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1. Introduction

As part of the special issue on Fanconi anemia (FA), we would
like to summarize current understanding on FA and how studies
using DT40 cells have contributed to the field, DT40 is an avian
B lymphocyte cell line, which has been derived from retrovirally
induced lymphoma in the Bursa of Fabricius [1]. In 1991, Drs Jean
Marie Buerstedde and Shunichi Takeda reported that this cell line
has an extremely high capability in targeted integration of a plasmid
DNA into homologous genomic locus [2]. This property is useful in
making gene-disrupted cell lines, and DT40 has been exploited in a
number of studies in cellular and molecular biology.

Our laboratory has been focusing on FA, a rare hereditary
disorder. characterized by progressive bone marrow failure, com-
promised genome stability, and increased incidence of cancer (for
clinical aspects of FA, see “Fanconi Anemia and its Diagnosis™ Auer-
bach, this issue) [3-6], FA is caused by multiple genetic defects, and
currently altogether 13 genes have been identified. Mutations inany
of these genes result in a similar FA phenotype (except for FA-D1
and FA-N patients; they display severer symptoms), indicating that
the FA gene products constitute a common bicchemical network
often referred to as “FA pathway".

Although we use other cell lines and systems as well, DT40
still remains our favorite model in analyzing molecular mecha-
nisms of FA, since it is a quick and easy system to carry out “clean”
genetic experiments, Gene targeting in DT40 cells normally needs
screening only 20-30 clones to identify correct targeting events,
They grow very fast, and are easy to handle. In contrast, cell lines
from FA patients are generally difficult to grow, and even simple
stable transfectants might be difficult to obtain. The RNA inter-
ference in cultured mammalian cells is certainly highly useful.
However, it might not always lead to sufficient reduction of the
protein expression, and the remaining protein levels may ham-
per definite interpretation of the data. In DT40 cells, sophisticated
genetic manipulations such as conditional or double/triple knock-
outs have been achieved, Furthermore, we can introduce a subtle
“knock-in" mutation into a locus without touching cis genetic
elements. This seems highly useful for dissecting biochemical path-
ways. However, one potential drawback is that some antibodies
against mammalian protein do not cross-react with the chicken
protein, “Knock-in" of a flucrescent protein or an epitope tag could
overcome this problem. Finally, DT40 is a chicken cell line, and
we should be careful about the possibility that there could be
some difference between human and chicken system, although
fundamental molecular mechanisms are well conserved through
evolution.

Based on the known structural and functional properties, the FA
proteins may be classified into three groups: (1) components of the
FA core complex (FANCA/B/C/E[F/G/L/M), (2) FANCD2 and FANCI,
forming [~D complex; (3) breast cancer susceptibility proteins
BRCA2/FANCD1, PALB2/FANCN, and BRIP1/FANC] [5]. In addition,
a few gene products have been discovered, which associate with
the FA core complex (e.g. FAAP100 and FAAP24 proteins) but with-
out known FA patients lacking these factors [S]. In Table 1, we
summarized homologies between human FA genes and chicken
counterparts, Fig. 1 shows chromosomal locations of the chicken
FA genes as well as FA-related genes.

Thereis anestablished link between group (1)and group (2) pro-
teins through the signal transduction pathway leading to FANCD2
monoubiquitination;, while group (3) proteins are proposed to func-
tion down stream of the (1) and (2) proteins [5]. However, in our
view, there is no hard evidence to support this hypothesis, and it
is possible that they could function in a distinct manner to the
rest of the FA proteins (see below). Therefore hereafter in this
review, we will use the term “FA pathway” to indicate the FA core
complex~-FANCD2/FANCI axis consisting of group (1) and (2) pro-
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3 We have not yet verified sequence data of these chicken genes deposited in the
NCBI database.

b Percent identity/similarity to human homolog was assessed by BLASTP pro-
gram at the NCBI website using full-length chicken amino acid sequence. In some
of the alignments, there are gaps, resulting in overestimation of the actual overall
identity/similarity. Thus the values should be regarded as a rough estimate,

teins. In case we need to refer all of them including group (3)
proteins, we would use the term “FA proteins”,

2. FAis a disorder defective in DNA damage response/DNA
repair

Genome stability is crucial for maintaining genetic integrity of
the organism, and therefore all cells have elaborate systems to
repair or tolerate endogenous or exogenous DNA damage. The S
phase is a particularly vulnerable period to DNA damage, Presence
of DNA lesion in the genome during S phase may cause arrest of
DNA replication forks, which must be reinitiated to avoid fork col-
lapse that potentially leads to lethal double-strand breaks (DSBs)
or carcinogenic chromosomal rearrangements, Cells carry out this
task by two basic mechanisms including (1) template switching to
the intact sister chromatid using homologous recombination (HR)
strategies, or (2) DNA damage bypass in which the specialized poly-
merases replicate past DNA lesions and fill single-stranded gaps
(termed translesion synthesis, TLS). Masao Sasaki first reported
in 1973 an important observation which potentially connects FA
with such mechanisms: cells from FA patients exhibit highly ele-
vated levels of chromosome aberrations upon treatment with DNA
crosslinker (e.g. diepoxybutane or mitomycin C) [7]. This has led to
the proposal that the basic defect in FA is somehow related to the
cellular response to interstrand DNA crosslink (ICL) and its repair
mechanisms [8]: Although current evidence clearly defines FAas a
disorder defective in DNA damage response and/or repair, this has
not been substantiated until very recently.

Probably the first concrete evidence that implicate an FA gene
in DNA damage response came with the identification of FANCD2
reported in 2001 [9]. Although FANCD2 protein has no functional
motifs known to date, it responds by inducible monoubiquitination
and formation of nuclear foci to the treatment with DNA damaging
agents such as UV or MMC [10]. Furthermore, the FANCD2 foci
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Fig. 1. Chromosomal localization of chicken FA genes. A metaphase spread of male chicken celis is stained with DAPL Localization of FA and FA-related genes are indicated.

colocalize with BRCA1 as well as Rad51 {11} Rad51 is a.recombi-
nase that plays a central role in HR. In the presence of accessory
proteins (e.g. Rad51 paralogs), it polymerizes on 3/-protruded
single-stranded DNA overhang such as resected DSB ends, leading
to formation of the nucleoprotein filaments. This structure is cen-
tral to the HR activities like homology search, strand invasion, and
strand exchange [12]. On the other hand, BRCA1 provides important
mediator: function in: DNA damage response including HR repair
{13]. Heterozygous mutations in BRCA1 as well as BRCA2 account
about 60% of the cases of familial breast cancer. Although they have
a similar name, there is no structural homology between them.

Itis notable that low levels of FANCD2 monoubiquitination occur
spontaneously due to endogenous DNA damage as cells progress
through S phase {11}, Furthermore, FANCD2 undergoes robust
monoubiquitination in response to agents such as hydroxyurea
(HU). Since the HU treatment arrests replication fork by depleting
nucleotide poot in the cell, it seems likely that the replication fork
stalling is the key phenomenon that triggers monoubiquitination.

Then there was the astonishing discovery that some FA cells
(they mostly belong to the FA-D1 complementation group) cariy
biallelic hypomorphic mutations in the familial breast cancer gene
BRCAZ [14). Thus BRCA2 is now classified as the FANCD1 gene. The
BRCA2 protein is an important regulator of Rad51 by facilitating
“nucleation” of the nucleoprotein filaments {15,16), corroborating
the notion that the FA proteins function in HR repair.

We started working on FA in 2000 to test the hypothesis that FA
genes may function in homologous recombination (HR). This idea
was based on the observation that DT40 mutants, which lack Rad51
paralogs and thus are defective in HR, display similar phenotype to
human FA cells such as MMC sensitivity or higher levels of chro-
mosome breakage {17,18]. It seemed a good model system because
we can use a few established HR assays in DT40. We created first
fancg [19] then fancd2 [20] knockout DTA0 cell lines, and subjected
them to the HR assays. For example, we looked at repair capacity of
chromosomal DSB in the artificial recombination substrate SCneo
carrying an 1-Scel site in its defective neo gene (kindly provided
by Dr. Maria Jasin; Sloan Kettering Institute). Introduction of the
1-Scel expression construct induces DSB, which is repaired by HR
using the upstream partial neosequence as a temple. As aresult, the
correct HR repair events can be measured by neo-resistant colony

formation. We also measured efficiency in gene targeting as ratio of
clones that carry targeted to random integration events by South-
ern blotting following transfection of the targeting constructs. Gene
targeting events have been reported to be defective in a number of
HR-deficient cell lines [17,21]. In both of these assays, we found
significant reduction in the HR events in both fancd2 [20] or funcg
[19] knockout mutants. Gene targeting efficiency is reduced also
in fancc cells [22]. These observations were the first demonstration
that cells deficient in FA genes are defective in HR repair. Later, it has
been shown that human FA cells are mildly defective in HR using
similar, but GFP-based, HR reporter assay [23]. However, whether
such mild HR defects can explain extreme ICL sensitivity of FA cells
is uncertain.

