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Summary

The events responsible for repair of DNA interstrand cross-
links in mammalian cells, the proteins involved and their
interactions with each other are poorly understood. The
present study demonstrates that the structural protein
nonerythroid a spectrin (@SpllZ*), present in normal

human cell nuclei, plays an important role in repair of DNA
interstrand cross-links. These results show thatSpll =Z*

relocalizes to nuclear foci after damage of normal human
cells with the DNA interstrand cross-linking agent 8-
methoxypsoralen plus ultraviolet A (UVA) light and that

FANCA and the known DNA repair protein XPF localize

to the same nuclear foci. ThatiSpll Z* is essential for this
re-localization is demonstrated by the finding that in cells
from patients with Fanconi anemia complementation group
A (FA-A), which have decreased ability to repair DNA
interstrand cross-links and decreased levels afiSpll%*,

there is a significant reduction in formation of damage-

induced XPF as well asiSpllZ* nuclear foci, even though
levels of XPF are normal in these cells. In corrected FA-A
cells, in which levels ofaSpllZ* are restored to normal,
numbers of damage-induced nuclear foci are also returned
to normal. Co-immunoprecipitation studies show that
aSpllz*, FANCA and XPF co-immunoprecipitate with
each other from normal human nuclear proteins. These
results demonstrate that aSpllZ*, FANCA and XPF
interact with each other in the nucleus and indicate that
there is a close functional relationship between these
proteins. These studies suggest that an important role for
aSpllZ* in the nucleus is to act as a scaffold, aiding in
recruitment and alignment of repair proteins at sites of
damage.
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Introduction

(McMahon et al., 1999; McMahon et al., 2001). We have also

Repair of DNA interstrand cross-links is a complex processhown that the nucleotide excision repair protein XPF is
because both strands of DNA need to be repaired at the siteiyolved in the repair of this interstrand cross-link and that
the cross-link. Although the mechanism of repair of interstrané functions in production of the incisions made on theige
cross-links has been elucidatedgischerichia coliJones and and 3 side of the cross-link (Kumaresan and Lambert, 2000;
Yeung, 1988; Sladek et al., 1989; Van Houten, 1990; Cheng Kumaresan et al., 2002). These studies are in agreement with
al., 1991) and a significant amount of information is availabléhose of Kuraoka et al. (Kuraoka et al., 2000), who showed that
on repair of these lesions in yeast (reviewed in Dronkert andRCC1-XPF cleaves a psoralen interstrand cross-link on either
Kanaar, 2001; Greenberg et al., 2001; Cohen et al., 2002), thisle of the adduct.

precise mechanisms and proteins involved in this repair processCells from patients with the autosomal recessive genetic
in mammalian cells have not yet been defined. We have isolatdisorder Fanconi anemia (FA) provide an excellent
from the nucleus of normal human cells a complex of proteingxperimental model for examination of the mechanism of
involved in the repair of DNA interstrand cross-links (Lambertrepair of DNA interstrand cross-links and the proteins
et al., 1988; Parrish and Lambert, 1990; Parrish et al., 199#volved. FA is characterized by progressive bone marrow
Lambert and Lambert, 1999). This complex contains protein&ilure, a marked predisposition to development of cancer,
involved in both damage recognition and incision of crossparticularly acute myeloid leukemia, spontaneous chromosome
linked DNA (Hang et al., 1993; Kumaresan et al., 1995jnstability and hypersensitivity to DNA interstrand cross-
Lambert and Lambert, 1999). We have recently identified #inking agents (Glanz and Fraser, 1982; Auerbach, 1995;
structural protein, nonerythroid spectrin @Spllz*), as a  Auerbach et al., 1998). Correlated with sensitivity to these
component of this protein complex in normal human cell nuclegigents is a defect in ability to repair DNA interstrand cross-
and have shown that it binds directly to DNA containing dinks (Papadopoulo et al., 1987; Averbeck et al., 1988; Lambert
4,5,8-trimethylpsoralen  (TMP) plus UVA-light-induced et al., 1992; Zhen et al., 1993; Lambert et al., 1997; Lambert
interstrand cross-link and plays a role in the initial damagand Lambert, 1999). There are eight complementation groups
recognition/incision steps involved in the repair of this lesiorof FA and, although the genes responsible for six of the
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complementation groups have been cloned (Strathdee et @Vlaterials and Methods

1992; Lo Ten Foe et al., 1996; Fanconi Anemia/Breast Cancekll lines and culture conditions

Consortium, 1996; de Winter et al., 1998; de Winter et al.The normal human (GM 3299) lymphoblastoid cell line was obtained
2000a; de Winter et al., 2000b; Timmers et al., 2001) and theom the Coriell Institute for Medical Research (Camden, NJ). The
interactions of their protein products studied (Kupfer et al.FA-A (HSC 72) lymphoblastoid cell line was a gift from Manuel

1997; Garcia-Higuera et al., 1999; Waisfisz et al., 1999; dBuchwald (Hospital for Sick Children, Toronto, Canada). FA-A

Winter et al., 2000c; Christianson et al., 2000; Reuter et allymphoblastoid cells (HSC 72) were stably transduced with a
2000; Medhurst et al., 2001; Ahmad et al., 2002), neither thefftroviral vector expressing the FANCA cDNA (HSC 72-17) (Fu et

; ; ; P ; I., 1998; Brois et al., 1999). Cell lines were grown in suspension
role in the etiology of the disorder nor their involvement in the? lture in RPMI 1640 medium as previously described and routinely

. . . . u
Lepalr ?]f DN,?hlntte_rstr'Tllndf i:fr}osg;l\mks h?s beetn tglumdated. V\@necked for mycoplasma using an American Type Culture Collection

ave shown that, in aff ot the compiementation groups Wﬁolymerase-chain-reaction-based mycoplasma detection kit (Lambert
have examined (FA-A, FA-B, FA-C, FA-D1, and FA-G), thereg 5 '1992: Brois et al., 1999).

is a deficiency in levels afSplIZ* present (Brois et al., 1999;

McMahon et al., 1999). In FA-A cells, this correlates with a _ _

deficiency in ability to produce dual incisions at sites of/reatmentof cells with 8-methoxypsoralen and UVA light
interstrand cross-links (Kumaresan and Lambert, 2000). Thighe cells in culture were treated with $i61 8-methoxypsoralen (8-
incision defect is not due to decreased levels of XPF in FA-AIOP) (Sigma-Aldrich, St Louis, MO) in RPMI 1640 media for 20

cells because the level of this protein in these cells is Similﬁinutes at room temperature in the dark. They were then irradiated

. ith UVA light (principally 366 nm) (6 kJ n¥), washed with fresh
to that of normal cells (Brois et al., 1999). We have shown thaf i3 and exposed to a second dose of UVA irradiation (6-RJ m

FA-A cells are deficient in a DNA binding protein that 55 previously described, so as to increase the number of DNA

recognizes TMP interstrand cross-links (Hang et al., 1993)nterstrand cross-links produced (Lambert et al., 1988; Lambert et al.,

Because our studies demonstrate t@pll=* binds directly  1992). For those experiments in which the effect of dosage of 8-MOP

to DNA containing TMP interstrand cross-links (McMahon etplus UVA irradiation was examined, the concentration of 8-MOP was

al., 2001), it is possible that this is the deficient binding proteikept constant at 3.AM and the dosage of UVA light was increased

in FA-A cells. That FANCA is involved in this repair process over a range from 0 kJ7hto 10 kJ m? At each dosage, an aliquot

is indicated by our studies, which show that it also binds t@f cells was counted_to determine the number of surviving cells using

DNA containing interstrand cross-links, although it is not cleaf ypan blue exclusion assay.

