fraction. The supernatant was further subjected
to centrifugation at 300,000 x g for 10 min. The pellet
(membrane fraction) contained lysosomal, mitochondrial,
and plasma membrane proteins. The supernatant was used as
a soluble, cytoplasmic fraction. Each fraction was subjected
to immunoprecipitation with the anti-FACC antibody or the
anti-p53 monoclonal antibody.

Expression of an Il nza Hemagglutinin (HA) Epitope-
Tagged FACC in Lymphoblasts. The wild-type FACC poly-
peptide and the mutant (L554P) FACC polypeptide were
tagged with the HA epitope (YPYDVPDYA) at its amino
terminus by standard methods (15). Polymerase chain reac-
tion using a 5' primer (AAAGGTACCGCTTTTTCCAA-
GATGTACCCATACGATGTTCCAGATTACGCTCAA-
GATTCAGTAGATCTT) and a 3' primer (AAACTCGA-
GCTAGACTTGAGTTCGCAGCTCTTTAAGGAG) or
(AAACTCGAGCTAGACTTGAGTTCGCGLGCTCTT-
TAAGGAG) were used to amplify from pREP-FACC as the
cDNA template. The amplifiedcDNA products were inserted
into the Kpn I and Xho I sites of the pREP4 vector (Strata-
gene). pREP-HA-FACC or pREP-HA-FACC(L554P) (20 ug)
was electroporated into HSC536N cells (107 cells), as previ-
ously described (14). Selection with hygromycin (0.1 mg/ml)
in RPMI medium 1640 was initiated 48 hr after electropora-
tion. Selected cells were analyzed for the presence of HA-
FACC (or mutant) polypeptide by immunoprecipitation.
MMC Sensitivity Assay. Lymphoblasts (104 cells) were cul-

tured for 4 days in growth medium (200 p1) containing the

indicated concentrations ofMMC. The number of viable cells
was then measured by the XTT [3'-1-phenylaminocarbonyl-
3,4-tetrazolium-bis(4-methoxy-6nitrobenzenesulfonic acid)]
assay (16).

Imnunofluorescence. A suspension of cells that had grown
to confluence (60 td) was air-dried on the surface of a
coverslip and fixed in methanol (-20°C) for 2 min. The
coverslip was washed in phosphate-buffered saline and in-
cubated with phosphate-buffered saline containing bovine
serum albumin (BSA; 2 mg/ml) at 3rC for 1 hr. After a brief
wash, monoclonal (anti-HA) antibody (12CA5) (1:100 dilu-
tion in phosphate-buffered saline/3% BSA) (13) was applied
to the coverslip and incubated at 37°C for 1 hr. The coverslip
was washed in phosphate-buffered saline plus BSA (2 mg/ml)
and then phosphate-buffered saline alone and incubated with
Texas red-conjugated goat anti-mouse IgG secondary anti-
body (Jackson ImmunoResearch) (1:1000 dilution in phos-
phate-buffered saline/3% BSA) at 3TC for another hour. The
coverslip was washed, mounted on a slide, and photo-
graphed.

RESULTS
Idenfcaton of Wild-Type and Mutant FACC Polypeptides

in Lynphoblast Lines. The FACC genotypes of the EBV-
transformed (FA) lymphoblast lines used for the experiments
are shown in Table 1. Predicted polypeptides for the wild-
type gene and each mutant are shown schematically in Fig.
1. HSC536N cells are compound heterozygotes; one allele

Table 1. Genotype of FA(C) lymphoblast lines
FACC genotype*

Cell line Allele 1 Allele 2

HSC536N T to C (1913) Deleted
PD153 IVS4+4 A to T IVS4+4 A to T
4510C IVS4+4 A to T IVS4+4 A to T
PD4 delG (322) C to T (808)

IVS4+4 A to T indicates a single base change in the 4th intronic
base, changing the sequence from A to T.
*Base pair position shown in parentheses.

contains a missense mutation [T to C (1913)], predicting an
L554P (Leu-554 -* Pro) change in FACC, and the other allele
is deleted and therefore not expressed (7). PD153 and 4510C
cells are homozygous for the IVS4+4 A-to-T mutation,
predicting a protein with an in-frame deletion of 38 amino
acids, normally encoded by exon 4 (10). PD4 cells are
compound heterozygotes (9); one allele has the delG322
mutation, predicting a frameshift and a truncated protein of
44 amino acids (7), and the other allele has a nonsense
mutation in exon 6 [C to T (808)], predicting a truncated
protein of 185 amino acids (17). PD7 cells are lymphoblasts
from a normal adult control. We initially raised a rabbit
polyclonal anti-FACC antiserum against a GST fusion pro-
tein containing the carboxyl terminus of wild-type FACC
(amino acids 281-558).
To identify the wild-type or mutant FACC polypeptides,