3. Studying FA gene function in the Ig diversification

In the Bursa of Fabricius, chicken B cells expand immuno-
logical repertoire by two mechanisms: gene conversion (GCV)
and somatic hypermutation (SHM) (Fig. 2) [24]. GCV is basically
achieved by non-reciprocal copying/pasting of genetic information
from upstream pseudo gene segments (termed YV) as a template to
the Ig V genes (encoding the variable regions of heavy or light chain)
by HR, whereas SHM introduces non-templated single nucleotide
substitution due to TLS. TLS employs specialized DNA polymerases,
which have in general a relaxed specificity, and are inherently muta-
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Fig. 2. Ongoing immunoglobulin diversification in DT40 cells. Following V(D))
recombination, IgV genes are diversified through genie conversion or somatic hyper-
mutation. See text for details. sigM, surface 1gM: .V, variable region; C. constant
region.
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genic. Chicken has only one Ig V gene segment in each of heavy
and light chain genes, thus needs such mechanisms to diversify
the V genes and to protect against invading organisms, It is now
thought that the common initiating event in GCV and SHM in the V
gene segments is the conversion of deoxycytidine to uracil, which
is mediated by B-cell specific factor activation-induced deaminase
(AID) [25]. In turn, the uracil is catalyzed by uracil DNA glycosylase
(UDG/UNG), resulting in an abasic site that is processed by either
GCV or SHM mechanisms [26].

DT40 cells continue these processes in vitro, thus providing a
great opportunity to examine how the FA pathway affects Ig diver-
sification in a physiological context, The rate of GCV and SHM events
can be estimated by assaying loss or gain of Ig surface expression
since GCV and SHM may introduce or correct inactivating muta-
tions (e.g. frame shifts) in the V genes. The exact nature of the
events can be clarified by nucleotide sequencing. We looked at the
Immunoglobulin (Ig) light chain locus in fancd2 cells, Cells were
subcloned by limiting dilution, and kept for a few weeks in culture,
Then the expanded clonal subpopulations were tested for surface
lg expression as well as changes in the gV sequence. We observed
that, in fancd2 cells, levels of the Ig GCV as well as the SHM were
significantly reduced [20}. Patel and coworkers have used fancc
knockout DT40 and reported similar data, consistent with our con-
clusion [27]. Collectively, these results implicate the core complex
as well as-FANCD2Z in both HR and TLS processes in diversification
of the Ig gene in the chicken B lymphocytes. Interestingly, it has
been reported that human and hamster FA cells with or without
mutagen treatment have lower levels of mutation frequency in rel-
ative to normal human cells, indicating conserved roles of the FA
pathway in TLS mechanisms [28,29].

4. Epistasis analysis using FA/HR double knockouts

To fusther confirm the role of the FA pathway in HR, we wished
to study epistasis between FA genes and the core HR machinery, In
DT40 (like in yeast S, cerevisige), it is relatively straight forward to
make double knockouts, although you may have to first establish
a conditional mutant in cases the gene(s) of interest is essential to
maintain gene targeting efficiency, Since DT40 has only one copy
of FANCG: or FANCC locus = they are on the sex chromosome Z
(Fig. 1) - and XRCC3 conditional knockout cell line was available
[30], we have deleted FANCC and FANCG genes in this conditional
background. Then the XRCC3 expression cassette was excised by
tamoxifen-inducible Cre-1oxP system. XRCC3 is one the five Rad51
paralogs, and plays an important role in the early phase HR as a co-
factor for Rad51 [17], or possibly as a Holliday Junction resolvase at
the late phase HR {31,32].

Incolony survival in cisplatin-containing media, both fancc/xrcc3
[22] and fancg/xrcc3 [33] double knockouts displayed the same
levels of sensitivity to FANCC- or XRCC3-deficient cells, respec-
tively, revealing an epistatic relationship between the FA pathway
and a Rad51paralog gene in ICL repair. Again, Patel and cowork-
ers reported similar observation using fancc/xrcc2 double knockout
DT40 cell line [27]. Of note, among the FA cell lines we generated,
some lines (e.g. fancg, fance, fancm, or fanca) are more tolerant to
the ICL treatment compared to the other core complex mutants (e.g.
fancc, fancl, faap100) from unknown reasons ([19,22,34,35] and our
unpublished observations).

5. The FA-TLS connection

Analysis on hypermutation in the Ig V gene indicates that the
core complex and FANCD2 might be involved in the damage bypass
of the abasic sites created by the sequential actions of AID and
UDGJUNG. Upon DNA damage, the RAD6/RAD18 heterodimeric
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complex interacts with ssDNA covered with RPA complex [36],
and monoubiquitinates Lys164 of PCNA [37], the sliding clamp for
DNA polymerases, RAD6 protein is an E2 enzyme that associates
with the E3 ligase RAD18. The monoubiquitination is a critical
event for replacing the replicative polymerase with specialized
TLS polymerases such as POL m (polymerase switching) [38,39].
Many Y-family TLS polymerases (REV1, POL 7, 1, and k) might be
recruited by monoubiquitinated PCNA since they have a motif (so
called ubiquitin-binding domain) that specifically binds the ubiqui-
tin moiety on PCNA {40]. Indeed; loss of REV1 or PCNA K164 (PCNA
K164R mutation) can abrogate levels of non-templated mutations
in DT40 [41,42]. However, the direct role of PCNA monoubiquiti-
nation in recruitment of the TLS polymerases has been recently
challenged (for detailed review; see refs. [43,44]). Furthermore,
REV1 protein can interact with multiple TLS polymerases (i.e. POL
1, 4 K, X, as well as POL { comprising of REV3 and REV7) through the
C-terminal ~100 aminoacids region of the REV1 protein, suggesting
anon-catalytic role of REV1 in polymerase switching. Although TLS
activity is under the strict control of RAD6/18 in yeast, in vertebrates
there is evidence that defective PCNA monoubiquitination (RAD18
mutation or PCNA K164R mutation) is not epistatic to REV1 or POLx
mautant [42,45-47]. In any case, the mechanisms of TLS regulation
is still unclear and under extensive investigation.

To gainvinsight into how the FA pathway participates in the TLS
mechanism, we tested epistasis between FANCC and RAD18 by dis-
rupting FANCC gene in RAD18-deficient cells [22,48]. The double
mutant was more sensitive than either single mutant in the cis-
platin sensitivity assay, indicating that a role of the FA pathway
in TLS is likely to be RAD18-independent [22}. Consistently, loss
of RAD18 does not significantly affect FANCD2 monoubiquitination
(our unpublished observation). Further data from two laboratories
indicate that FANCC is epistatic in ICL sensitivity with the two TLS
polymerases REV1 and REV3 [27,49]. Thus these data may indicate
that the FA pathway act together with REV1-and REV3 in RAD18-
independent TLS.

A recent study indicates that the assembly of DNA damage-
induced REV1 foci is regulated by the core complex (but not by
FANCD2) in a manner dependent on the BRCT domain but not the
ubiquitin-binding UBM domain of REV1 [50] (for further discus-
sion see "The Fanconi Anemia Protein Interaction Network: Casting
a Wide Net” Rego et al,, this issue), Although this finding does
not entirely fit with our observation (the lower Ig mutation rate
in fancd2 cells as described above), this study may provide a hint
regarding how TLS is regulated through the FA pathway. Although
not directly relevant to FA, another recent study that utilized DT40
system has successfully dissected the TLS pathway into two tem-
porally and genetically distinct phases: the TLS upon arrested fork
and the postreplicative gap filling [46]. Interestingly, only the latter
requires PCNA monoubiquitination, while C-terminal polymerase-
interaction domain and the ubiquitin-binding domain of REV1 are
needed for the former mechanism.

6. Spontaneous SCEs levels are increased in DT40 FA
mutants

Recent studies indicate that sister chromatid exchanges actually
represent crossover events between sister chromatids that accom-
pany the HR-mediated restart of stalled replication forks [51]. The
levels of the cytologically detectable SCEs are a good measure of
cellular HR activity, and therefore it is of interest to look at SCE lev-
els in FA cells. However, it has been reported that human FA cells
in general do not have altered levels of SCE (for example, see ref,
[52)). This may indicate that only a subset of HR events is affected in
FA cells. In mitotic cells, HR generally proceeds in a pathway called
synthesis-dependent strand annealing (SDSA) that does not involve
acrossing over, and only a fraction of HR events accompanies forma-
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tion of double Holliday junctions (DH]) leading to the crossing over
events [53], We and others have noticed that elevated levels of spon-
taneous SCE are a consistent feature in DT40 FA mutant cell lines
{19,20,22,27,54]. These observations may indicate that chicken, but
not human, FA proteins are involved in the cross over control, and
that function of the FA proteins is fundamentally different between
the two species, Alternatively, the human FA pathway does provide
minor contribution in regulating levels of the cross over, which is
obscured by dominant function of other pathways. If this is the case,
the FA pathway may somehow affect two subpathways of HR dif-
ferently: the SDSA is promoted while the DHJ pathway is down
regulated, However, this needs to be tested by further studies,

It is interesting to note that there is a physical association
between the FA core complex and BLM helicase, one of the RecQ
helicases which is defective in patients with Bloom syndrome [55].
A well-known feature of BLM cells is highly elevated levels of SCE,
which is accounted for by the function of BLM helicase in promot-
ing non-crossover events due to Holliday junction dissolution [56].
We observed FANCC/BLM double-deficient DT40 displayed the same
high levels of SCE as BLM single knockout, suggesting that BLM heli-
case and FANCC function in a common pathway in suppressing SCE
[122]. Furthermore; in both human and chicken cells, we found that
FANCD2 and FANCC is required for relocalization of GFP-BLM fol-
lowing DNA damage [22]. Thus it is plausible that deregulation of
BLM helicase contribute to elevated SCE levels in DT40 FA mutants,
and the FA pathway itself has no function in suppressing SCE,

There is another interesting possibility to explain the high lev-
els of SCE. in the TLS-deficient DT40 mutants lacking such genes
as Rad18, REV1, or REV3, the spontaneous SCE levels are increased
similarly to the FA mutants [48,57]. Since the TLS mutants are less
capable of bypassing DNA lesions, it is possible that more stalled
replication forks would be channeled into the HR pathway, thus
leading to more SCE events. The observed TLS defects in FA cells
[20,27] and the epistasis between FANCC and REV1 or REV3 [27,49]
might suggest that the increased SCE is explained by the defects
in TLS. RAD18 seems irrelevant, since RAD18/FANCC double mutant
displayed additive levels of SCE compared to either single mutant
[22}

7. Monoubiquitination of FANCD2 is critical for DNA repair
function of the FA pathway

The discovery that FANCD2 protein: is inducibly monoubiqui-
tinated and forms nuclear foci upon DNA damage is a landmark
breakthrough [10]. Monoubiquitinated FANCD2 protein is desig-
nated FANCD2-L, while the unmodified form is called FANCD2-S.
Importantly, the monoubiquitination and focus formation requires
members of the core complex, suggesting that intact FA pathway
serves to monoubiquitinate FANCD2 [10]. The monoubiquitination
is a key event in the pathway, since FANCD2 mutant protein lack-
ing the monoubiquitination site is unable to form foci, and cannot
reverse ICL sensitivity in FA-D2 mutant cells [10].