whether this binding is direct or indirect (McMahon et al.,

2001). It is possible thatSpllZ* acts as a scaffold to aid in Indirectimmunofluorescence

the recruitment of repair proteins to the site of damage and Dells were applied to poly-L-lysine coated chamber slides and

their alignment at these sites, thus enhancing the efficiency aflowed to attach for 40 minutes at 37°C. They were then fixed with

the repair process. In FA-A cells, where levelsi8plIZ* are 4% paraformaldehyde for 20 minutes, washed with PBS and

decreased, there would be reduced recruitment of repaﬁﬁl‘meabi”ZEd with 0.2% Triton-X100 in PBS for 10 minutes at room

proteins to the sites of damage, which would in turn lead tggmperature. The cells were th_en blocked in 10% goat serum (Gibco,

reduced levels of DNA repair, as has been observed (Brois ;sr:gr(l)?/lgndi?AN)Y)’o rloolAaog/abkgtOﬁEg;m S(gﬁjcr‘:]so?s:g:;“a”g? dﬁcehs)ea;(;h’
. s (0} -

al., 1999; McMahon et al., 199.9)' The same CO.UId hold tru ppropriate, for 1-2 hours. The primary antibody was then added and

for the other FA complementation groups in which levels o

llowed to bind for 2 hours at 37°C. The primary antibodies used were
aSpliz* have also been shown to be decreased (McMahon @ rified mouse monoclonal atSpliz* antibody, 1:100 dilution

al., 1999). (McMahon et al., 1999), purified mouse monoclonal argpectrin

In the present report, the relationship betwe8pllz* and  antibody, 1:150 dilution (mAb 1622, Chemicon International,
the FANCA and XPF proteins was analyzed by examining th&emecula, CA), affinity-purified rabbit polyclonal anti-FANCA
localization ofaSplIZ*, in relation to that of FANCA and XPF, antibody, against the C-terminal region of FANCA, 1:100 dilution
in the nucleus of human cells damaged with a DNA interstranBethyl Laboratories, Montgomery, TX) (McMahon et al., 2001) and
light, and by assessing the interaction of these proteins by cgP S¢-10161, Santa Cruz Biotech, Santa Cruz, CA). Pre-immune
immunoprecipitation analysis. For these studies, damag nouse, rabbit and goat serum (Sigma-Aldrich) was used as a negative

. . . ontrol. After five 5-minute washes with PBS, the appropriate
induced foci formation otiSpll2*, FANCA and XPF was secondary antibody was added: Alexafluor 488 goat anti-mouse 1gG

examined not only in normal human nuclei, in whicBpllZ*  onjugate, highly cross-adsorbed, 1:250 dilution (green fluorescence),
is present, but also in FA-A cell nuclei, in which there is ayhen antie-spectrin was the primary antibody; Alexafluor 594 goat
deficiency inaSpllZ*. Here, we show that, in response to 8- anti-rabbit IgG conjugate, highly cross-adsorbed, 1:500 dilution (red
MOP plus UVA light,aSpll>*, FANCA and XPF co-localize fluorescence), when anti-FANCA was the primary antibody; and
with each other in discrete foci in the nucleus andd/Sqi 1>* Alexafluor 594 rabbit anti-goat IgG conjugate, highly cross-adsorbed,
plays an important role in modulating the formation of thesd:500 dilution (red fluorescence) (Molecular Probes, Eugene, OR),
damage-induced foci. Co-immunoprecipitation results showhen anti-XPF was the primary antibody. Incubation with the
thataSplI=*, FANCA and XPF interact with each other. Thesesecondary antibodies was carried out for 20 minutes at room

. . temperature in the dark. Primary and secondary antibodies were
results together support the concept of a close functional IInﬁluted in PBS. In double-labeling experiments, the cells were treated

between these proteins and an involvement for them in the, . ; : : ;
. . . . quentially with the appropriate blocking agent and then the primary
repair of DNA interstrand cross-links. These studies furtheg,q secondary antibodies against each of the proteins under

suggest that an important functionapliz* in the nucleus  investigation. The secondary antibodies used were as follows: for dual
is to act as a scaffold and aid in the recruitment of repaitaining with antia-spectrin and anti-FANCA, Alexa 488 goat anti-
proteins to sites of DNA damage. mouse IgG and Alexa 594 goat anti-rabbit IgG were used,



aSpllz*, FANCA, XPF localize to sites of cross-links 825

cells treated with 8-MOP plus UVA light (6 kJ
m—2) was examined by immunofluorescence
with purified monoclonal anti~spectrin
antibody. Counterstaining for the DNA-specific
dye DAPI is shown in the middle panels. In the
bottom panels, the fluorescent signal for DAPI
was overlaid on that for anti-spectrin. Cells
were fixed for staining 15 hours after treatment
with 8-MOP plus UVA.

Undamaged Damaged Fig. 1. Relocalization oftxSpll=* to nuclear
foci following treatment of normal cells with 8-
; MOP plus UVA light. The localization of
Anti-o. aSpllz* in the nucleus of undamaged normal
spectrin human lymphoblastoid cells or lymphoblastoid

(McMahon et al., 1999). For anti-XPF
immunoprecipitation, anti-XPF (an affinity-
purified polyclonal antibody against the XPF
protein, a generous gift of Michael Thelen,
Lawrence Livermore National Laboratory) was

a . . . .
o - . . .

bound to protein-A-coated agarose beads as
described (McMahon et al., 1999). All of the IPs

respectively; for dual staining with amtispectrin and anti-XPF, were subjected to SDS-PAGE, transferred to nitrocellulose and

Alexa 488 goat anti-mouse IgG and Alexa 594 rabbit anti-goat Ig@nmunoblotted as previously described (McMahon et al., 1999;

were used; and for dual staining with anti-FANCA and anti-XPF,McMahon et al., 2001). Immunoblots were developed using Pierce

Alexa 488 donkey anti-rabbit IgG and Alexa 594 donkey anti-goatJltra chemiluminescent substrate (Pierce) and then exposed to X-ray

IgG were used, respectively. The slides were then mounted with covBim (McMahon et al., 1999; McMahon et al., 2001). The primary

slips using an aqueous anti-fade mounting agent (Molecular Probeshtibodies used were amtBpllZ* (Brois et al., 1999; McMahon et

For those cells which were examined with a DNA counter stain, afteal., 1999), anti-FANCA (C-terminal) (McMahon et al., 2001) and anti-

the last antibody labeling step, the cells were treated wibi 4 XPF (from M. Thelen). Images were scanned using a Hewlett-Packard

diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) at 100 ng-nl ScanJet 4c/T scanner and analyzed with ImageQuant (Molecular
Stained cells were then viewed using a Leitz DMRB microscop®ynamics).

(Leica, Deerfiels, IL) equipped with a x0oil objective lens.

Appropriate filter sets were used to distinguish between red and green

emissions. Settings were optimized using positively stained cellfesults

Images were captured using a cooled-head three-color high resolutie|ocalization of aSpllZ* to damage-induced foci in

