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line DT40. Based on the cDNA sequence, we PCR-
amplified genomic DNA fragments of chkFANCL and
designed the targeting construct (Fig. 3A). The gene
targeting was achieved by serial transfections with the
construct, and gene disruption was verified by Southern
(Fig. 3B) and Northern blot analyzes (Fig. 3C).

‘We first looked at the monoubiquitination of FancD2
in fancl cells. As shown in Fig. 3D, monoubiquitinated
FancD?2 (1-form) was markedly increased in intensity in
response to MMC treatment in wild-type cells. In con-
trast, the 1-form was not detected in fand cells even after
MMC treatment (Fig. 3D). This defect was restored by
the expression of GFP-chFancL (Fig. 3D). Consistently,
MMC-induced FancD2 focus formation was markedly
decreased by EANCL distuption (see Fig. 5A, middle panel).

The DNA repair capacity of fancl cells was assessed
using colony survival assays following exposure to DNA
damaging agents. fancl cells were only slightly more sen-
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are means * standard deviation (SD) of
three independent transfectants.

sitive to X-ray than were the wild-type controls (Fig. 3E),
but were extremely sensitive to the DNA cross-linkers,
cisplatin (as previously reported in Matsushita et al. 2005)
and MMC (Fig. 3F).Again, the defects were complemented
by the expression of GFP-chFancL in fanel cells (Fig. 3E,F,
and Supplement Fig. S4C in Matsushita et al. 2005).

To test whether fancl cells have HR defects, we examined
the frequencies of gene targeting events that occur at two
independent genomic loci. Wild-type and fand cells were
transfected with gene targeting vectors in parallel, and
targeting events were examined by Southern blot analysis.
FANCL-deficient cells had a drastically reduced gene
targeting efficiency compared to wild-type cells, and this
defect was partially complemented by expression of GFP-
chFancL (Table 2). These results indicate that fancl cells
display phenotypes that are observed in other DT40 FA
mutants,and that the severity of the defects is very similar
to that seen in fancd2-null mutant cells (Yamamoto ef al. 2005).
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Figure 3 Targeted disruption of hEANCL loci in DT40 cells. (A) Schematic representation of partial chEANCL locus, the gene targeting
constructs and the configuration of targeted alleles. The black box indicates the positions of exons that were disrupted. S, Sad site.
(B) Southern blot analysis of Sac-digested genomic DNA from cells with indicated genotypes by using flanking probes as shown in
panel A. (C) Notthern blot analysis of total RINA from wild-type and fanel cells with a chFancL ¢cDNA probe. (D) Western blot analysis
of whole cell lysate prepared from wild-type, fanc! and complemented fancl cells with GFP-chFancL expression vector using anti-chFancD2
sera. Cells were treated with MMC (500 ng/mL) for 6 h. L or s denotes the FancD2-1 and FancD2-s forms, respectively. (E and F)
Sensitivities of wild-type and fand DT40 cells to DNA-damaging agents. The fraction of the surviving colonies following treatments with
X-ray (E) or MMC (F) is shown.The data shown are means + SD of at least three separate experiments.

Generation of FancD2 monoubiquitination site
(K563R) mutant cells

In DT40 cells, it is quite straightforward to introduce a
specific mutation into an endogenous locus by “knock-
in” gene targeting. To examine the physiological signifi-
cance of monoubiquitination of FancD2, we generated
a FANCD2 mutation in which the critical Lys residue
was changed to Arg ( fancd2-K563R). As summarized in
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(Fig. 4A,B), we first deleted three exons containing the
monoubiquitination site in one allele by the FANCD2-bsr
vector. Then the other allele was *‘knocked-in” with K563R
mutation using D2-K563R-his vector. Finally, the bsr
and his resistance gene cassettes were excised by GFP-
Cre expression as described in Experimental procedures.
Genotypes generated in each step in these procedures
were verified by Southern blotting (Fig. 4C), and the
mutation in fancd2-K563R cells was confirmed by DNA
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Table 2 Targeted integration efficiencies in fand cells

Targeting vector

Genotype Ovalbuniin-puro Xree2-puro
wild-type 24/52 (46.2%) 7/22 (31.8%)
Sane 5/78 (6.4%) 1/65 (1.5%)

fand + GEP-chFANCL 4/26 (15.4%) 2/20 (10.0%)

Shown are numbers of targeted colonies per total number of
colonies analyzed by Southern blotting. The percentage of
targeted integration events is given in parentheses.

sequencing of both PCR-amplified genomic DINA and
transcripts (data not shown). Indeed, Western blotting
showed that FancD2 1-form was not detected in fancd2-
K563R cells before or after MMC treatment (Fig. 4D).