Initially. BRCA1 was suggested to be the E3 ubiquitin ligase that
monoubiquitinates FANCD2 [10]. However, it was soon revealed
that FANCD2 monoubiquitination occurs normally in DT40 mutants
lacking BRCA1 orits associated ring-finger protein BARD1, although
the purified BRCA1/BARD1 dimer displays an in vitro ubiquitin lig-
ase activity toward FANCD2 [58]. Instead Weidong Wang’s group
identified PHF9 as the potential E3 ligase, which associates with the
core complex [59}. This protein was found to be defective in some
FA patients and termed FANCL: It is now the prevailing view that the
core complex is a multi-subunit E3 ligase for FANCD2 (and FANCI,
which was discovered later) and its catalytic subunit is FANCL.

Qur group independently identified PHF9, which has a signature
motif (i.e. PHD/Ring-finger) for the E3 ligase function, as a poten-
tial FANCDZ2-interacting protein by the yeast two-hybrid screening

[35]. Indeed, PHF9/FANCL-deficient DT40 displayed the FA pheno-
type as well as defective FANCD2 monoubiquitination, However,
co-IP experiments have showed that FANCL-FANCD2 interaction
is detectable only in transiently transfected 293T cells, suggesting
that the interaction is weak [35]. Of note, FANCE protein is the only
known component of the core complex, which is successfully co-
immunoprecipitated with FANCD2 at endogenous expression level
|60]. These results may suggest that FANCE is the core complex
subunit that captures FANCD2 when the core complex monoubiq-
uitinates FANCD2,

To more rigorously test the functional role of FANCD2 monoubig-
uitination, we generated cells carrying one FANCD2 allele with
the “knock-in" mutation (K563R) of the monoubiquitination site
by gene targeting [35]. Since the other FANCD2 allele was simply
disrupted, the cells should express half amount of FANCD2 pro-
tein, which could not be monoubiquitinated, compared to the WT
level, Western blotting confirmed this was the case, and not sur-
prisingly the cells were exquisitely sensitive to cisplatin.in both
cell survival and levels of chromosome breakages. We biochemi-
cally separated the cells into soluble and chromatin fractions, and
looked at the FANCD2 protein by western blotting with or without
MMC treatment. In wild type cells, FANCD2-L form or S-form is pre-
dominantly detected in chromatin or soluble fraction, respectively.
However, in the “knock-in" mutant or fancl cells, only S-form was
detected mostly in soluble fraction, and we cannot detect FANCD2
focus formation in those cells after DNA damage [35]. We.com-
pared fancd2-null, fancd2-K563R, and fancl cells in the HR repair
assay. of the I-Scel-induced DSB, and found that these three cell
lines displayed essentially indistinguishable levels of HR defects
[35]. These data support the notion that monoubiquitination of
FANCD?2 is essential for the focus formation, chromatin loading, and
HR repair function,

To monoubiquitinate FANCDZ2, the FA pathway requires a con-
certed :action of the ubiquitin activating E1 enzyme (UBE1), a
conjugating enzyme (E2), and the FA core complex as the E3 lig-
ase. A yeast two-hybrid screen identified FANCL as an interactor of
the E2 enzyme UBE2T, suggesting that it may function with the FA
core E3 ligase complex [61]. Indeed, human cells depleted of UBE2T
protein or DT40 cells rendered deficient in UBE2T gene failed to
monoubiquitinate FANCD2 both before and after exogenous DNA
damage [61,62]. In contrast, cells lacking deubiquitinase USP1 dis-
played constitutive FANCD2 monoubiquitination even in untreated
cells [63,64]. Although a novel component of the USP1 complex
UAF1 is recently identified [65], it is still unknown how USP1 activ-
ity is coordinated with FANCD2 monoubiquitination. Interestingly,
USP1 also catalyzes removal of ubiquitin from monoubiquitinated
PCNA {66), which is crucial for the polymerase switching in TLS
3943},

8. Breast cancer genes: down stream or parallel effectors of
the FA pathway?

Asstated above, BRCAZ2 is an important regulator of Rad51 [12].A
heterozygous carrier of BRCAZ mutation has 80% chance in their life
time to develops breast cancer [67], while biallelic BRCA2 mutations
cause FA with particularly severe phenotype, resuiting in highly
exaggerated incidence of brain, kidniey or hematological malignan-
cies [68].

There are two more genes that cause both familial breast cancer
and FA. One is PALB2/FANCN identified as a “partner and local-
izer of BRCA2" that supports BRCA2 function in HR [69-73]. The
other is BRIP1/FAN(], a DEAH helicase originally called BACH1 [74]
(this name is confusing with the transcription factor gene BACH1
which was reported earlier [75], thus should be avoided), which
associates with the BRCT domain of BRCA1. Kevin Hiom's group dis-
rupted BRIP1/BACH1 gene in DT40, and found that BRIP]-deficient
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cells displayed FA phenotype [ 54]. This finding helped them identify
BRIP1 as a causative gene in FA-] complementation group [76]. Fur-
thermore, they found that chicken BRIP1 is able to reverse the ICL
sensitivity of the BRIP!1-deficient cells without binding to BRCA1
since the phosphorylation site responsible for binding to BRCA1
BRCT domain is not conserved in chicken BRIP1 [54}. Indeed, Sharon
Cantor's group later showed that ICL sensitivity of human FA-J
cells are reversed by expression of human BRIP1 mutated in the
phosphorylation site[77]. These important findings highlighted the
utility of chicken system in the characterization of human genetic
disorder,

This overlap between familial breast cancer syndrome and FA
has led to the speculation that defects in classical FA genes such as
FANCC or FANCD2 may also cause breast cancer, given the fact that
only ~16% of the patients with familial breast cancer are explained
by BRCA1 or BRCA2 mutation [78]. However, current evidence has
suggested this is not the case, Among established FA genes, only
BRCA2/FANCD1, PALB2/FANCN, and BRIP1/FANC] are found to asso-
ciate with familial breast cancer [67],

Interestingly, FANCDZ monoubiquitination occurs normally in
cells lacking any of these breast cancer genes [10,73,79], lead-
ing to the proposal that they function down stream of the core
complex-FANCD2 monoubiquitination pathway [4]. Supporting
this ‘notion, FANCD2, FANCG or FANCE interacts with BRCA2
[80-82]. Furthermore, there are conflicting reports in the literature
regarding whether Rad51 focus formation in FA cells is defective or
not {80,83-86].

To  gain insight into- the relationship  between FANCD2
monoubiquitination and role of the BRCA2, we looked at the DNA
damage induced chromatin loading of FANCD2 or RADST in brca2
or fancc mutant cell lines. BRCA2 mutant cells are defective only in
chromatin loading of RADS1, while RAD51 but not FANCD2 is tar-
geted to chromatin normally in fancc cells. These data may suggest
the FANCC-FANCD2 or the BRCA2-RAD51 pathways act in an inde-
pendent manner at least in'the early phase (before focus formation)
following DNA damage. Consistent with the notion that these path-
ways are functionally distinct, a recent study examined an actual
repair kinetics of psoralen-induced crosslink using a novel assay
system, and found that there is a repair defect in human cells defi-
cient in FANCG, FANCA, or FANCD2 but not in FANCD1/BRCA2 [87].
We also found that FANC] protein constitutively localized in chro-
matin, and was not remarkably altered by the absence of FANCC or
FANCDZ (HK, unpublished observation). Although there is a pheno-
typic overlap, these results may support a notion that the classical
FA pathway (the core complex~FANCD2) is independent of the
breast cancer genes. Consistent with this, the classical FA genes do
not cause familial breast cancer, while FA patients lacking FANCD1
or FANCN displayed severe developmental abnormalities and early
onset of cancer [68,88,89]. There is a precedent in that defects in two
different pathways, for example, nucleotide excision repair and TLS,
cause one similar syndrome, xeroderma pigmentosum (classical or
variant XP)[90}. While FANCD1- or FANCN-deficient cells are clearly
HR-defective, it is still debatable whether FANC/-deficient cells are
proficient in recombination or not [54,91]. Furthermore, FA cells
mutated in the FA pathway (the core complex-I-D complex axis)
are not so severely HR-defective.