DEI-750 analog camera (Optronics, Bolton, MA) using the saméormal cell nuclei after exposure to a cross-linking agent
parameters (brightness/contrast). A fixed exposure time was us di dertak to det . the | lizati f
for direct comparison of the image intensity. Images were importe uaies were undertaken (o determine the localization 0O

into a computerized imaging system, Image Pro-Plus 4.0 (Medi§SP!IZ* in the nucleus of undamaged normal human
Cybernetics, Silverspring, MD) and Adobe Photoshop 5.0 (Adobdymphoblastoid cells and to ascertain whether this
Systems, San Jose, CA) and similarly processed for presentatidecalization changes in response to exposure to a DNA
Quantitation of foci was computerized using Image Pro-Plus. For dudihterstrand cross-linking agent, 8-MOP plus UVA light.
staining experiments, images were merged and co-localization of fophdirect immunofluorescence of the normal cells using
examined. Overlapping foci appeared yellow. 100 cells were countgsiyrified monoclonal ant*SpllZ* or anti-a-spectrin
for each experime_nt and_cells were scored as positive for staininghtipodies showed that, in undamaged cells, the nuclear
based on comparison with the control pre-immune serum-treate&aining pattern foraSpliz* was diffuse and fairly
cells. homogenous, with a slight concentration of staining along the
nuclear membrane (Fig. 1, upper panel). Approximately 25-
Immunoprecipitation and western blotting 30% of the cells were stained. In ~5% of these cells, instead
For immunoprecipitation (IP), chromatin-associated protein extract@f a diffuse staining pattern, only one or two large foci were
from normal cells were utilized. For this, cell nuclei were isolated an®bserved in the nucleus. 15 hours following exposure of
the chromatin-associated proteins were extracted in a series of stépe cells to 8-MOP plus UVA light (6 kJ ™), aSpllz*
as described previously (Lambert et al., 1992; Hang et al., 1993). Feedistributed to distinct foci throughout the nucleus (Fig. 1,
anti-a-spectrin IPs, anti-spectrin or mouse IgSigma-Aldrich)  ypper panel). That the foci were present in the nucleus was
was bound to protein-G-coated agarose beads (Sigma-Aldrich) ar@nfirmed by staining of these cells with DAPI, which stains

the binding reactionsandIPswerecarriedoutaspreviouslydescribﬁgldear DNA (Fig. 1. middle panel). Overlaving the
(McMahon et al., 1999; McMahon et al., 2001). For IP, argpectrin fluorescent sigrfalgfor iI)API (queF; Wiﬂ)1 that «m‘gpllgz*

was used because our amfpll>* is of the IgM class and cannot be s
used effectively in IPs (McMahon et al., 1999). For anti-FANCA IF,S’s;howed that these two areas coincided and that the area that

affinity-purified rabbit polyclonal antisera generated from the c-Stained forSpllz* was in the nucleus (Fig. 1, bottom panel).
terminal region of the FANCA protein, or pre-immune serum, wadn normal cells treated with 8-MOP but no UVA light or UVA
bound to protein-A-coated agarose beads (Sigma-Aldrich) and tHéght with no 8-MOP, noaSplIz* foci were observed 15
binding reactions and IPs carried out as previously describedours following exposure (data not shown).
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Fig. 2.aSpllz*, FANCA and
XPF co-localize to discrete
nuclear foci after treatment o
normal cells with 8-MOP plus
UVA light. Normal human
lymphoblastoid cells were
either undamaged or treated
with 8-MOP plus UVA light (€
kJ nT?) and the localization o
aSpliz*, FANCA and XPF in
the nucleus examined 15 hot
after treatment with 8-MOP
plus UVA. (A) Dual staining
was carried out using affinity-
purified monoclonal anti+
spectrin antibody and affinity
purified polyclonal anti-
FANCA antibody, and stainec
cells were analyzed by
immunofluorescence. When
the fluorescent signals for
aSplliz* (green) and FANCA
(red) are merged, the
overlapping foci are yellow,
indicating co-localization of
these two proteins. (B) An
analysis similar to that in (A)
was carried out using antdi-
spectrin antibody (green) anc
affinity-purified polyclonal
anti-XPF antibody (red).
Fluorescent signals for both
proteins were merged and
overlapping foci appear
yellow. (C) Dual staining was
also carried out using anti-
FANCA (green) and anti-XPF
(red) antibodies. The
fluorescent signals were
merged and overlapping foci
are yellow. In all of the above
experiments, cells were also
stained with the appropriate
preimmune sera.
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10

80-20 foci
94 | m21-40 foci
041-60 foci
81 | m61-80foci
81-100 foci

Fig. 3. The number o&iSplIZ* nuclear foci
increases with increasing dosage of 8-MOP plus
UVA light. Formation ofaSplIx* foci in the

nuclei of normal human lymphoblastoid cells was
examined 15 hours after exposure to varying
dosages of 8-MOP plus UVA light. The dosage of
8-MOP plus UVA light was increased by
increasing the levels of UVA light at a constant
concentration of 8-MOP. Cells stained singly with € , |
anti-a-spectrin were examined. Foci were countedS

in 100 nuclei at each UVA dose. Nuclei were Q1+
categorized as having 0-20 foci, 21-40 foci, 41-60

age of nuclei with multiple foci

foci, 61-80 foci or 81-100 foci. Theaxis 0

indicates the percentage of nuclei in each 0 2

category. Vertical lines represent s.e.m. Dosages of UVA light (KJ/m?)

Co-localization of FANCA and XPF with aSplIZ* in the same sites after exposure to 8-MOP plus UVA, experiments
nuclear foci in normal cells after DNA damage were carried out in which dual staining of both FANCA and

In order to determine the localization of FANCA and XPF in theXPF was examined. The results show that, in normal cell
nucleus of normal human cells and whether they co-localize withuclei, after treatment with 8-MOP plus UVA light, FANCA
aSp”Z* after exposure of the cells to 8-MOP p|us UVA, foci CO-|Oca|IZ_ed_ with the XPF foci (F|g 2C) CO”eCUVely,
immunofluorescence studies were carried out using a dudhese results indicate that, in response to an agent that produces
staining technique. In undamaged normal cell nuclei, stainin§NA interstrand cross-links, FANCA and XPF co-localize to
of the cells with an affinity-purified polyclonal anti-FANCA the same foci agSplIZ*.
antibody showed that FANCA, likaSpllx*, is present in a
diffuse and fairly homogenous pattern in the undamaged nucleus )
(Fig. 2A). When the cells were treated with 8-MOP plus UvADosage of 8-MOP plus UVA light affects levels of
light, FANCA was observed to relocalize to prominent nucleapuclear foci formation
foci (Fig. 2A). Merging of the fluorescent signals &Bpllz* Formation of foci in normal cell nuclei after exposure to 8-
(green) and FANCA (red) showed that there was clear cdvOP plus UVA light was quantitatively assessed to determine
localization of most of these foci (Fig. 2A). The merged fociwhether there was a relationship between the number of cells
appeared yellow. For these studies, staining was carried out usidigplaying foci and the number of damage-induced foci per
either purified monoclonal aniSpllZ* antibody or purified nucleus, and the dosage of 8-MOP plus UVA light used. For
monoclonal anta-spectrin antibody. The results using eitherthese studies, cells stained singly with either argpectrin,
antibody were the same. We have previously shown that theaati-FANCA or anti-XPF antibodies were examined 15 hours
two antibodies both recognizespliZ* (McMahon et al., 1999). after exposure to 8-MOP plus UVA. The dosage of 8-MOP plus
Similarly, staining with an affinity-purified polyclonal anti-XPF UVA was increased by increasing the levels of UVA light at a
antibody showed that XPF was also present in a diffuse patteconstant concentration of 8-MOP. As shown in Fig. 3, as the
in the nucleus of undamaged normal cells and that XPBosage of UVA light was increased from 0 k¥mo 2 kJ m?2,
relocalized to prominent damaged induced foci after exposure kJ nt2 and 6 kJ m? the percentage of nuclei showing
of the normal cells to 8-MOP plus UVA light (Fig. 2B). Merging aSplIZ* foci increased from 0% to 29%. The number of foci
of the fluorescent signals farSpllZ* (green) and XPF (red) per nucleus also increased in a UVA-dose-dependent manner,
showed that there was co-localization of these foci (Fig. 2B)with the greatest number of foci forming at 6 kJ2nfan
This same pattern of relocalization of FANCA and XPF toaverage of 51 foci per nucleus). For these experiments, 100
nuclear foci that was observed after double staining of theuclei were counted for each dosage of UVA light and each
proteins was also observed in cells singly stained for FANCAxperiment was repeated three times. The viability of these
and XPF (data not shown). This result supports the above findinglls was 94% in undamaged cells and 93%, 92% and 91.5%
that both FANCA and XPF relocalize to damage-induced focat 2 kJ m?2, 4 kJ nt2 and 6 kJ m?, respectively. As the dose
after treatment with 8-MOP plus UVA light. Cells stained with of UVA light was increased to 8 kJ-fand 10 kJ %, the
preimmune serum showed a slight signal d@pllZ* under  number ofaSplIZ* foci per nucleus and the number of cells
these experimental conditions (Fig. 2A,B). This correlates witlshowing nuclear foci decreased (Fig. 3). However, the viability
our previous finding that a very low level@$pllZ* antibodies  of these cells also decreased, to 75.5% and 58%, respectively,
are present in this preimmune serum (McMahon et al., 199%t these higher dosages.
Little signal was observed for FANCA and XPF in cell nuclei Similar results were obtained for the XPF nuclear foci and
stained with preimmune serum (Fig. 2A-C). the FANCA nuclear foci (data not shown). In both of these
In order to verify that FANCA and XPF are co-localizing to instances, as the dosage of UVA light was increased stepwise
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Fig. 4. Formation ofaSpllz*, FANCA and XPF
@ Alpha spectrin 1 foci foci in the nucleus depe_nded upon the time after
BFANCA foci treatment of the cells with 8-MOP plus UVA
W XPF foci light. Normal human lymphoblastoid cells were
treated with 8-MOP plus UVA light (6 kJT#),
fixed at the indicated times post-treatment and
stained independently using either amni-
spectrin, anti-FANCA or anti-XPF antibodies.
(A) The percentage of nuclei showing multiple
aSpllZ*, FANCA and XPF foci was counted over
a period of 0-24 hours after treatment. Nuclei in
100 cells were counted at each time point.
(B) The average number of damage-induced
aSpllZ*, FANCA and XPF foci per nucleus was
counted at time points from 0-24 hours after
treatment. In each case, 100 nuclei were counted.
Vertical lines indicate * s.e.m.
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B 80 seen in Fig. 4A, nuclei showiregSplIZ* foci
gﬁk’ﬁg:ﬁ’gs”“"f“i were first visible between 8 hours and 10
70 4 | mxPE foci hours after exposure to 8-MOP plus UVA,