Direct comparison of fancl, fancd2-null and
Jancd2-K563R cells

We compared the phenotypes of fancl, fancd2-null and
fancd2-K563R cells. First, we examined focus formation
and chromatin targeting of FancD2 in fand and fancd2-
K563R cells. While wild-type cells displayed robust
formation of FancD?2 foci following MMC treatment,
similarly treated fancl and faned2-K563R cells could not
form any significant levels of FancD?2 foci (Fig. 5A). In wild-
type cells, the FancD?2 1-form was found to be targeted
to chromatin after MMC treatment; however, both s- and
L-forms in fancl and fancd2-K563R cells were not signi-
ficantly localized in chromatin fraction (Fig. 5B). These
results were consistent with the notion that chFancD?2
was monoubiquitinated at K563 site, which was most
likely catalyzed by chFancL. We next carried out cell
growth analysis in parallel, and found that fand, fancd2-
null and fancd2-K563R cells displayed a similarly reduced
growth rate compared to wild-type cells (Fig. 6A). We
also tound that the plating efficiency of these mutants
was comparable (~30%), but was reduced relative to that
of wild-type cells (nearly 100%).

It is known that FA mutant cells have defects in
HR -mediated repair of DSBs (Yamamoto et al. 2003, 2005;
Nakanishi et al. 2005). To directly test whether fancl,
Sancd2-null and faned2-K563R mutant cells displayed dif-
ferences in HR repair capacity, we carried out an assay
for HR-mediated repair of an I-Scel-induced DSB.
Wild-type, fancl, fancd2-null and fancd2-K563R mutant
cells that have the artificial recombination substrate
SCneo integrated at the OVALBUMIN locus were used
for this assay. A chromosomal DSB was introduced in
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one of the two tandem non-functional neo genes by tran-
sient introduction of an I-Scel-encoding plasmid. A
functional neo gene can be reconstituted if the DSB is
repaired by HR using another partial neo gene as a tem-
plate. Thus, HR -directed DSB repair capacity could be
measured by counting the number of G418-resistant
colonies (Yamamoto et al. 2003). The reduction in HR
efficiency was 26, 24 and 30-fold in fancd2-null, fancd2
K563 and fancd mutants, respectively, compared to the
wild-type control (Fig. 6B). There were no statistically
significant differences amongst the mutant cells. These
resules suggest that FancD2 monoubiquitination is essen-
tial for the activity of FancD2 in HR-mediated repair,
and that the FancD2 K563R. mutant protein has essen-
tially no residual activity for the repair of chromosomal
DSBs by HR.

Next, we examined the cross-linking sensitivity of these
mutant cells using a colony formation assay in the presence
of cisplatin (Fig. 6C) or following brief exposure to MMC
(Fig. 6D). Fancd2-null and fancd2-K563R mutants showed
almost the same level of sensitivity to these cross-linking
agents, indicating that the cross-link repair function of
FancD2 depends on its monoubiquitination. In contrast,
fanel cells were slightly, but significantly, more sensitive
than either fancd2-null or fancd2-K563R cells.

Discussion

To date, only FancE has been reported to directly inter-
act with FancD2 among the FA core complex compo-
nents (Medhurst et al. 2001; Pace et al. 2002; Gordon &
Buchwald 2003). In this study, we have identified chicken
PHF9/FancL as a FancD2-interacting protein by Y2H
screening, and confirmed that by co-immunoprecipitation
between ectopically expressed proteins. We suggest that
the interaction between endogenous proteins should be
weak and transient, and thus could be undetectable, since
purified FA core complex containing FancL does not
have FancD2 protein as its stable component (Meetei et al.
2003b). Nonetheless, our observation reinforces the
notion that FancL monoubiquitinates FancD?2 in a direct
manner, although this has not been clearly established by
in vitro reconstitution experiments.

We also found that any partial deletion of FancL or
some of the tested point mutations in the PHD domain
abrogated the interaction (Fig. 2), indicating that at least
the PHD domain and the N-terminal 1-143 region are
required to interact with chFancD2. hFancL C307A
mutation also disrupted interactions with hFancA and
hFancF (Table 1). As we have previously described, the
equivalent chicken C305A mutation abrogated the
capacity of the GFP-chFancL protein to complement
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Figure 4 Generation of fancd2-K563R “knock-in” cells. (A) A strategy for making faned2-K563R cells as described in Experimental
procedures. The drug-resistant gene cassettes, which contain a loxP site at both ends, were removed by GFP-Cre expression and
subsequent clone-sorting. (B) Schematic representation of partial chFancD?2 locus, the gene targeting constructs and the configuration
of targeted alleles. The black box indicates the positions of exons. The white arrowhead indicates the loxP site. E, EcoR I site. (C) Southern
blot analysis of EcoRI-digested genomic DNA from cells with indicated genotypes by using flanking probes as shown in panel B.
(D) Western blot analysis of whole cell lysate prepared from wild-type and fancd2-K563R cells with or without MMC treatment, as in Fig. 3D.