9. Monoubiquitin functions as an attachable localization
tag for FancD2

FancD2 monoubiquitination is necessary for chromatin target-
ing, focus formation, and DNA repair function of FANCD2, since
FANCD2 lacking the monoubiquitination site cannot get into chro-
matin fraction efficiently, does not form foci at all, and does not
reverse ICL sensitivity in fancd2 cells [10.35]). To test whether
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monoubiquitination of FANCD2 is sufficient for its function, we
fused chicken FANCD2 lacking the monoubiquitination site (termed
D2KR) at its c-terminus with a single ubiquitin moiety (D2KR-Ub),
and expressed it into fancd2 cells {92), We found that fancd2 cells
expressing D2KR significantly reversed its cisplatin sensitivity to
near wild type levels, indicating that D2KR-Ub is functional in DNA
repair. This is probably not surprising, since there are a number of
examples in the literature in that a c-terminal fusion with ubiqg-
uitin functionally mimics its orthotopic monoubiquitination (for
example, [93]). Of note, the D2KR-Ub protein appeared not to be
ubiquitinated since it is detected as a single band even after DNA
damage.

Expression of the D2KR-Ub protein (and its variants) in DT40
mutants allowed us to ask several interesting questions, First we
looked at whether D2KR-Ub is localized at chromatin [92]. Con-
sistent with the DNA repair activity, a significant amount of the
D2KR-Ub fusion is detectable in chromatin fraction. We noticed that
the amount of D2KR-Ub does not change before or after exogenous
DNA damage, suggesting that machinery for the chromatin load-
ing of ubiquitinated FANCD2 is constitutively active and no further
activation occurs after DNA damage. However, the D2KR-Ub fusion
distributes diffusely in the nucleus, and we could not detect its focus
formation of even after MMC treatment, Since the cells are pro-
tected against killing due to cisplatin by D2KR-Ub, a small amount
of the D2KR-Ub protein is sufficient for repair at the DNA damage
site. Thus: the focus formation is not absolutely required for the
repair if a fair amount of FANCD2 is inside chromatin, though the
increased local concentration of FANCD2 would probably facilitate
the DNA damage repair.

Next, we wanted to get insight about how monoubiquitina-
tion localizes the D2KR-Ub protein into chromatin {92]. An obvious
possibility is that the monoubiquitin acts as a localization tag for
chromatin loading, and a protein that binds ubiquitinated FANCD2
is involved. To gain support for this hypothesis, we introduced a
mutation 144A into the monoubiquitin moiety of D2KR-Ub. This
mutation isin the hydrophobic patch of the ubiquitin, and is known
todisrupt ubiquitin interaction with the ubiquitin-binding domains
{94}, We found that the D2KR-Ub-I44A protein was localized to
chromatin less efficiently, and could not restore cisplatin tolerance
in fancd2 cells to the levels that the D2KR fused with wild type
ubiquitin does, These data support the crucial role of a hypothet-
ical protein that binds monoubiquitinated FANCD2 in DNA repair.
This protein should have an ubiquitin-binding domain, however,
identity of the protein is still unclear,

if the monoubiquitination acts as an attachable chromatin local-
ization signal, then it might be substituted by another chromatin
localization signal. There was a precedent in the literature in that
a protein was tethered to chromatin by fusing with histone H2B.
Thus it has been shown that chromatin-fixed CHK2 kinase, which
is normally diffusible following activation at the DNA damage sites
by ATM kinase, was defective in checkpoint signaling [95]. We
exploited this methodology, and tested function of D2KR fused
with histone H2B in fancd2 cells. Perhaps surprisingly, expres-
sion of D2KR-H2B restored cell survival in cisplatin containing
medium similarly to D2KR-Ub. This observation further support the
notion that monoubiquitination on FANCD2 functions to localize
FANCD2 to chromatin, and for DNA repair functlon of FANCD2, the
monoubiquitination is not essential.

10. Testing function of the core complex independent of
FANCD2 monoubiquitination

Since the D2KR-Ub fusion protein is in a way already
“monoubiquitinated” and functions in DNA repair without further
ubiquitination, we reasoned that D2KR-Ub expression might bypass
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the need for the core complex if the sole function of the complex is
to mediate FANCD2 monoubiquitination {92]. We tested this idea
by introduction of the D2KR-Ub construct to fancc, fancg, or funcl
cells. None of the cell lines displayed any reversal of the cisplatin
sensitivity, and furthermore, we found that the D2KR-Ub protein
is not localized in chromatin fraction in these cells. These data
may suggest a role of the core complex in chromatin targeting of
monoubiquitinated FANCD2,

If cells lacking the core complex components could not be
complemented by D2KR-Ub expression because of its inability to
be localized in chromatin, then they should be complemented
by the D2KR-H2B expression. However, fancc, fancg, or fancl cells
expressing D2KR-H2B were still sensitive to cisplatin even though
D2KR-H2B protein is localized in chromatin fraction of these cells,
Thus normal DNA repair requires presence of the core complex in
addition to chromatin-targeted FancD2,

Collectively, these results have led us to speculate that the core
complex has atleast three functions [92]. First, it has an E3 ubiquitin
ligase function to monoubiquitinate FancD2, Second, it is required
for chromatin localization of ubiquitinated FancD2 as revealed by
the D2KR-Ub expression. The detailed molecular mechanism for
chromatin loading is not clear yet; however, a putative ubiquitin-
binding protein may work here as suggested by D2KR-Ub 144A
mutant, It is also possible that DNA binding ability of FANCD2 {96]
could contribute to the chromatin relocalization. Third, it may have
an additional role in DNA repair. This could be direct one, since the
core complex has the FANCM subunit, which has an ability of DNA
translocase [97], promotes HJ migration (98] and fork reversal [99].
Inaddition, it is possible that any one of the other components have
an unexpected activity.

Recent studies highlighted the role of FANCM and its novel inter-
acting partner FAAP24 in localizing the core complex in chromatin.
For example, FAAP24 protein preferentially binds to aberrant DNA
structures resembling stalled replication forks [ 100,101}, thus has
been suggested to recruit the FANCM-containing core complex to
chromatin, Alternatively, it has been reported that FANCM is local-
ized in chromatin throughout the cell cycle, and its phosphorylation
in S'or G2/M phase regulates FANCM binding or release of the core
complex, respectively [102]. In any case, FANCM appears to be cru-
cial in chromatin localization of the core complex, Interestingly,
Patel and coworkers detected increased chromatin localization of
the core complex following DNA damage using DT40 cells carry-
ing “knocked-in" alleles with multiple epitope tags [62,103]. We
could not detect such increased chromatin localization of FANCC
using fancccells stably transfected with GFP-FANCC, possibly due to
overexpression of the protein. However, we indeed observed MMC-
induced GFP-FANCC focus formation that co-localized with FANCD2
foci [92],

11.- FAAP100

It seems worthwhile to note the contribution of DT40 sys-
tem in establishing the crucial role that FAAP100 plays in'the FA
pathway. Meetei and Wang identified this protein in the core com-
plex preparation purified by anti-FANCA antibody [34]). FAAP100
is an integral component of the core complex, and interacts with
FANCB and FANCL, forming a subcomplex. Since they could not
find any patients who lacked this protein, the protein is called
FAAP100, Although siRNA studies suggested that FAAP100 is impor-
tant for FANCD2 monoubiquitination, the gene disruption in DT40
was required to definitely show its role in suppressing chro-
mosome aberrations and ICL sensitivity [34]. Although FAAP100
protein is crucial for the core complex assembly like the other
core complex members, it may have other functions that are still
unknown.

12. Fanck: the newest member of the FA pathway

The newest member in the FA pathway, FANCI, has been recently
identified through a very clever phospho-proteomic screen in an
effort to identify novel ATM/ATR kinase substrates [ 104], or by posi-
tional cloning for the responsible gene in FA-I patients [105], or
by search for a FANCD2 homolog [106]. It has been known from
the analysis of human FA-] cells that FANCI protein is essential
for FancD2 monoubiquitination [79). It is now clear that FANCI
physically associates with FANCD2, resulting in the 1-D complex
formation, Thus it is plausible that the D2-{ interaction is essential
for the monoubiquitination,

Identification of FANCI has also revealed that FANCI is also
monoubiquitinated by the core complex upon DNA damage or S
phase stress in a FANCD2-dependent manner. Thus, monoubiquiti-
nation of FANCD2 and FANCI occur in a manner dependent on each
other. Furthermore, similarly to the case of FANCD2, USP1 removes
ubiquitin from monoubiquitinated FANCI [104,106].