and the number of nuclei showing foci
increased with time and peaked at 16 hours.
By 24 hours after exposure, nuclei showing
aSplix* foci were no longer observed and
aSpliz* showed a diffuse pattern of staining
in the nucleus, similar to untreated cells.
FANCA and XPF nuclear foci also first
appeared 8-10 hours after exposure to 8-MOP
plus UVA (Fig. 4A). The number of nuclei
showing FANCA and XPF foci were similar
and increased up to 16 hours just as for
aSpliz*. By 24 hours, nuclei containing
FANCA and XPF foci were also no longer
visible and a diffuse pattern of staining for
these proteins in the nucleus was observed as
it was foraSpllz*. These results show that
aSpliz*, FANCA and XPF foci appear in the
from 0 kJ nt2to 6 kJ m2, both the number of nuclei showing nucleus at the same time after exposure to 8-MOP plus UVA
foci and the average number of foci per nucleus increased light.
levels comparable to those of th&plIZ* foci. At 6 kJ nT2, The average number afSplIZ*, FANCA and XPF foci per
the percentage of nuclei showing FANCA and XPF foci waswucleus also increased up to a period between 14 hours and 16
25% and 27%, respectively, and the average number of foci peours after exposure to 8-MOP plus UVA (Fig. 4B). These
nucleus was 57 for FANCA and 49 for XPF. At 8 kPmnd  numbers were similar farSpliz*, FANCA and XPF. After 16
10 kJ n72, the average number of FANCA and XPF focihours, the number of foci per nucleus decreased for each of
decreased as it did forSpllZ*. These results show that there these proteins. No foci were observed by 24 hours.
is a relationship between the numbeo&pll~*, FANCA and
XPF nuclear foci formed per cell and the percentage of cells o
showing nuclear foci with the dose of 8-MOP plus UVA light Failure of localization of aSpliZ*, FANCA and XPF to
the cells are exposed to. nuclear foci in FA-A cells after damage
In FA-A cells, there is a deficiency in levels @$pllZ* that