the indicated cell lines were metabolically labeled with
[35Sjmethionine, and radiolabeled proteins were immunopre-
cipitated with the anti-FACC antiserum (Fig. 2). The wild-
type FACC polypeptide (60 kDa) was specifically immuno-
precipitated from PD7 lysates with the immune serum (Fig.
2A, lane 10) but not with the preimmune serum (lane 9). The
immune serum also recognizes FACC as a 60-kDa polypep-
tide by immunoblot (data not shown). The full-length mutant
FACC protein (L554P) was present at a similar level in
lysates from HSC536N cells (lane 1), indicating that the
mutant protein was stably expressed in these cells. PD153
and 4510C cells have a truncated form of the FACC poly-
peptide (55 kDa) (lanes 3 and 5). This truncated protein is
consistent in size with an in-frame deletion of 38 amino acids,
resulting from aberrant mRNA splicing and loss of exon 4
(10). No FACC polypeptide was observed in PD4 cell lysates
(lane 7). These cells may contain the truncated 44- and
185-amino acid polypeptides, shown schematically in Fig. 1;
however, the anti-FACC antiserum would not recognize
these forms of FACC.

Iden~ficatioof FACC-Related Proteins. A 50-kDa protein
(called FRP-50, for FACC-related protein) immunoprecipi-
tated with the anti-FACC antibody from normal cell (PD7)
lysates (Fig. 2A, lane 10) but not with the preimmune serum
(lane 9). FRP-50 was detected in PD7 and HSC536N (lane 1),
but not in PD1S3 or 4510C cells (lanes 3 and 5, respectively).
FRP-50 is unlikely to be a proteolytic fiNrent of FACC or
a protein associated with FACC, since it is present in PD4
cells (lane 7), which contain no full-length FACC polypep-
tide.

In addition, the anti-FACC antiserum specifically recog-
nized a 150-kDa protein (FRP-150) in PD7 cells, demon-
strated when immune complexes were analyzed on a 6-12%
gradient polyacrylamide gel (Fig. 2B, lane 4). FRP-150 was
also found in lysates from PD4 (Fig. 2B, lane 2) and from
PD1S3 and 4510C cells (data not shown). FRP-150, like
FRP-50, is unlikely to be an FACC-associated protein, be-
cause it is present in PD4 cells, which lack full-length FACC
polypeptide. FACC, FRP-50, and FRP-150 were also ex-
pressed in erythroleukemia cell lines and in several EBV-
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FIG. 1. Mutations of the FACC polypeptide found in FA(C) patients. The wild-type FACC polypeptide (558 amino acids) is shown
schematically at the top, with amino (N) and carboxyl (C) termiini labeled. The indicated FA(C) cell lines (shown at the right) are predicted'from
their genotypes (Table 1) to contain the FACC mutant polypeptides shown. The T to C (1913) allele encodes the L554P mutant. The IVS4+4
A-to-T allele encodes an FACC mutant lacking the 37 amino acids encoded by exon 4. PD4 cells are predicted from their genotype to contain
two truncated FACC polypeptides, one of 44 amino acids and one of 185 amino acids. A GST fusion protein, containing FACC amino acid
sequence 281-558, was used to generate an anti-FACC antiserum.

transformed lymphoblast lines from patients with non-C FA
(data not shown).
The FACC Polypeptide Is ld to the Cytoplasm. To

determine which cellular compartment contained FACC,
subcellular fractionation was performed on 35S-labeled nor-
mal lymphoblasts. Immunoprecipitation of FACC from the
cellular fractions (Fig. 3, lanes 1-4) demonstrated that FACC
(and FRP-50) were present in the soluble cytosolic fraction
(lane 3). The FACC band-intensity was equal to the band
intensity for the normalized whole cell lysate (lane 1), indi-
cating that all FACC was in the soluble cytosol. No FACC
polypeptide was found in the nuclear fraction (lane 2) or in the
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membrane fraction (lane 4). Repeat analysis (data not shown)
also demonstrated the presence of FRP-150 in the cytoplas-
mic fraction. As an internal control, we used an anti-p53
monoclonal antibody to immunoprecipitate 35S-labeled p53
from the fractions (Fig. 3, lanes 5-8). Consistent with pre-
vious reports (18, 19), p53 was found primarily in the nuclear
fraction under these conditions (Fig. 3, lane 6).