To gain insight into the. role of FANCI in the FA pathway,
we disrupted FANCI gene in DT40 and expressed wild type or
monoubiquitination: site mutant of GFP-chicken FANCI in these
cells [ 107). FANCI-deficient chicken cells were highly cisplatin sen-
sitive, and: lacked: FANCD2 monoubiquitination. As expected, we
could detect GFP-FANCI monoubiquitination in cells expressing
GFP-FANCI WT. Interestingly, GFP-FANCI lacking monoubiquitina-
tion site (K525R) expression quite efficiently reversed cell death
and chromosome aberrations induced by crosslinking agents in
fanci cells, indicating that monoubiquitination of FANCI is largely
dispensable for the FA pathway. In line with this, human FANCI
mutated in the monoubiquitination' site also at least partially
suppress the phenotypic defects such as MMC sensitivity or chro-
mosome aberrations in human FA-I cells (see Figs. 6E and F in ref.
{104]), though defective FANCD2 monoubiquitination is less well
reversed than in chicken system,

We also tested whether FANCI is monoubiquitinated in chicken
fancd2 cells reconstituted with D2KR-Ub or H2B fusions, which
does not display severe cisplatin sensitivity [107]. Since we do not
have a good anti-chicken Fancl antibody, we stably introduced GFP-
FANCI WT to use anti-GFP to detect FANCI monoubiquitination,
These cells did not show any detectable FANCI monoubiquitina-
tion even after MMC treatment; indicating that severe cisplatin
sensitivity was reversed in the absence of FANCI monoubiquitina-
tion,

13.. Fancl phosphorylation as a molecular switch in the FA
pathway activation

In response to DNA damage and replication stress, members of
the Phosphatidyl Inositol kinase-like kinase (PIKK) family includ-
ing ATM, ATR, or DNA-PK are activated, and play essential roles in
the DNA damage response such as cell cycle arrest, apoptotic cell
death or DNA repair. For example, ATM kinase responds to DSBs and
mediates DSB-induced cell cycle arrest at G1/S and G2jM bound-
aries or intra-S phase [108], and contributes to a fraction of the DSB
repair events [109]. These PIKK kinases preferentially phosphory-
late serine or threonine in the S/TQ motifs such as Ser15 in human
p53 [108]

As discussed above, the FA pathway is efficiently activated
leading to FANCD2-FANCI monoubiquitination following treat-
ments with variety of DNA damages or agents that invariably
lead to replication fork arrests. Therefore the stalled forks andfor
accompanying single-stranded (ss) gaps, rather than DNA lesion
itself, likely initiates the triggering signal to activate the FA
pathway. The PIKK family kinase ATR is an obvious candidate
involved in this step (see also “Fanconi Anemia Proteins and
Endogenous Stresses” Pang and Andreassen, this issue), since it
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has been known that ATR kinase is activated by ss gap coated
with RPA. It has also been suggested that ATR kinase pro-
motes FANCD2 monoubiquitination by directly phosphorylating
FANCD?2 [110]. Recent reports identified a huge number of poten-
tial ATM or ATR substrates following IR or UV DNA damages that
included FANCD2, FANCI, or FANCA [111,112]. Interestingly, there
are examples in the literature that phosphorylation of the sub-
strate facilitates its interaction with multi-subunit E3 ubiquitin
ligase such as SCF, leading to activation of the E3 ligase function
(113,114),

It is notable that FANCI has a cluster of conserved six S/TQ
sites in a region spanning ~70 aminoacids in its middle part
near the moneubiquitination site K563, To test the hypothesis
that FANCI phosphorylation in this S/TQ cluster contributes to
the FA pathway activation, we expressed chicken FANCI mutants
containing multiple AQ substitutions on the S/TQ motifs in FANCI-
deficient DT40 cells [107]. We found that cells expressing FANCI
carrying six but not two or four AQ substitutions in the S/TQ
cluster domain are exquisitely. cisplatin sensitive: and abrogate
D2/! monoubiquitination. To visualize FANCI phosphorylation, we
employed the Phos-tag reagent that retards migration of phospho-
protein in the gel by binding to- phosphorylated aminoacids
[115), and successfully detected MMC-induced phosphorylation
on the S/TQ cluster in FANCI protein. This phosphorylation was
a prerequisite for FANCI monoubiquitination but the reverse was
not trite, Furthermore, expression of FANCI in the S[TQ cluster
carrying six aspartic acid: (DQ) mutations, which confer neg-
ative charge to the protein and therefore are phospho-mimic,
causes constitutive FANCD2 and FANCI monoubiquitination, and
reverses  cisplatin: sensitivity. We  have ‘also tested a role of
FANCD2 phosphorylation in DT40 fancd2-deficient cells by express-
ing chicken FANCD2 lacking ten potential ATR phosphorylation
site (S/TQ motifs), and found minimal effects in cisplatin sen-
sitivity. Thus we conclude that multiple FANCI phosphorylation
rather than FANCD2 phosphorylation, probably mediated by ATR
kinase, is'a molecular switch to turn on the FA pathway [116].
It seems reasonable to assume that the FANCI phosphorylation
affects interaction between FANCI/FANCD2 and the core com-
plex, thereby triggering the E3 ligase activity. However, we have
not been able to detect such changes in the interaction so
far.

14. More unanswered questions

As recent progress in understanding the FA pathway is so rapid,
enormous amount of novel information accumulates as summa-
rized in’ this review, However, many critical questions remain
unanswered, Here we would list (only) some of them and give brief
comments,

14,1, What is the main biochemical activity of FANCD2 (and
FANCI)?

This is a big issue. Monoubiquitinated FANCD2/FANCI appears
to associate with each other in chromatin and form foci that co-
localize very well. They probably provide a critical function in ICL
repair activity. At least recombinant FANCD2 is able to bind to naked
DNA including Holliday structure [96). They may exhibit some enzy-
matic activity or act as a scaffold to modulate HR and TLS activities.
There might be overlap between mechanisms of HR and TLS (for
example, some TLS polymerases such as POL q participate both
HR and TLS [117]) where the FA pathway may provide a critical
function. Also there must be the mechanisms that promote chro-
matin targeting of the monoubiquitinated FANCD2. This needs to
be clarified.
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14.2. How does FANCI get phosphorylated? How the
phosphorylation activates the core complex to monoubiquitinate
FANCD2/FANCI?

Itis still unclear how ATR kinase is activated and phosphorylates
FANCI in the context of the FA pathway. The FANCI phosphoryla-
tion should somehow promote FANCD2-E3 ligase association. The
molecular interactions between these factors need to be character-
ized,

14.3. What is the role of FANC] in ICL repair? Why are FA-J cells
ICL sensitive?

This has not been established. It seems possible that heli-
case activity of FANC] is required for efficient replication across
the unhooked ICL lesions. Recently, it has been reported that
BRIP1/FANC] helicase has a strong G-quadruplex (G4) unwinding
activity in vitro [118]. Consistent with this, C. elegans mutated in
FANCJ homolog DOG-1 displays frequent loss of G4 tracts during
replication (see “C. elegans: A Model of Fanconi Anemia and ICL
Repair” Youds et al,, this issue), indicating the role of FANC] in
removing roadblocks due to the G4 formation for progressing repli-
cation forks [119,120]. However, C. elegans mutants lacking BRCA2
or FANCD2 homologdo not have asimilar phenotype, raising a ques-
tion about relationship between FANC] and other FA proteins {121].
It has been reported that FAN(] is partially epistatic to FANCC as
shown by the double knockout analysis in DT40, however, this may
actually indicate a non-overlapping component between them.

14.4. What is the endogenous DNA damage the FA pathway is
coping with?

it is currently unknown how ICL naturally cccurs in the cell or
even whether the FA proteins are handling endogenous ICL or not.
Since FA cells are sensitive to hyperoxic conditions, and a recent
report shows treatment with anti-oxidant tempol is able to retard
the initiation of epithelial carcinogenesis in FANCD2-deficient mice
[122]; the FA pathway could be one of the defense mechanisms for
the oxygen toxicity. Recently Nakamura and coworkers has shown
that both human and chicken cells lacking FA genes are hypersen-
sitive to serum-level concentrations of formaldehyde compared to
wild type and other mutant cells deficient in DNA repair path-
ways [123]. Formaldehyde creates DNA-protein crosslink, which
may require the FA proteins for efficient removal.

In summary, we have seen rapid expansion of the knowledge
about FA in this ~eight years, Although various methodologies have
contributed to this, we believe reverse genetics using DT40 has
played significant roles in the field. We expect more discoveries
in the near future that potentially lead to better understanding and
management for FA and related severe medical conditions.
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E-~mail : miharu@icc.u-tokai.ac.jp
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» 881 (%) |FANCD2 €/
L BT 2EXF 1L
' Bk [BE| \pp@
FA-A |FANCA 66| 56 +
FA-B |FANCB ~2| ~— +
FA-C |FANCC 10{ 10 +
FA-D1|FANCD1/BRCA2 ~2| — -
FA-D2|FANCD2 ~2| - +
FA-E |FANCE ~2| — +
FA-F |FANCF ~2| — +
FA-G |FANCG/XRCC9 g| 15 +
FA- |FANCI ~2| — -+
FA-J |FANCJ/BRIP1/BACH1| ~2| — -
FA-L |FANCL/PHF9 <0.2| — +
FA-M |FANCM/Hef <0.2| — +
FA-N |FANCN/PALB2 ~2| — -

(Wang?, 2007 &t 5[H—8M4%E)

T3 (@ 1)Y, ARACEBITBM@FTIE 13 08
GFED, A, C, GHOBEENERIIhTED,
ABOFEELS - L bFHL, BEFHLKRE
ROBEFEEOMRIZEMCE R, 3ok
ERBELTS,
2. HizRBY

EHE D<A P4 ¥ v C(MMC) % diepoxybu-
tane(DEB) 7 £ DNA $UBRIE L bic Y v 3k%
BETL L, SEOHRESMESL quadriradical D
b6 3Y, PHALRLYD=A F 2 v
A1V R EROMIBRIO G2 SEBIER T 5D
b FABBIKELFHTHY, 7u—HAf PR
P =k 2MIERTH S, 20%RIED FA
BT MMC K EBOBRZEE2RIHEORESY
&G XN, reversion ZIEZ L7-MifgssgimL -
YA IIRETHILEEIZONTWSE, MMCIC &
LR EFRERRSREEIC TATEEL DD,
- BHAEORIELCARERFORED S 1
Tkh, EEBBRETHE?, ) LM
P4 7 95EbI 5 FA BB & OBMESER
fEZRVEREANARRDP 70— P X



20. Fanconi &1

FA a7¥Eeh

\.