_ _ _ correlates with a defect in ability to repair DNA interstrand
Time course of the formation of nuclear foci cross-links produced by either TMP or 8-MOP plus UVA light
To further examine the characteristics of nuclear fociBrois et al., 1999; Lambert and Lambert, 1999; McMahon et
formation, the time course for formation @Bpliz*, FANCA al., 1999; Kumaresan and Lambert, 2000). This makes these
and XPF nuclear foci following exposure of normal cells to 8-cells an excellent source for studying the influenceSylIz*
MOP plus UVA (6 kJ m?) was investigated. For these studies,on formation of damage-induced nuclear foci, particularly
cells were fixed at various periods of time after treatment andecause levels of the DNA repair protein XPF are normal in
stained independently for eith@Bpll>*, FANCA or XPF. The these cells (Brois et al., 1999). Studies were undertaken to
number of foci per nucleus was counted in 100 cells for eadletermine the localization otSpllz* in the nuclei of
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undamaged FA-A cells and FA-A cells exposed to 8-MOP plusiSpliz* and FANCA showed that these proteins localized to
UVA. In addition, the localization of XPF and FANCA was the same discrete foci in the nucleus of corrected FA-A cells
examined in these cells. It was found that, in undamaged FAexposed to 8-MOP plus UVA light (Fig. 6A).
A cells, a diffuse pattern of staining was observed with Similar results were obtained for XPF in the corrected FA-
aSpllz*, but that this staining was much fainter than in normalA cells. In the nuclei of untreated FA-A cells, XPF was present
cells (Fig. 5A). This correlates with the reduced levels ofn a diffuse pattern (Fig. 6B), as it was in the uncorrected FA-
aSpliz* in FA-A cells (Brois et al., 1999; McMahon et al., A cells. However, in the corrected FA-A cells, XPF relocalized
1999). When the FA-A cells were damaged with 8-MOP plugo discrete nuclear foci after treatment with 8-MOP plus UVA
UVA, aSpliz* was shown to relocalize to a few foci in the (Fig. 6B), as it did in damaged normal cells. At 15 hours after
nucleus (Fig. 5A), but there were far fewer foci than indamage, the average number of XPF foci per nucleus was 62
damaged normal cell nuclei. The mean numberSylIz* foci (105% of normal). XPF also co-localized wil$pllz* to the
per nucleus 15 hours after treatment was 12 (20% of normaBame nuclear foci (Fig. 6B). Dual-staining experiments for
No staining for FANCA was observed above background levelsoth XPF and FANCA showed that these two proteins co-
in the nuclei of FA-A cells, either undamaged or damaged witlocalized to the same damage-induced nuclear foci (Fig. 6C).
8-MOP plus UVA (Fig. 5A). This correlates with reports of These results indicate that correcting the deficiency in levels of
lack of detectable levels of this protein in this FA-A cell lineaSpllZ* in FA-A cells restores the ability of XPF to relocalize
(HSC 72) owing to the mutation in tRANCAgene (Kupfer to nuclear foci after the cells are damaged with 8-MOP plus
et al., 1997; de Winter et al., 2000c). UVA light.
Examination of the XPF protein in FA-A cell nuclei showed
that a diffuse staining pattern of XPF was present at levels )
similar to normal (Fig. 5B), which is consistent with our @SpllZ*, FANCA and XPF bind to each other
finding that levels of XPF are similar in FA-A cells and normalThe above immunofluorescence studies show diSyill>*,
cells (Brois et al., 1999). However, in FA-A cells damaged wittFFANCA and XPF localize to the same nuclear foci in normal
8-MOP plus UVA, XPF only relocalized to a few foci in the cells after exposure to 8-MOP plus UVA, and suggest that these
nucleus and mainly showed a more diffuse pattern of stainingroteins interact with each other in the nucleus. Studies were
(Fig. 5B). The average number of foci per nucleus 15 hoursndertaken to provide additional evidence for the existence of
after treatment was 11 (18% of normal). Merging of thethis interaction using immunoprecipitation. A series of IPs
fluorescent signals foraSpll¥* and XPF showed co- were carried out using chromatin-associated-protein extracts
localization of only a few foci (Fig. 5B). To verify this from normal human lymphoblastoid cells. Aatispectrin IP
deficiency in localization of XPF to damage-induced foci afteeand immunoblotting with antrSplliZ*, anti-FANCA or
treatment with 8-MOP plus UVA, experiments were carried ouainti-XPF demonstrated that FANCA and XPF co-
in which dual staining for XPF and FANCA was examined.immunoprecipitated witraSpllZ* (Fig. 7A). IP using anti-
The results show that XPF again relocalized to only a fe’rANCA and immunoblotting with antiiSpll>*, anti-FANCA
damage-induced nuclear foci (Fig. 5C). No staining foror anti-XPF showed that XPF andaSpllZ* co-
FANCA was observed above background levels. Thus in theseamunoprecipitated with FANCA (Fig. 7B). Anti-XPF
FA-A cells, in which there is a deficiencyarspllz*, XPF was  immunoprecipitation and immunoblotting with antspliz*,
not able to relocalize to many discrete nuclear foci afteanti-FANCA or anti-XPF demonstrated that FANCA and
damage with a DNA interstrand cross-linking agent. aSplIZ* co-immunoprecipitated with XPF from the normal
extracts (Fig. 7C). These IP studies thus further confirm that
) N aSpllx*, FANCA and XPF interact with each other in the
aSpliZ*, FANCA and XPF co-localize to nuclear foci in nucleus, although whether this interaction is direct or indirect
corrected FA-A cells after DNA cross-link damage is not yet clear.
When FA-A cells express tHEANCACDNA, the DNA repair
defect and the deficiency in levelsa®pllZ* and FANCA are ) )
corrected; in our corrected FA-A cells, we have also found thd@iscussion
these levels are actually slightly greater than normal (Brois &the precise events that take place during the repair of DNA
al., 1999). Studies were therefore undertaken to determineterstrand cross-links in mammalian cells, the proteins
whether, in the corrected FA-A cells, the defect in ability ofinvolved and their interactions with each other are still poorly
aSpliz*, FANCA and XPF to localize to nuclear foci after understood. The present study demonstrates that three proteins,
DNA damage had been corrected. In the nuclei of correctedSpllZ*, FANCA and XPF, localize to the same nuclear foci
undamaged FA-A cells (HSC72) transduced with a retrovirahfter damage of normal human cells with the DNA interstrand
vector expressing tHEANCACDNA, a diffuse staining pattern cross-linking agent 8-MOP plus UVA light, and thespll=*
was observed foaSpllZ* and FANCA just as in normal cell is important for this re-localization to damage-induced nuclear
nuclei (Fig. 6A). In corrected FA-A cells exposed to 8-MOPfoci. In addition, these studies provide evidence ¢g&ill>*,
plus UVA, aSpll=* relocalized to discrete nuclear foci as in FANCA and XPF interact with each other in the nucleus. These
normal cells (Fig. 6A). The average numbern&plIZ* foci results support a model in whiatsplI=* binds to cross-linked
per nucleus at 15 hours after treatment with 8-MOP plus UVANA and aids in the recruitment of repair proteins to the site
light was 66 (108% of normal). Similarly, FANCA relocalized of damage, where it acts as a scaffold upon which these repair
to foci in the nucleus after damage (Fig. 6A). At 15 hours afteproteins align or spatially orient themselves, thus increasing
damage, the average number of FANCA foci per nucleus wake efficiency of the repair process (McMahon et al., 2001).
68 (111% of normal). Merging the fluorescent signals forAccording to this model, when there is a deficienay3plIZ*,
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cross-link and FANCA also binds to this cross-linked DNA,
although whether this binding is direct or indirect is not clear
(McMahon et al., 2001). A mAb againsSpll~* (McMahon
et al., 2001) and a polyclonal antibody against FANCA
(M.W.L., LW.M. and K. Kumaresan, unpublished) inhibit the
dual incisions we observe at sites of a TMP interstrand cross-
link. A mAb against XPF also specifically inhibits th'eabhd
3 incisions we observe at the site of a cross-link (Kumaresan
and Lambert, 2000), and XPF cells, deficient in the XPF
protein, are defective in ability to produce dual incisions at sites
of cross-links (Kumaresan and Lambert, 2000). In addition,
Kuraoka et al. (Kuraoka et al., 2000) have also shown that
XPF-ERCC1 is involved in production of theghd 3incisions
at the sites of DNA interstrand cross-links. However, although
our studies indicate that these three proteins play a role in
repair of DNA interstrand cross-links, the exact relationship
between them has not yet been elucidated.

Two different approaches were used in the present study to
examine the relationship betwee8pll~*, FANCA and XPF.
One was to investigate whether any of these proteins co-
localize in the nucleus after damage with a DNA interstrand
cross-linking agent; the other was to determine whether any of
these proteins interact with each other as ascertained by
immunoprecipitation. Immunofluorescence studies using dual-
staining techniques showed that, after normal cells were treated
with 8-MOP plus UVA,aSpllZ*, FANCA and XPF changed
their localization in the nucleus and co-localized to the same
discrete nuclear foci. Time course experiments on foci
formation showed that the appearance of FANCA and XPF foci
coincide with that ofiSpliz* foci. The co-localization of these
three proteins to the same foci after damaging the DNA with
8-MOP plus UVA indicates that they might act in concert and
play a role together in the repair of DNA interstrand cross-
links. The average number o5pllZ*, FANCA and XPF foci
per nucleus as well as the number of nuclei showing foci
increased with increasing dosage of 8-MOP plus UVA light,
thus indicating that the foci assembled in response to DNA
damage and that the number of foci depended on the levels of
DNA damage. Presumably, these foci are forming at sites of
damage. Other studies have shown that proteins involved in
DNA repair and checkpoint signaling pathways are relocalized
to nuclear foci after DNA damage. These include XPG, RPA,
FANCD2, BRCA1, Rad51, H2AX, 53BP1, BLM, hMLH1 and
the Mrel1-Rad50-Nbsl complex (Park et al., 1996; Scully et
al., 1997; Wang et al., 2000; Paull et al., 2000; Cantor et al.,

1 2

Fig. 7.Binding of aSpllz*, FANCA and XPF to each other in the
nucleus. Chromatin-associated proteins extracts from normal huma
lymphoblastoid cells were immunoprecipitated with anpectrin,

2001; Anderson et al., 2001; Pedrazzi et al., 2001; Garcia-

Higuera et al., 2001; Choudhary and Li, 2002). The increased

focal concentration of these proteins has been proposed to

anti-FANCA and anti-XPF antibodies. (A) Immunoprecipitation was faC'“t.ate thelr various enzyma_tlc activities . and their
carried out using anti-spectrin antibody or mouse Ig@as a functioning in processes such as signal transduction (Anderson
control). (B) Proteins were immunoprecipitated using anti-FANCA €t al., 2001). In the present study, the number of foci formed
antibody or rabbit serum. (C) Immunoprecipitation was done using peaked between 14-16 hours, then started to decrease and was
anti-XPF antibody and mouse serum. In all of the above back to background levels at 24 hours. Presumably, this
immunoprecipitations (A-C), immunoblot analysis was carried out  reflected the repair of cross-links and dispersal of the proteins
using antieSpliz* (top panel), anti-FANCA (second panel) or anti-  jn the foci at the completion of the repair process.