Asterisk indicates nonspecific band as loading control of the samples.

cisplatin sensitivity as well as chromatin localization when
expressed in fand cells (Matsushita et al. 2005). Consistent
with these results, a previous study reported that the human
mutation (C307A) disrupted co-immunoprecipitation

© 2007 The Authors

with hFancA, the ability to complement fanc patient’s
cells with FancD2 monoubiquitination and in vitro auto-
ubiquitination activity (Meetei et al. 2003a). Thus this
mutation likely disrupts multiple aspects of FancL function,
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Figure 5 Characterization of fancd2-K563R cells. (A) FancD2
focus formation after MMC (500 ng/mL, 6 h) treatment.
Cytospin slides were prepared, stained with anti-chFancD2
antibody followed by FITC-conjugated secondary antibody
(Invitrogen) and DAPI, and observed under TCS-SP2 confocal
laser-scanning microscope (Leica Microsystems, Wetzler, Germany).
(B) Chromatin targeting of FancD2 protein. Cells were treated
with MMC (500 ng/mL, 6 h) or left untreated, and then
fractionated. Each fraction was separated by SDS-PAGE, and
Western blotting was carried out using anti-chFancD2 or anti-
Histone H4 (Upstate, Lake Placid, NY). WCE, whole cell extract;
Sol, soluble fraction; Chr, chromatin fraction. Each lane of WCE,
Sol, or Chr fractions contain proteins extracted from 100 thousand,
one million, or two million cells, respectively.

including maintenance of the integrity of the core com-
plex as well as ubiquitin E3 ligase activity. It would be
interesting to test other mutations in a similar manner to
dissect functions of FancL protein.

We have provided evidence of roles for FancL in ICL
repair and HR.. These functions were not unexpected,
given the proposed role of FancL in the monoubiquiti-
nation and activation of FancD?2. Several studies have

Genes to Cells (2007) 12, 299-310

implicated the monouibiquitination as a critical modifi-
cation for activation of FancD2 for DNA repair. For
example, mutant FancD2 protein lacking the monou-
biquitination site abolished these functions when expressed
in FANCD2-deficient PD20 cells (Garcia-Higuera et al.
2001; Taniguchi et al. 2002b). However, such ectopic
expression does not necessarily provide definitive proof
for a physiological role of the monoubiquitination, since
this may lead to overproduction of FancD2. Further-
more, the endogenous ¢is element could be crucial for
regulation of EFANCD?2, since defective immunoglobulin
gene conversion in fancd2 cells could not be comple-
mented by CMV promoter-driven expression of FancD2
(Yamamoto et al. 2005). Similarly, the defects in targeted
integration frequencies could not be fully comple-
mented in both fancd2 (Yamamoto et al. 2005) and fanc!
(this study) by expression of the corresponding expres-
sion vectors.

To more rigorously test the role of monoubiquitination
(as well as FancL) for FancD2 activation, we generated
faned2-K563R cells and compared these cells with faned2-
null and fancl mutants. We found that fancd2-K563R and
Sfancd2-null mutants displayed essentially the same degree
of defects in cell growth, HR-mediated chromosomal
DSB repair, and cisplatin and MMC sensitivity, indicat-
ing that absence of monoubiquitination functionally
equates to absence of the protein. Thus, the monoubi-
quitination is critically important for FancD2 to function,
at least in the assays analyzed here.

In cell growth and HR -directed DSB repair assays, the
fanc and fancd2 mutants showed a similar degree of
impairment. In contrast, fanc cells showed consistently
more severe cross-linking agent sensitivity compared to
the other two fancd2 mutants. Since two independently
derived fancl clones (data not shown) were both more
sensitive to cross-linkers than were the fancd2 mutants, it
seems unlikely that these results were due to simple clonal
variation.This raises the following two possibilities. First,
it is possible that FancL may ubiquitinate another sub-
strate that modulates ICL repair, but not HR. Absence
of FancL affects the function of this putative substrate as
well as that of FancD2, and therefore the level of cisplatin
sensitivity in fancl cells is the combined effects of the fail-
ure of two modifications. Alternatively, or additionally,
FANCL mutation may disrupt the core complex, which
will have the effect of distupting the DNA repair activity
mediated by the core complex. Based on our data using
FancD2-fusion proteins, we have proposed that the core
complex has its own role in DNA repair (Matsushita
et al. 2005). FancM is an obvious candidate for an effector
molecule of the core complex because of its potential
DNA modifying activity. For example, FANCL mutation
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Hsp90 regulates the Fanconi anemia DNA damage response pathway
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Heat shock protein 90 (Hsp90) regulates
diverse signaling pathways. Emerging evi-
dence suggests that Hsp90 inhibitors,
such as 17-allylamino-17-demethoxy-
geldanamycin (17-AAG), enhance DNA
damage-induced cell death, suggesting
that HspS0 may regulate cellular re-
sponses to genotoxic stress. However,
the underlying mechanisms are poorly
understood. Here, we show that the Fan-
coni anemia (FA) pathway is involved in
the Hsp90-mediated regulation of geno-
toxic stress response. In the FA pathway,
assembly of 8 FA proteins including