Ed JJ

1 FA/BRCA SROERE(UT S, 2008)
TRT7FNy A, B, ~M & FANCA, FANCB, ~FANCM B8, FAAP 2 FA
BEER#RT, Ub: ZEXF>, P ULER

U—ic & 3 GRERDEEHMSHMAD S Lk,
(3] ERFRAE(R

1. B{ERESE

FA DIERBIISHTEAL DEHEFE 248 23,
FEF ol AHBASNRWIER S H 5, Fanconi
Anemia Resurch Fund DFE CREFBME -7
BOIEBIE 26% % 720, HAD FA BE 56
BT ABI(T%) LD lado1d, BEE, A7 =
A UVHPKEGBRE, SBE BEEPR &
Bo&FE L EoNEEHIZ TR, BB, #Hib
BRRREDRBL DN E2HEIC L LS
v (% 2),

2. BfETre

FETREAEMOREERIH TREVDRT
BYH, MMIESDBRAOOBETHS I EHFV
B, FRUCHERD 2 LIFBRAILR>TH o 2W
EN3PbH 5, HANRMREZOBESRRYE
FNEESDLERE CREHIRERIZ 0~14 K
(hRE5 M) TH o721, BRUBFETFRERM
& Rk IS PR A o B0 { 4 DFERDIHIR L
T{ %, FA TlIEEDICBHEREERR (MDS)
RSB REM: S IR (AML) N E BT 2 HENE
{, HEFE Fanconi BIME# (IFAR) TiX 10X T
I280%, 40BMETICNBDELEIZFEIRMESR
MERIEL, 30E TIC20%, 408 E T 30%
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#2 Fanconi HMICHSNIBHREOEE

i FA ressarch fund B
(N=1,206) (E#5, N=56)
EReaElE 55% 83%
BRRRE 51% 76%
ki 43% 55%
4LER B 32% 9%
SRR i 3% 4%
FRERED 26% 17%
] 23% 13%
BEh . REE 21% - 18%
B, 5 9% 16%
THRIE»BIRR 8% 12%
i il 6% 14%
HIEE 5% 13%
aMER 25% 7%
BESE/ &% 1% 18%
LEDH

(Owen 5%, 2003 & +) 51 E~—52%r)

DEREH MDS RHMBICRET 2 LREINTL
%W, MDS REIME, FEFEZMFEERE T3
HbH3,

3. B

FA BECIIEEEICERESA5N, IFAR D
2002 FE £ TD 20 FRADER 154 HlD 5 B 120 B
PMIMRIEE TH - 7255, 79 fliZIEMBE R OETHE
ThorV, HEFRTELER, BRTLEE,
FFRED 5 2 EEHE {, MAEIES O FRIEDS
W0RICFVDIIN LT, BRBOREIZ B BE
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X. m#% - EREER

MNREEMREDO BT S

Hea iR
(MMC/DEB)

3 Bate
FANCD2 €/ 2E % 5 LR WIRHE, SH0EET RIEE, SHNBHRT
FABIETFRH FA DERVEEL FAEEWE L
—— | EESHFORTREHRRRER - -
iy FANCD2E /1L % ¥ L{LReE *| | R

2  Fanconi HMOBHOLHD 7 O—Fvr—b

M2 7 ERIER OB ICRIEET A HICH -
7o

[4] BERFRIRE

BETREEMOEEE IR REFTETRESR
MTHV STV REMEICHE > CHET 5,
BEIRERD AT FA 2TEERZWT 5 2 L IZEEETH
3, PRLFEMCRE L -BETREENES
XL TR AR REdERRZT ) C LBE
F LV, —&io FA §iigCl3 MMC TR ERIESS
PRHELICSWVIEFIS D IFAR T3 DEB Z AV
T ReERERHEEL T3, £/, FANCD2 E
Yoy 2HifE2 R, Y AZ v 7ay MET
B/ IEXF U CRERT I HEDEATH S,
FANCD2 D&/ ¥ F /{EBEEI N T,
A C GEOLTh»ICBT 3 WHELEIE,
FADSbLNB bbb 53 FANCD2DE / L
E ¥ F {LDIER OB AE D1 #(BRCA2) DR
BEZoh3, BHio7u—Fr— 2B 2R
T

FA BEO—BMOEMICIZRE~NE /0 & UiER
2z b b s THRIR~NE 0 B Y (HbF) OEE
GBS B, £/, MDS ® AML ~BITT 5
HENEV O, SHNLBHREVBETH S,
Binfbic ) fEdRE L LT BREf(-T,
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7q-)® 1 BLELEOBREHE, 3026029 Dt
HEORE CIZEEIC MDS/AML ~"B{TT5 2 &4t
FEShTVLBY,

B ARBRES S UHRE

FA DIREEHBIRIEREM2E2 o L L, EE
DRIEEFHTHLIZH B, BETEEZEmMD
GRS NEECET 3 REWRE, 55
A4 FELTREENTLEY,

1. BRERVEE

FA ZERIlEL ~ NV OBEEICET (EMEETH
b, LY YT a7 Vi L ORENHEED
BRI TERY, BRIV E V09K
DREC—RNLMRERT I END 503,
S EORERMH Y, BEmBHEBEORE:
T2 LoWMEH 510, REOMEAILETS,
MM BRREFETRERID & FAROEXE TR
L, ~e/ubE i3 6.0g/d %, M/MRIX 5,000/
2T 5 EEE Ly, FRRBDRICELE
RYE S FE L - BB o v = —BE T
(G-CSF) o5 b &R 5,

2. BmEMpREHE

FA B3#C & - TEIMEHaBE I E—REH3H
FTEZHREETHS, BEOBEAREANT
Bveon 3 a7 urA773 F



(CY) D5, ERAHMEEESIWBER X
75 397 (GVHD) (I & 3 1SR EBME LD - =,
AR CY & APTERERIES (TAD IcHUEIR 0 7Y
v (ATG) #fNZ, GVHD icXf 43> 7 nARY Y A
(CyA) D# 51 & b, HLA —REafEZEEE L
L7=ds, —EEBUADRE FF—250 6 OBMHED
By, EERL LM GVHD Db EbDTH
BTho7®, BEFAREZIRHLTIAVSFE
v (Flu) 2l & L-RILELIF S 1, TRERC
BEnm L, bETH 27 BlOREFF—2
5 Flu 2 S UaiAEx v, THRBREEZHVR
WREHEZMETL (5 5 7612 MDS FEH, 12 Flik
HLA A —30), 26 flicEFENE SN, EFL TV
Y, Flu L&A V3 REBIIHBIRZ T TRES,
BRI HFERDL NS,

1) BiEgim|Ey —X

EBAlEyY — A 3FEAE LCREiE $5, FAICK
T 3 MBSO KRB0, B
GVHD ZSK E R ERET & & 5728, FHENE
BRI U 2oV, HLA —B o SIS e i
B ASORMEHE N5, JEMGHEHE LB
MIZEBETEZDOY A7 HEHEEL &b,

2) BiEEL

FABEEZTIZ 1I0/REBE 3 L MDS ¥ AML ~O
BETOEENE 5 Z L LBEZEORYE GVHD ©
AHEESRES L LD, 10 REBIEEGSE
DHEHZE L T 3 EEMCIRENEIE TR R », B
SRR TRIUNRFED OBEEICEC T
FERSE R BIRT 2, Z2u—F N REfREOR
BH% MDS ® AML ISER L 2GS B OBHE
EiirEZ 5, FADOBTLAAEBIIRICNT
BRI Lo 7a b a— )iz, 20
%3 AMLThD, WBLETVFFH42Y
VROBERRINVYIEY, hEREIXuYA P
ENBEINTWEY, LEREDAHTORRR
HfFTEy, RIICBRERERERTY 5,

3) BiERTMELE GVHD FBA

e BRI & MDS - AML %1761, HLA —
SRR & AR P — D 5 OB & TR
B GVHD Fifiz 2 FnEA Y, HFER~D
HMADEE LY,
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20. Fanconi EM

(6] SHIE

FA BECRARSBCORERORETIE
) RIS, BHEAAETERT BB T LI
LHIOBZHLE L, £7-18% GVHD O&phicfE
Wk YEFEORKENR E 2 - ORI BED
WMBETH 5,

BEEHEFTILDARAR, BN, FERR
ELEGE LD FM T %,

FA BETIREZ(ONTREBELZHEIENLS
VO, EEERWESRICRD N, —~FoBRE T
BERTVE VOTUAEBREZN TV S0,
BMPBECHEIFELLY, FHEEADLS W,
HRBICOVTIRIHBEOTRR LFEA YA Y vl
FEERTEAD H 208, Wilick3~E70<F—
YADOHEREARMLALEY, BETCHEAIN
37079 7kE0WELHHEL DBEENE X
5hb, Z2DIED, FRIEBETIEDR 40% D
BECAHT 5, FREERBET2L AN,
ZETIRAROFEROEBN, AR EA,
RBEDET, HENRWEEDRERAONS,
BB TR RBEELEN RS,