Since the anti-FACC antiserum is immunoreactive with
several cellular proteins, including FACC, FRP-50, and FRP-
150, it is not suitable for specifically identifying FACC by
immunofluorescence. We therefore generated an epitope-
tagged FACC polypeptide (Fig. 4). The 9-amino acid epitope
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FIG. 2. The anti-FACC antibody recognizes wild-type FACC, mutant FACC polypeptides, and FACC-related proteins. (A) The indicated
EBV-transformed lymphoblast lines were metabolically labeled with [35S]methionine, and radiolabeled proteins were immunoprecipitated with
the anti-FACC antiserum. I, immune serum (lanes 1, 3, 5, 7, 10); P, preimmune serum (lanes 2, 4, 6, 8, 9). Control (normal) cells (PD7) are shown
in lanes 9 and 10. Labeled proteins were resolved by 10%6 PAGE. Numbers on the right are molecular mass (kDa). FRP-50, 50-kDa FACC-related
protein. (B) As in A, except labeled proteins were resolved by gradient (6-12%) PAGE. FRP-150, 150-kDa FACC-related protein.
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FIG. 3. ILocalization ofthe endogenous FACC polypeptide to the
cytoplasm. Metabolically labeled normal EBV-transformed lympho-
blasts (PD7) were homogenized and fractionated as described in the
text. 35S-labeled proteins from the indicated fractions were immu-
noprecipitated with the anti-FACC antibody (lanes 1-4) or with a
monoclonal antibody to p53 (lanes 5-8).

of the HA protein was placed at the amino terminus of either
wild-type or mutant (L554P) FACC by standard techniques.
The cDNAs encoding these tagged proteins were introduced
into HSC536N cells by electroporation. The expression of
HA-FACC or HA-FACC(L554P) mutant polypeptides was
confirmed by immunoprecipitation with an anti-HA mono-
clonal antibody (15) (60-kDa protein, Fig. 4A, lanes 3 and 4,
respectively). HA-FACC and HA-FACC(L554P) proteins
were expressed at comparable levels, consistent with earlier
experiments demonstrating the stable expression of the
FACC(L554P) mutant (Fig. 2A, lane 1). Neither FRP-50 nor
FRP-150 was observed in the immune complexes (data not
shown), confirming that these latter proteins are related but
not associated proteins of FACC.
We next assayed the transfected cell lines for their cellular

sensitivity to MMC (Fig. 4B). Mock-transfected HSC536N
cells were sensitive toMMC (EC50 = 105 nM), consistent with
published studies (7). HSC536N cells, expressing HA-FACC,
demonstrated enhanced cellular resistance to MMC (ECo =

900 nM), similar to normal lymphoblasts. This result demon-
strates that the presence of the HA-epitope tag at the amino
terminus of the FACC polypeptide does not alter its normal
function in the cell. In contrast, HSC536N cells transfected
with HA-FACC(L554P) remained sensitive to MMC.
To verify the cytoplasmic localization of FACC, we used

immunofluorescence localization ofthe wild-type HA-FACC
polypeptide expressed in the complemented HSC536N lym-
phoblasts (Fig. 5). Transfected HSC536N cells were stained
with the anti-HA monoclonal antibody followed by a Texas
red-conjugated anti-mouse secondary antibody. The exoge-
nous HA-FACC polypeptide demonstrated cytoplasmic (per-
inuclear) localization (Fig. SA). Counterstaining with the

-6
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FIG. 4. Complementation of the MMC-sensitive phenotype. of
FA(C) cells by the epitope (HA)-tagged FACC cDNA. (A) HSC536N
cells were transfected with pREP-mock (lane 2), pREP4-HA-FACC
(lane 3), orpREP4-HA-FACC(L554P) (lane 4). Transfected, selected
HSC536N cells (or normal lymphoblasts, lane 1) were metabolically
labeled, and 35S-labeled proteins were immunoprecipitated with
12CA5. (B) MMC sensitivity of HSC536N cells transfected with
pREP4-mock (0), HA-FACC(L554P) (A), or HA-FACC (0). As
control, a normal lymphoblast line (0) is shown. MMC concentra-
tions ranged from 2 nM to 300 AM. The ECso (the drug concentration
giving a 50% reduction in cell viability) was calculated and is
indicated in the text. OD, optical density at 450 nm.

DNA-specific dye 4',6-diamidino-2-phenylindole delineated
the nuclei of these same cells (Fig.. 5B). Transfected cells
stained with secondary antibody alone showed no back-
ground staining (Fig. 5C).