XPF (third panel). Immunoprecipitation studies showed thatSplI=*,
FANCA and XPF have binding affinity for each other,
although whether this binding is direct or indirect is not yet

2002), though this does not preclude their involvement irtlear. We have previously reported, in separate experiments,

subsequent steps as well. The evidence for this isahat that FANCA co-immunoprecipitates  with aSpllz*

spectrin binds directly to DNA containing a TMP interstrand(McMahon et al., 1999) and that XPF co-immunoprecipitates
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with aSplIZ* (McMahon et al., 2001). In the present study, which express thEANCACcDNA, aSplIZ*, FANCA and XPF
co-immunoprecipitation of all three proteins in the sameagain co-localize to nuclear foci and both the number of foci
experiment was examined. When immunoprecipitation waper nucleus and the number of nuclei showing foci are restored
carried out using anti-spectrin, FANCA and XPF were to normal. This correlates with return to levelo&pliz* and
shown to co-immunoprecipitate withSpllZ* from normal  FANCA in the nucleus that are slightly greater than normal and
chromatin-associated proteins. The binding of these proteirf levels of DNA repair (unscheduled DNA synthesis) that are
to each other was confirmed by anti-FANCA and anti-XPFslightly higher than normal (McMahon et al., 1999; Brois et
immunoprecipitation. This demonstrated association betweea., 1999). It is possible that the FANCA protein is needed for
these three proteins again indicates that they might b&ability of aSpllZ* in the nucleus or that tHeANCAgene is
involved in a common biochemical pathway such as repair afivolved in regulating the expression@$pliZ*. Our studies
DNA interstrand cross-links. Whether they form one complexshow that levels afrSpll2* mRNA are the same in FA-A cells
at the site of damage or are part of at least two interactings in normal cells, which would indicate that reduced levels
complexes is not yet clear. of aSpllz* in the FA-A nucleus are not due to decreased
The use of FA cells in the present study has enabled us to getpression obtiSpliZ* (J. Lefferts and M.W.L., unpublished).
a much better understanding of the importan@eSgfli>* inthe It is possible that FANCA and other FANC proteins are
repair of DNA interstrand cross-links and its relationship to otheinvolved in the stability ofaSpllZ*. Studies indicate that
proteins involved in the repair process. Because the deletion BANCA, FANCC, FANCE, FANCF and FANCG form a
o spectrin from a cell has been shown to be lethal (e.g. ibomplex in the nucleus; they further suggest that the presence
Drosophila melanogastesind Caenorhabditis elegahgLee et  of each of these proteins is important for the stability of the
al., 1993; Lee et al., 1997; Norman and Moerman, 2002), theomplex and that, in the absence of any of these proteins, this
FA-A cell line examined in the present study provides arcomplex is disrupted (Kupfer et al., 1997; Yamashita et al.,
excellent model for examination of the effects on the repait998; Garcia-Higuera et al., 1999; Waisfisz et al., 1999; de
process of decreased levelsa@pllZ* (reduced to 30-35% of Winter et al., 2000c; Reuter et al., 2000; Garcia-Higuera et al.,
normal) in the nucleus. When FA-A cells were treated with 82000; Medhurst et al., 2001; Siddique et al., 2001; Pace et al.,
MOP plus UVA light, the reduction in number (but not 2002; Taniguchi and D’Andrea, 2002). In the FA-A cells used
elimination) ofaSplIZ* nuclear foci correlated with decreased in the present work, in addition to undetectable levels of
levels ofaSpllZ* in the FA-A nuclei, which was quantitatively FANCA, there are reduced levels of this protein complex
assessed by examination of tifgpll=* band on an SDS gel that (Yamashita et al., 1998; Garcia-Higuera et al., 1999; Garcia-
was electroblotted onto a nitrocellulose membrane and stainétiguera et al., 2000). In the present work, the reduced levels
with colloidal gold (Brois et al., 1999; McMahon et al., 1999).of aSpllz* observed in the FA-A cells could thus possibly be
This decrease iaSplIZ* levels in FA-A cells correlated in turn  due not only to the reduced levels of FANCA in these cells but
with a decreased number of endonucleolytic incisions producealso to the reduced levels of this FA protein complex.
at the site of a TMP interstrand cross-link by chromatin- These studies show that there is localization of at least
associated-protein extracts from FA-A cells and with thehree different proteins in the nucleus of normal human cells
observed reduction of DNA repair levels, measured at common sites after damage with a DNA interstrand cross-
unscheduled DNA synthesis, in these cells (Brois et al., 199%inking agent: one is a structural protear§pli~*, which we
Kumaresan and Lambert, 2000). All these values werbypothesize acts as a scaffolding protein; one an FA protein,
approximately 25-35% of those of normal cells (Brois et al. FANCA; and one a DNA repair protein, XPF, which has been
1999; Kumaresan and Lambert, 2000). Preliminary studies usirgliown to be involved in repair of DNA interstrand cross-links
a FA-C cell line (HSC 536) indicate that there is a similar(de Laat et al., 1998; Kumaresan and Lambert, 2000; Kuraoka
correlation between decreased levelsa8pllZ*, a decreased et al., 2000; Kumaresan et al., 2002). The use of FA-A cells,
number ofaSplIZ* nuclear foci after damage with 8-MOP plus which contain normal levels of XPF, in these studies enabled
UVA light and decreased repair of interstrand cross-links in thesgs to demonstrate thaSplIz* is needed for the localization
cells. In addition, the present demonstration that, in FA-A cellof XPF to these nuclear foci after damage with a DNA
there is a markedly reduced recruitment of XPF to nuclear foénterstrand cross-linking agent and emphasizes the
after damage with 8-MOP plus UVA light, compared withimportance ofaSpllZ* in the recruitment of repair proteins
normal cell nuclei, further supports our model th&pllz* is  to sites of DNA damage. These results, combined with the
involved in targeting repair proteins to sites of damage and thgiresent demonstration that these three proteins interact with
when levels ofaSpllZ* are significantly reduced, so is the each other and with our previous studies on the involvement
recruitment of repair proteins to these damage sites. Because tife these proteins in the initial damage-recognition and
FANCA protein is absent in this FA-A cell line, it is also possibleincision steps of the repair process, greatly strengthen the
that it is needed for formation of XPF foci. However, the preserntoncept thatiSpli=*, FANCA and XPF play an important
study shows that, in the absence of FANCA, there is still a lowole in the repair of DNA interstrand cross-links. In addition,
level of aSplIZ* and XPF focus formation and that the numberthey emphasize the importance of a structural protein,
of foci per nucleus correlates with the levelsi8plIz* present  aSpllz*, in aiding in the targeting and interaction of specific
in FA-A cell nuclei (McMahon et al., 1999). If FANCA were proteins in the nucleus, a role that could extend beyond an
essential for the formation of these foci, no foci should bénvolvement in DNA repair to an involvement in other

observed in this FA-A cell line. processes as well.
The present studies also show that a functiBABICAgene
is essential for the re-localization afSpllz*, FANCA and We thank Robert Lockwood for technical assistance. This research

XPF to damage-induced nuclear foci. In corrected FA-A cellswas supported by NIH grant RO1 HL54806 (M.W.L.).



834  Journal of Cell Science 116 (5)

References The Fanconi anemia proteins FANCA and FANCG stabilize each other and

Ahmad, S. I., Hanaoka, F. and Kirk, S. H.(2002). Molecular biology of promote the nuclear accumulation of the Fanconi anemia contiteod
Fanconi anaemia — an old problem, a new insBitEssay4, 439-448. 96, 3224-3230.

Anderson, L., Henderson, C. and Adachi, Y(2001). Phosphorylation and ~Garcia-Higuera, I., Taniguchi, T., Ganesan, S., Meyn, M. S., Timmers, C.,
rapid relocalization of 53BP1 to nuclear foci upon DNA damis. Cell. Hejna, J., Grompe, M. and D'Andrea, A. D.(2001). Interaction of the
Biol. 21, 1719-1729. Fanconi anemia proteins and BRCAL in a common pathhtal. Cell 7,

Auerbach, A. D.(1995). Fanconi anemi@ermatol. Clin.13, 41-49. 249-262.