BERERSLUFE

NEBERRUAMBRESOHE T FA DTH
BBWEETKRE ( B, DIRERE 1988~1993
SFEITHART 1994 SRR ORERIZHE 5 2 1o 8E
LTw3, 2853V offifickh) FABED
JEIMmigE EIBMEIRECE EL, 2001~2005 £E
2 15 firh 8 Pl AERIEEZ R TV 53 &R%E
FLTEY, EBHEALSDTIOHOEFRR
100% L B>Tw5s, FARPMRIRIBS Y, LI
MKIEE CEMR O &% EOHRELIRAT 3
KIRBRALED - 2EHENRETH S, EHE
M%E2c LBl TiRENNICREER SN
700, EMBORELSO-RENTFRIIT
B S %0,

Xk
1) NE B BRI EW 3 DEHETRIERR EEiM
BEFEREORR | HANRMEFELBETREAR
ZASRFEIH 1988~2005 FF. H/MIAFE 22 © 53-
62, 2008
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BGHEMES

Fanconi EMMO;&MmEFHaistE

KiparixD

EUBIC

Fanconi £ (FA) BEiZ & - T MBS 10
—HEFECEXRERRIETH L. BFEOFETANA
MTHCLhSRHFRBHPARE 70K 773 F
(cyclophosphamide : CY) D5 Cik, B HBEEE
R 2EB R M 18 £ (graft- versus-host disease :
GVHD) = & 2 WGHRMERENMC, BREZEMIIBON
Lhols, LRCY LIRFTBEGIRIR S bbb, KER
B 4% (thoraco- abdominal irradiation : TAD) $ 5\ it &
1) v 5Efila S (total lymphoid irradiation : TLI) (ZHifg
WRZ a7 ~ (anti-thymocyte globulin : ATG) 2%,
GVHD FHilctf4 56 2 a XK1 “(cyclosporine :

( Key Words

Fanconi &1
IS RSE
TNISEY
KB RF—

- Fo0ULA

Fanconi BIN(FA) (RRBETREEEFFTHEIFHEL, FEAEDER
BALEOEGEHEREB TS D, BT SHMIMRANOBITY, BEREE0
SEERHHL. MEFNERIX 40 FFETIC 80 LI EDERICELDEE
ABNTHH, BRATRISENFERBEDHE—AEOBRCEDRTET
2. VUBIILISEY(FU)ZGREICAV, §20ULRXERERNE
FHE(GVHD)DFHICHERT AT EICKD, DHED FA OIEMBREBIED
BEIERENICE LU, FA OBERDZANAZZHIRIENFEIETEH
FRESL, SEORGHIETS%.

CYA)ORSIZLY, b MIBEAHR (human leuko-
cyte antigen : HLA) —KRIBE BRIz m L 7298, —
BRBUAORE FFr—» 6 0BloKSIE, 2512
LB GVHD O EbDTRRTH - 7202, BE
FABZIHLTY YBE7 V¥ 5 E ¥ (Fludarabine
phosphate . Flu) 2 fpla& LRTLB SRR S, RE
MICEAMLEL, BMEOWUELBONTVS, bt
BT 270l0RBF+—»6 Flu 2&50aAE L H
W, THIBRBREZRVZVWBHZETL (O b 1280
HLA FA—3), 26 BlICEFHEOh, EFLTWDY,
FAR/PROBESOBEABBERMOBRICENTD
FEHESB PR BEROLESNZ L0, BHR
MERTRIIMFRTHLLL, HRIZL VY. KBE
HEETHOLILT—I2BAOXRES LI, bhb
hbsinl, EARSEET, bPEO FA BEICHT
ZEROSHBE A4 FEERLLY. BROBLERBD
RENBRMRBETHY, BERENE RIS, BOKEE
Bl EoBMAEL RERF 2R TRAT 3.

* YABE Miharu/SEB X2 EFHRITCHRFRIBRIRES - Miana

SFHIRLERE  vol.8 no.2 2009 7(93)
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jiiF5 (4 Fancon AIOBEMEER LS ES

#0 Fanconl RMOBIERD - WEXPESLHHWERREORS (N&6, 2006 & h A EFIH)

1. BEFRERMD [
Stage 1 (B) EBmE I
Stage 2(FEE) 10 ARBCIZSERR,

10 B ETF HLA —Bmarr—hFunidaas EsiE ';
Stage 3 (PPEE) HLA —HigRF—H L nSEiEE s

Stage 4, 5 (&BfF . RELE)

HLA1 BR—HMRRT—, HLA —8~ HLAT BF—#
FEIMRET— D SOBHEESHTERET D,

2. BRMREAERE - nOR

RA, 20—~ IUIsRE4RE

HESETREANICELD

RAEB - Blf"

HLAT BR—RMBNEF—, HLA —8~ HLA1 EBEFR—3
MRS —-DSOBIEEZDTCRILETS. ERTPRIE
DHTRREFHENBHITIE HLA2, 3 BR—HIAN
T—-hSOBELERTD.

RA : refractory anemia, RAEB ! refractory anemia of excess of blasts

*31‘1.?%&18@‘/—1

rmmna V- x:maua L'c%ﬁu ﬂ'é FA ud@“za
ENBARBHEDO T RMBAORIER, 8% GVHD A°
KERERBFL R B0, KgRMREMIRRL 2
v, HLA —ROmEEF LBHE 5L ZIZR%EOK
S5 5N B WREEAE W AS, JEMARET BRI A&
ey A rHEd, #ERL 2. BE Gluckman 5%
13— v 8T FA I 5 JRMARBEH M B HE o Ak
EFHRELTWS. BHO3IELEFEFEIHIO%THY,
56 WAL LTS, FERDE S ERGE, £EHFE,
GVHD %2 & TH 54, Flu xHW/-RAER HLA 6/6
—Ehl, BHMREA> 49 X 107/kg DIEFI TR 50 ~
60 %OEFEREMAFCEIBLLTEY, §EBEHD
LwEFMAE S, BN IEAL 2525 Lk,

2 ﬁﬁiﬁﬁ

SRR e M-l GRS =

FA % HT10 ﬁ.%:@ 5’ 5 2: %Eﬁ%iﬁﬁiﬁ'ﬁfﬁﬁ
(myelodysplastic syndrome : MDS) ®2tE 8 §atEE M
7% (acute myeloblastic leukemia : AML)~ORB{TOH
EAET AL EBREOBRYE GVHD O&HBENE
$52EED, VREPBHAGEROHRL T ZFE
FEBICIES EIS Tl v, BARRER M CEAMmK
BAOOBREEICIE L TBEBH2ERT S, su—FN
R EAREORRAMRL MDS ° AML ISR L7246

RENMOBHEELZZELS. FAREIIHTLBHNE
BAA P> 60 FAOBEENEZRT (RO)®. FAH
LBAT L8R ImIc 3 28 L2 fbEREDO 70
Pa—niiZe, F0E G AMLThHD, BRELAT
YESHA ) VROFEHRINYTE Y, Sit~hE
By 7R EMRESR TN, {LBEREOAT
DORFIIMFETE T, BINICEMBRORBHEL £HT 5.
Mehta 57%%t% L7z reduced intensity FLAG(fludara-
bine, cytosine arabinoside : Ara-C, granulocyte-
colony: stimulating factor . G-CSF)#&#&ikbhbhd
ALY, BHEEITORELIY Fo— T 5IC1ET
BRERL (ERTE 5 (EHO).

3 mauﬂﬁ o

ﬁﬁ @ﬁi’ﬁ%ﬁ’(ﬁﬁ WwhH n&ﬁiﬁfﬁ“ﬁﬁ)"@kﬂ CY
HETRBRMESEEI M, 2R CY & TAL ATG
ORI L ) HLA —BERMBHETIIRE L L RE
Bonzrylihoro-w, LpLaeds, BHRES
EEUHLE L BEZEZKVADHMENEHEh I L
5, BERORERE, H5WIEFlu &L LL,
BAHRERZ & RVRTLENR ) EADME > TS,

HLA ~BFAR -2 50BHEREFF -2 L0
BHCRBHALEEIRE2S. —HARFT 250
FAEFHBHOBRRESERT (RO). PROCY L
TAIL ATG OffHM»6, CY BAIES 2S5 {3 Flu

P Syerm

8(94) SFfahsEE vol.8 no. 2. 2009
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G-CSF

|

5 ug/kg

DAY l
300 mg/m?