DISCUSSION
We have raised a rabbit polyclonal antiserum, against the
carboxyl terminus of FACC. Using this antiserum, we have
identified the wild-type FACC as a 60-kDa cytoplasmic
protein. HSC536N cells express normal levels of a mutant
protein (L554P), while FACC cell lines with a splice mutation
(IVS4+4 A to T) have decreased levels ofa 55-kDa truncated
protein. The antibody recognized no full-leng FACC poly-
peptide in PD4 cells. In. addition, the antiserum specifically
immunoprecipitated a 50-kDa and a 150-kDa FACC-related
protein (FRP-50 and FRP-150, respectively). Excess GST-
FACC polypeptide specifically competed not only with
FACC but also with FRP-50 and FRP-150 (data not shown).
Our results demonstrate that the mutant protein (L554P) is

stably expressed in HSC536N cells. HSC536N cells are highly
sensitive to MMC; transfection with the wild-type FACC
cDNA complements this phenotype (7), but transfection with
the mutant (L554P) protein failed to correct this phenotype.
These results, taken together, suggest that the carboxyl ter-
minus of FACC contains at least one important functional
domain. Secondary structure analysis of the carboxyl termi-
nus ofFACC predicts an a-helicalregion of50 amino acids; the
L554P mutation disrupts this a-helix (A. D., unpublished
observation). On the other hand, PD153 and 4510C cells,
which are homozygous for the splice mutation (IVS4 + 4 A to
T), expressed a decreased level of a truncated (55-kDa)
protein. This finding suggests that the 55-kDatruncatedFACC
polypeptide is either unstable or functionally inactive. This
splice mutation is the most common abnormality in FACC

Medical Sciences: Yamashita et al.
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FIG. 5. Localization ofepitope-tagged FACC polypeptide to the cytoplasm. (A) Immunofluorescence localization ofHA-FACC in HSC536N
cells. HSC536N cells, transfected with pREP4-HA-FACC, were stained with 12CA5. The secondary antibody was Texas red-conjugated goat
anti-mouse antibody. (B) The same cells were counterstained with the DNA-specific dye 4',6-diamidino-2-phenylindole (DAPI). (C) The
transfected cells were stained with the secondary antibody alone.

patients (9, 10), and the anti-FACC antiserum described here
should therefore be useful for its screening.
The identities of FRP-5O and FRP-150 remain to be deter-

mined. FRP-150 was present in all cell lines tested, implying that
FACC mutations do not alter FRP-150. Thus, it is likely that
FRP-150 is a homologous protein encoded by a distinct gene.
One intrguing possibility is that FRP-150 is encoded by a gene
corresponding to a different complementation group of FA.
FRP-50, in contrast, was present in normal (PD7) and

HSC536N cells but absent from PD153 or 4510C cells, which
lack the full-length FACC. FRP-50 seems, therefore, to be
derived from the FACC gene itself, perhaps as an alternative
splice variant ofFACC. Previous studies have demonstrated
that even normal lymphoblasts express alternative splice
variants of FACC, including a deletion of exon 13 (17, 20).
Additionally, cells that are homozygous for an exon 6 non-
sense mutation express a truncated mRNA, lacking exon 6
(17), demonstrating that exon skipping may occur. The
presence ofFRP-50 inPD4 cells could result from skipping of
exon 6 and effective removal of the R185X nonsense muta-
tion. Taken together, our results suggest that an alternatively
spliced FACC mRNA could result in translation of FRP-50.
To further support this idea, the anti-FACC antiserum also
recognizes two forms of the FACC polypeptide in immune
complexes from murine cells (data not shown). The murine
FACC has an additional exon, encoding 33 amino acids,
which may account for one ofthese proteins (21). The further
identification and cloning of FRP-50 and FRP-150 may be
useful in elucidating the function of FACC.
Our data demonstrate that the primary localization ofFACC

is the cell cytoplasm. Wehave not ruled out the possibility that
FACC may be targeted to the nucleus under different stages of
the cell cycle or after treatmentwith DNA-crosslinking agents.
Further studies, including immunoelectron microscopy, will
be required to test these possibilities.
The primary cytoplasmic localization of FACC has impor-

tant implications for its intracellular function. FACC is
unlikely to play a direct role in the repair ofcrosslinked DNA.
Its role in DNA repair may be an indirect one, such as the
cytoplasmic modification or activation of nucleases that can,
in turn, effect DNA repair in the nucleus. Alternatively,
FACC may play a role in the scavenging of oxygen radicals
or in controlling cellular levels of NAD+ (22, 23). Previous
studies indicate that FA cells are hypersensitive to oxygen
(24-26). Oxygen radical sensitivity could account for the
enhanced sensitivity ofFA cells to DNA crosslinking agents
(27). A direct comparison of oxygen metabolism by FA cells
and FA cells complemented with the FACC cDNA may
further elucidate its function.
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