Auerbach, A. D., Buchwald, M. and Joenje, H(1998). Fanconi anemia. In Glanz, A. and Fraser, F. C.(1982). Spectrum of anomalies in Fanconi
The Genetic Basis of Human Can¢eds B. Vogelstein and K. W. Kinzler), ~ anaemiaMed. Genetl19, 412-416.

pp. 317-332. New York: McGraw-Hill. Greenberg, R. B., Alberti, M., Hearst, J. E., Chua, M. A. and Saffran, W.
Averbeck, D., Papadopoulo, D. and Moustacchi, £1988). Repair of 4/5- A. (2001). Recombinational and mutagenic repair of psoralen interstrand

trimethylpsoralen plus light induced DNA damage in normal and Fanconi’s Cross-links inSaccharomyces cerevisiak Biol. Chem276, 31551-31560.

anemia cell linesCancer Res48, 2015-2020. Hang, B., Yeung, A. T. and Lambert, M. W.(1993). A damage-recognition
Bessho, T., Mu, D. and Sancar, A(1997). Initiation of DNA interstrand protein which binds to DNA containing interstrand cross-links is absent or

cross-link repair in humans: the nucleotide excision repair system makes defective in Fanconi anemia, complementation group A, ¢élisleic Acids
dual incisions 5to the cross-linked base and removes a 22- to 28-nucleotide- Res 21, 4187-4192.
long damage-free straniilol. Cell. Biol.17, 6822-6830. Jones, B. K. and Yeung, A. T(1988). Repair of 4,38-trimethylpsoralen
Brois, D. W., McMahon, L. W., Ramos, N. I., Anglin, L. M., Walsh, C. E. monoadducts and cross-links by thEscherichia coli UvrABC
and Lambert, M. W. (1999). A deficiency in a 230 kDa DNA repair protein ~ endonuclease?roc. Natl. Acad. Sci. US85, 8410-8414.
in Fanconi anemia complementation group A cells is corrected by thKumaresan, K. R., Hang, B. and Lambert, M. W. (1995). Human
FANCACDNA. Carcinogenesif0, 1845-1853. endonucleolytic incision of DNA '3and 3 to a site-directed psoralen
Calsou, P., Sage, E., Moustacchi, E. and Salles,(B996). Preferential repair monoadduct and interstrand cross-lidkBiol. Chem270, 30709-30716.
incision of cross-links versus monoadducts in psoralen-damaged plasmigimaresan, K. and Lambert, M. W. (2000). Fanconi anemia,
DNA by human cell-free extractBiochemistry35, 14963-14969. complementation group A, cells are defective in ability to produce incisions
Cantor, S. B., Bell, D. W., Ganesan, S., Kass, E. M., Drapkin, R., at sites of psoralen interstrand cross-lifkarcinogenesi®1, 741-751.
Grossman, S., Wahrer, D. C. R., Sgroi, D. C., Lane, W. S., Haber, D. A. Kumaresan, K. R., Hwang, M., Thelen, M. P. and Lambert, M. W(2002).
et al. (2001). BACH1, a novel helicase-like protein, interacts directly with ~ Contribution of XPF functional domains to theahd 3 incisions produced

BRCAL and contributes to its DNA repair functia®ell 105 149-160. at the site of a psoralen interstrand cross-IBikchemistry41, 890-896.

Cheng, S., Sancar, A. and Hearst, J. E1991). RecA-dependent incision of Kupfer, G. M., Naf, D., Suliman, A., Pulsipher, M. and D’Andrea, A. D.
psoralen-crosslinked DNA by (A)BC exonucleakieicleic Acids Resl9, (1997). The Fanconi anaemia proteins, FAA and FAC interact to form a
657-663. nuclear complexNat. Genetl7, 487-490.

Choudhary, S. K. and Li, R.(2002). BRCA1 modulates ionizing radiation- Kuraoka, I., Kobertz, W. R., Ariza, R. R., Biggerstaff, M., Essigmann, J.
induced nuclear focus formation by the replication protein A p34 subunit. M. and Wood, R. D. (2000). Repair of an interstrand DNA cross-link

J. Cell. Biochem84, 666-674. initiated by ERCC1-XPF repair/recombination nucledsBiol. Chem275,
Christianson, T. A. and Bagby, G. C(2000). FANCA protein binds FANCG 26632-26636.

proteins in an intracellular compleRlood 95, 725-726. Lambert, M. W., Fenkart, D. and Clarke, M. (1988). Two DNA endonuclease
Cohen, Y., Dardalhon, M. and Averbeck, D.(2002). Homologous activities from normal human and xeroderma pigmentosum chromatin active

recombination is essential fdRAD51 up-regulation inSaccharomyces on psoralen plus ultraviolet light treated DN¥Aut. Res193, 65-73.

cerevisiaefollowing DNA crosslinking damageNucleic Acids Res30, Lambert, M. W., Tsongalis, G. J., Lambert, W. C., Hang, B. and Parrish,

1224-1232. D. D. (1992). Defective DNA endonuclease activities in Fanconi’'s anemia

de Laat, W. L., Appeldoorn, E., Jasper, N. G. J. and Hoeijmakers, J. H. J. cells, complementation groups A andNBut. Res273 57-71.
(1998). DNA structural elements required for ERCC1-XPF endonucleaseambert, M. W., Tsongalis, G. J., Lambert, W. C., Hang, B. and Parrish,

activity. J. Biol. Chem273 7835-7842. D. D. (1997). Correction of the DNA repair defect in Fanconi anemia
De Silva, I. U., McHugh, P. J., Clingen, P. H. and Hartley, J. A(2000). complementation groups A and D ceBochem. Biophys. Res. Commun.
Defining the roles of nucleotide excision repair and recombination in the 230, 587-591.
repair of DNA interstrand cross-links in mammalian ce¥sl. Cell. Biol Lambert, M. W. and Lambert, W. C. (1999). DNA repair and chromatin
20, 7980-7990. structure in genetic diseasé¥og. Nucleic Acid Res. Mol. Biob4, 257-
de Winter, J. P., Waisfisz, Q., Rooimans, M. A., van Berkel, C. G. M., 309.
Bosnoyan-Collins, L., Alon, N., Carreau, M., Bender, O., Demuth, I., Lee, J. K., Coyne, R. S., Dubreuil, R. R., Goldstein, L. S. B. and Branton,
Schindler, D. et al.(1998). The Fanconi anaemia group G geABCGis D. (1993). Cell shape and interaction defectsahspectrin mutants of
identical withXRCC9 Nat. Genet20, 281-283. Drosophila melanogasted. Cell Biol.123 1797-1809.
de Winter, J. P., Leveille, F., van Berkel, C. G., Rooimans, M. A, van Der Lee, J. K., Brandin, E., Branton, D. and Goldstein, L. S. B(1997).a-
Weel, L., Steltenpool, J., Demuth, I., Morgan, N. V., Alon, N., Bosnoyan- Spectrin is required for ovarian follicle monolayer integrityDirosophila

Collins, L. et al. (2000a). Isolation of a cDNA representing the Fanconi melanogasterDevelopmenfi24, 353-362.
anemia complementation group E geAm. J. Hum. Gene67, 1306-1308.  Li, L., Peterson, C. A,, Lu, X., Wei, P. and Legerski, R. J1999). Interstrand
de Winter, J. P., Rooimans, M. A., van Der Weel, L., van Berkel, C. G., cross-links induce DNA synthesis in damaged and undamaged plasmids in
Alon, N., Bosnoyan-Collins, L., de Groot, J., Zhi, Y., Waisfisz, Q., Pronk, mammalian cell extractd/ol. Cell. Biol. 19, 5619-5630.
J. C. et al. (2000b). The Fanconi anemia geR&NCF encodes a novel Lo Ten Foe, J. R., Rooimans, M. A., Bosnoyan-Collins, L., Alon, N.,