S

30 mg/m? l
Day ] 2

|

3
@O Reduced intensity FLAG % (Mehta PA et al, 2007" & ) &ZE51A)

4 5

=0 Fanconl Emlh_ﬁ’é‘% HLA *ﬁﬂﬂﬂ(ﬁﬁﬁﬂ)%koﬁ%‘éﬁﬁi&(ﬁi%{’?ﬁ%)

B e ROV
Socie et a/® 50 | CY(20~40mg/kg)/TAI(5 Gy) | CyA 6 | 56 70 74(4%)
59(8%)
Yabe eta/!® 5 CY(20~150 me/ke) /TA/TBI(6~B Gy)/ALG | CYA/MTX 20 0 20 {100(2%)
Dufour et a/® a2z CY (20 mg/ke) /TAI/TBI(E Gy) | CvA Ffcld 8 36 13 81 (3%)
5 CY (120 mg/ke) CyA/MTX
Farzin et a/'® 30 CY (20 mg/ke) /TA4 Gy)/ATG | CyA/ATG 7 20 7 188(10%)
5 CY (40 ma/kg) /TBI{4.5 Gy)/ATG | /AINFIAFTMR 0] 40 40
Bonfim etal' > 43 CY (60 mg/kg) CyA/MTX 12 17 28 93(3%F)
Ayas et al'® 22 CY (20 mg/ke) /TAI(4 Gy) /ATG | CyA/ATG 0 9 2} 73 (7€)
34 CY (80 ma/ke) 9 6 87 (34%)
Tan et al'® 11 FIu/CY/ATG CyA/MP 0] 0 0 |100(2%)
/THIRRRE
Pasquinieta’® | 77 MREis: #e CyA/MTX 3 23 18 78(5%)
71 JERRGYER 4 21 24 81 (5%)

Flu ! fludarabine, CY | cyclophosphamide, ATG : antithymocyte globulin, ALG | antilymphocyte globulin,
TAI ; thoraco- abdominal irradiation, TBI ; total body irradiation, CyA | cyclosporine, MTX : methotrexate, MP methylprednisolone

EEOIEREL VA UANEBRFEOHEFRALNT
Vi EFA BEOLPISIETA beL Y CIMMC)
RT 4 RY 7y /(diepoxybutane : DEB) ICIEEHED
BEEEZ R THRORENGEEh, B/ 7REEK
WsBLELZLNE. EX¥A 2 ORE TR EREACE
WORZREZRTY v RBPFEEL, Thony /3R
HAMAEBICHVWS CY CHLTHEROREETH S/
b, PROCY TREFFEOWEENRLS. b
b I BHANCEEY YRS CY RBIEMA, B
BAEBEHEZENCREL, HABICERTS CY#S
BEAMTHILICL Y BFLBHEME ST LAt
T&7:. DIPEDOFABETIEI) LAV 2KE%

SFHIREE vol. 8 no.2 2009
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RTREVRBEETHL LENShELD, —HDOCY
BRARECRIELEOVRIFBTALFH SRS,
Flu D85, CoXH 2 CYREROAMEREICL
HLA —BFEBMBRTORRML I 2 2 REE L.
bhbhd 2000 EUBOBH CREEBOSIIRLILS
ZFlu 2 ALR—ROFERMHABICELL ZLICE
D, TALFCEHAIBOREELTRS,
THICHLT, RBFT—»50BHOREx LD
THRRT, 2R CY & TAL ATG OfER#ETIIER,
S GVHD R BHIMEEFE & EOBTHE L, 30 %]
BZOEEELIMG o dboslven, REFS—P 60
FIEEHBHEOERRINERT (RO). Flu2&A7H

9(95)



55iLS VI Fancon AMOBERAER LEES

#£O© Fanconi AMICH 9 SISHEMMLEE - %X?g?gﬂmﬁﬁﬁmiﬁﬁ(d\% &, 2006 & hEXZFIAD

[ HLA —mmERr— [ wmsr—

| BERRAN(RA ZZ0)

| Flu 25 mg/m2x 6 days 25 mg/m? X 6 days

| cY 10 me/ke x 4 days 10 ma/kg X 4 days
ATG 1.25 mg/kg X 4 days 1.25 mg/kg X 4days
TL/TAI 23w 3Gy
BEBBAERERSSUSMEEMR (RAEB BLEOETH)
Flu 25 mg/m2X 6 days 25 mg/m?X 6 days
cY 10 mg/kg X 4 days 110 mg/keg X 4 days

I ATG 1.25 mg/kg X 4days 1.25 mg/kg x 4 days

i TBI 4.5 Gy (1.5 Gy x 3 times) 45 Gy(1.5 Gyx 3 times)

RA  refractory anemia, RAEB ! refractory anemia of excess of blasts, Flu { fludarabine, CY ! cyclophosphamide, ATG . antithymocyte
globulin, TAI ; thoraco-abdominal irradiation, TLI : total lymphoid irradiation, TBI ! total body irradiation

HoS 2
Gluckman et al® 48 | CY20 —->100 me/kg/TBI/LFI | CYA/MTX 24 51 48 E 29 (2%)
18 ‘
MacMillan et a*”? 29 CY40 mg/kg/TBI 4.5~6 Gy/ATG | CYA/MTX 37 32 0 34(14)
100
Guariola etalV’| 869 CY20~80>=mg/kg/TAI/TBI | CYyAMTX/JLFIATOMR ] 20 42 42 33(3%)
4 /anti—T therapy
. 38
Boyer et al'® 8 | CY20 mg/kg/Flu/TBI4.5 Gy TL 29 29 0 58+18
/ATG 100 : QE:3)
Yabe et al? 27 Cy40 mg/kg/Fiu/TAI/TBI Tacrolimus/MTX/MMF 37 12 31 96 (1)
3~4.5 Gy/ATG 0
Wagnereta'® | 52 | JEFlUE < CYAMMTX/ Tacrolimusti& 22 31 30 13~52
43 |FIU B HEL 71 (@gHHET) (3%)
Chaudhury et af® Cy40 mg/kg/Flu/TBl4.5 Gy Tacrolimus 0 6 o 67~72
18| /ATG 100 (5%)

Flu 2 fludarabine; CY : cyclophosphamide, Bu : busulfan, ATG . antithymocyte globulin, ALG  antilymphocyte globulin, TAI { thoraco-
abdominal itradiation, TBI : total body irradiation, LFI : limited field irradiation, CyA . cyclosporine, MTX . methotrexate, MMF
mycophenolate mofetil

MBORFEICLY, K FF—2 5 OBMREILRIEN
Wl L. BREEITIR Flu 2 8AZRLEICTH
farE2INAZ7GVHD FHizHwA I LICLY, &F
FELEE, GVHD #BIBF L EHTESZL IR
h, B0 KU e2, bHEO FA BEi,
BTN E ST A 72 BT HBENEL, EED
YR ZAEED, THREBEEEIBI 2bhv. A%

F = o0BRMLE TR, HLA —XRARMBHD
10(96) I FHIR A

56

RTALE (I TAL 3Gy 2% 5 C &I & b BIF 2 )98
LTV (RO?, HOA). FERBHLIX O ~NEBIT
TEADWSHOBRETH S,

BARRMEAME, BRHRURERNPIED DMK
EELCEAE CREMLERR2S. BlANED
WOVl WAL M (refractory anemia D RA) X T
BEELREAEMICKE LB TSP L Bbh
5. BMFEARROMAMA A SRS FRMMBASEE L
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-8 -7 -6 -5 -4 -3 -2 -1 O
A TAIZGy*
Flu 25 mg/m? O 00 ooQoaa
CY 10 mg/ke v VvV VvV V
ATG 1.25 mg/kg o OO O
BMT
-9 -8 -7 -6 -5 -4 -3 -2 -1 0O

B T8I 1.5 Gy ‘ ‘l
Flu 25 mg/m2
CY 10 mg/kg

ATG 1.25 mg/ke

oo o0ooocaa

v vV vV

S OO0
BMT

FO® Fanconi AMICH Y SBIEFTNBOIRS ATV a—Ib (HE1ER)
ABEARMEDN(RICERREEE)

*HLA

—HENAMBHTIX TAI3Gy %<

B A RALE R B (RAEB UL EOEITH) & & OB E M9

RA | refractory anemia, RAEB ! refractory anemia of excess of blasts, Fiu { flu-
darabine, CY ! cyclophosphamide, ATG . antithymocyte globulin, TAI . thoraco-
abdominal irradiation, TBI : total body irradiation

(RA with excess of blasts | RAEB) BL.ED#EFTHITIE
TAI % £ 5 B5}(total body irradiation : TBDIZZEEL,
3Gy 545Gy NEMMREMATAILETHIELT
W5 (RO EOB). Chaudhury b2 ikbhbitLFH
BomET, THREREEZMAZ 1040 RAEB L
DETPITOBIET, I b PIVEFL BT ERAZE
ELTwS., ShH0EFAORIT, FELRE VDR
5T EREBEREEEL TEMNS S UILPBERL CEHFT
Thh, Flu 0FlESEHEC LGRS,

4 GVHD 5575
FA Tiz HLA —*iﬁﬂiﬁﬂﬂ@hf i) grade il ur_w%’
¥ GVHD R+ A2 M RefEr® <, 1998 FEna—ay

SOBET D 46 B 26 B (56.5 %) IZE&HEL T,
Guardiola 52 O #i& TkA R CY + TAI ORIAET,
HLA ~%ARMBHEE X/~ FABED gradeI L L
DR GVHD DRESRIX, 2 ¥ ¥ — F(CY 200
mg/kg) WL ZHBATRRAMOBED 2HET
bh, PEULTORRTOHEBEIX 7T, 8% GVHD
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~NOBITOEN o7 CyA DIERARHABORRIZ L
h HLA —ERBHBH TOR2YE GVHD o HE IR R
L., 2562, Fluzdl& LRV Y A OB L
EHICHABMBHOSEGVEHD Doy PU—VIRES
Lo TETWLS

=%, REFFT—DLOBHEIZBII 224 GVHD ©
BEREL, Flub YA Y EEHLBCKEETIR T
MRBBREMNGVHD ©a Y Fa—= VO EFIC Lo TV A,
FCBRIZEIICOPED FABRETIR, ¥ 27%28
THRENS L, ERON A 2B VD, THRKRE
@B b, bHETI, BREBRICLN, B
SR ESEN LS GVHD O&SHEEIZEL, |
BFF—»onBHicEnTidy 70U A XD AR
I2& b, GVHD oBE(LIZIEE A LA LR TR W,

JEMRTO FA BEICHT5 GVHD PRz 8T 5

(FRO).
5. Blﬁzmﬁh
FA%%fuam%@fm@mﬁk@§&$ﬁmmq

11 (97)