protein with homology to ROMNat. Genet24, 15-16. Wijker, M., Parker, L., Lightfoot, J., Carreau, M., Callen, D. F., Savoia,
de Winter, J. P., van Der Weel, L., de Groot, J., Stone, S., Waisfisz, Q., A. et al. (1996). Expression cloning of a cDNA for the major Fanconi
Arwert, F., Scheper, R. J., Kruyt, F. A., Hoatlin, M. E. and Joenje, H. anaemia genBAA Nat. Genetl4, 320-323.
(2000c). The Fanconi anemia protein FANCF forms a nuclear complex witMcMahon, L. W., Walsh, C. E. and Lambert, M. W. (1999). Humanu
FANCA, FANCC and FANCGHum. Mol. Genet9, 2665-2674. spectrin 1l and the Fanconi anemia proteins FANCA and FANCC interact
Dronkert, M. L. G. and Kanaar, R. (2001). Repair of DNA interstrand cross- to form a nuclear complex. Biol. Chem274, 32904-32908.
links. Mut. Res486, 217-247. McMahon, L. W., Sangerman, J., Goodman, S. R., Kumaresan, K. and
Fanconi Anaemia/Breast Cancer Consortiun(1996). Positional cloning of Lambert, M. W. (2001). Humaro spectrin Il and the FANCA, FANCC,
the Fanconi anaemia group A gehiat. Genet14, 324-328. and FANCG proteins bind to DNA containing psoralen interstrand cross-
Fu, K.-L., Thuss, P. C., Fujino, T., Digweed, M., Liu, J. M. and Walsh, C. links. Biochemistry40, 7025-7034.
E. (1998). Retroviral gene transfer for the assignment of Fanconi anemilsledhurst, A. L., Huber, P. A. J., Waisfisz, Q., de Winter, J. P. and Mathew,
(FA) patients to a FA complementation grotfum. Genet102, 166-169. C. G.(2001). Direct interactions of the five known Fanconi anaemia proteins
Garcia-Higuera, I., Kuang, Y., Naf, D., Wasik, J. and D’Andrea, A. D. suggest a common functional pathwelym. Mol. Genetl0, 423-429.
(1999). Fanconi anemia proteins FANCA, FANCC and FANCG/XRCC9Norman, K. R. and Moerman, D. G.(2002).a Spectrin is essential for
interact in a functional nuclear compléwol. Cell. Biol 19, 4866-4873. morphogenesis and body wall muscle formatioG&@norhabditis elegans

Garcia-Higuera, ., Kuang, Y., Denham, J. and D’Andrea, A. D.(2000). J. Cell Biol 157, 665-677.



aSpllz*, FANCA, XPF localize to sites of cross-links 835

Pace, P., Johnson, M., Tan, W. M., Mosedale, G., Sng, C., Hoatlin, M., de In vitro repair of psoralen-DNA cross-links by RecA, UvrABC, and the 5
Winter, J., Joenje, H., Gergely, F. and Patel, K. J(2002). FANCE: the exonuclease of DNA polymerasell.Biol. Chem264, 6755-6765.
link between Fanconi anaemia complex assembly and acBWtBO J.21, Strathdee, C. A., Gavish, H., Shannon, W. R. and Buchwald, M1992).

3414-3423. Cloning of cDNAs for Fanconi’'s anaemia by functional complementation.
Papadopoulo, D., Averbeck, D. and Moustacchi, §1987). The fate of 8- Nature 356, 763-767.

methoxypsoralen-photo-induced DNA interstrand crosslinks in Fanconi'sfaniguchi, T. and D’Andrea, A. D. (2002). The Fanconi anemia protein,

anemia cells of defined genetic complementation groMips. Res.184, FANCE, promotes the nuclear accumulation of FAN(&lood 100

271-280. 2457-2462.

Park, M. S., Knauf, J. A., Pendergrass, S. H., Coulon, C. H., Strniste, G. Thompson, L. H.(1996). Evidence that mammalian cells possess homologous
F., Marrone, B. L. and Maclnnes, M. A. (1996). Ultraviolet-induced recombinational repair pathwaydut. Res 363, 77-88.
movement of the human DNA repair protein, xeroderma pigmentosum typ&mmers, C., Taniguchi, T., Hejna, J., Reifsteck, C., Lucas, L., Brunn, D.,
G, in the nucleusProc. Natl. Acad. Sci. US83, 8368-8373. Thayer, M., Cox, B., Olson, S., D’Andrea, A. D. et a2001). Positional
Parrish, D. D. and Lambert, M. W. (1990). Chromatin-associated DNA cloning of a novel Fanconi anemia geR&NCD2 Mol. Cell 7, 241-248.
endonucleases from xeroderma pigmentosum cells are defective Man Houten, B. (1990). Nucleotide excision repair iBscherichia coli
interaction with damaged nucleosomal DNVMutation Res235 65-80. Microbiol. Rev.54, 18-51.
Parrish, D. D., Lambert, W. C. and Lambert, M. W. (1992). Xeroderma  Waisfisz, Q., de Winter, J. P., Kruyt, F. A., de Groot, J., van Der Weel, L.,
pigmentosum endonuclease complexes show reduced activity on and affinity Dijkmans, L. M., Zhi, Y., Arwert, F., Scheper, R. J., Youssoufian, H. et
for psoralen cross-linked nucleosomal DNMut. Res273 157-170. al. (1999). A physical complex of the Fanconi anemia proteins
Paull, T. T., Rogakou, E. P., Yamazaki, V., Kirchgessner, C. U., Gellert, M. FANCG/XRCC9 and FANCAProc. Natl. Acad. Sci. US$6, 10320-10325.
and Bonner, W. M. (2000). A critical role for histone H2AX in recruitment Wang, Y., Cortez, D., Yazdi, P., Neff, N., Elledge, S. J. and Qin, (2000).
of repair factors to nuclear foci after DNA dama@aerr. Biol. 10, 886-895. BASC, a super complex of BRCAl-associated proteins involved in the
Pedrazzi, G., Perrera, C., Blaser, H., Kuster, P., Marra, G., Davies, S. L., recognition and repair of aberrant DNA structut@snes Dewl4, 927-939.
Ryu, G.-H., Freire, R., Hickson, I. D., Jiricny, J. et al.(2001). Direct Wang, X., Peterson, C. A., Zheng, H., Naim, R. S., Legerski, R. J. and Li,
association of Bloom’s syndrome gene product with the human mismatch L. (2001). Involvement of nucleotide excision repair in a recombination-

repair protein MLH1Nucleic Acids Ref9, 4378-4386. independent and error-prone pathway of DNA interstrand cross-link repair.
Reuter, T., Herterich, S., Bernhard, O., Hoehn, H. and Gross, H. J2000). Mol. Cell. Biol 21, 713-720.

Strong FANCA/FANCG but weak FANCA/FANCC interaction in the yeast Yamashita, T., Kupfer, G. M., Naf, D., Suliman, A., Joenje, H., Asano, S.

2-hybrid systemBlood 95, 719-720. and D’Andrea, A. D. (1998). The Fanconi anemia pathway requires FAA

Scully, R., Chen, J., Ochs, R. L., Keegan, K., Hoekstra, M., Feunteun, J. phosphorylation and FAA/FAC nuclear accumulati®roc. Natl. Acad. Sci.
and Livingston, D. M. (1997). Dynamic changes of BRCAL subnuclear USA95, 13085-13090.
location and phosphorylation state are initiated by DNA danfagk 90, Zhang, N., Lu, X., Zhang, X., Peterson, C. A. and Legerski, R. §2002).

425-435. hMutS3 is required for the recognition and uncoupling of psoralen
Siddique, M. A., Nakanishi, K., Taniguchi, T., Grompe, M. and D’Andrea, interstrand cross-links in vitrddol. Cell. Biol.22, 2388-2397.

A. D. (2001). Function of the Fanconi anemia pathway in Fanconi anemi@hen, W., Evans, M. K., Haggerty, C. M. and Bohr, V. H(1993). Deficient

complementation group F and D1 celxp. Hematol29, 1448-1455. gene specific repair of cisplatin-induced lesions in xeroderma pigmentosum

Sladek, F. M., Munn, M. M., Rupp, W. D. and Howard-Flanders, P(1989). and Fanconi’s anemia cell lingSarcinogenesid4, 919-924.