FANCA into a nuclear multiprotein com-
plex, and the complex-dependent activa-
tion of FANCD2 are critical events for
cellular tolerance against DNA cross-
linkers. Hsp90 associates with FANCA, in
vivo and in vitro, in a 17-AAG-sensitive
manner. Disruption of the FANCA/HspS0
association by cellular treatment with 17-
AAG induces rapid proteasomal degrada-
tion and cytoplasmic relocalization of
FANCA, leading to impaired activation of
FANCD2. Furthermore, 17-AAG promotes
DNA cross-linker-induced cytotoxicity,
but this effect is much less pronounced

in FA pathway-defective cells. Notably,
17-AAG enhances DNA cross-linker—in-
duced chromosome aberrations. In con-
clusion, our results identify FANCA as a
novel client of Hsp90, suggesting that
Hsp90 promotes activation of the FA path-
way through regulation of intracellular
turnover and trafficking of FANCA, which
is critical for cellular tolerance against
genotoxic stress. (Blood. 2007;109:
5016-5026)

© 2007 by The American Soclety of Hematology

Introduction

Hsp90 is an abundant, evolutionarily conserved molecular chaper-
one whose function depends on its ability to bind and hydrolyze
ATP. Through an ATPase cycle, Hsp90 facilitates proper folding of
“client” proteins, thereby regulating their stability, protein interac-
tions. intracellular trafficking, and functions.'> To fulfill these
functions, Hsp90 interacts with its cofactors and cochaperones
including Hsp70, immunophilins, and p23, to form the Hsp90-
based chaperone complex.!2 Natural compounds such as geldana-
mycin and radicicol bind the ATP-binding pocket of Hsp90 and
disrupt its chaperone function.3# Hsp90 is required for function and
stability of diverse signal transduction proteins including onco-
genic proteins such as ErbB2 and Raf-1.%7 Hence, the chaperone is
an attractive target for cancer therapeutics. Indeed, Hsp90 inhibi-
tors show antitumor activities in preclinical models, and geldanamy-
cin analogues such as 17-allylamino-17-demethoxygeldanamycin
(17-AAG) are currently undergoing clinical trials.3# Importantly,
Hsp90 inhibitors sensitize tumor cells to various genotoxic agents
used for standard cancer therapeutics, including DNA cross-
linkers,®? ionizing radiation,'? and replication inhibitors."!"'> In line
with these observations, it is suggested that Hsp90 regulates cell
cycle checkpoints and DNA repair,!!*1? but the underlying mecha-
nisms are poorly understood.

Fanconi anemia (FA) is a genetically heterogeneous inherited
disorder characterized by progressive bone marrow failure, cancer
susceptibility, and cellular hypersensitivity to DNA cross-linkers
such as mitomycin C (MMC).'416 Multiple FA proteins cooperate
in a common biochemical pathway, termed the FA pathway, which
is involved in cellular response to DNA damage. At least 8 FA

proteins, specifically, FANCA, FANCB, FANCC, FANCE, FANCF,
FANCG, FANCL/PHF9, and FANCM, form a nuclear multiprotein
complex (FA core complex), which is required for FANCD?2
monoubiquitination in response to DNA damage.!’-32 DNA cross-
linkers and replication inhibitors such as hydroxyurea (HU) are
potent inducers of FANCD2 monoubiquitination.'*'¢ The mono-
ubiquitinated form of FANCD?2 is targeted to the chromatin and
participates in maintenance of genomic stability interacting with
BRCA1 and BRCA2/FANCDI, at least in part, through homology-
directed repair.2*33-35 FANCI/BRIP1, previously identified as a
BRCA l-interacting helicase, may function downstream of FANCD2
activation or independently of the FA pathway.?6-38 Previous studies
suggested that nuclear levels of FANCA have profound effects on
FA core complex formation.!7-20242527 Nuclear levels of FANCA
are determined by protein synthesis, degradation, and nucleocyto-
plasmic shuttling mediated by a bipartite nuclear localization signal
(NLS) and 3 leucine-rich nuclear export signals.!83%40 However,
little is known about the regulatory mechanisms for intracellular
turnover and trafficking of FANCA.

In an attempt to elucidate the molecular mechanisms of the FA
pathway, we found that Hsp90 was included in the FANCA-
containing protein complex. The goal of the present study was to
elucidate the molecular basis and functional significance of this
interaction. We here provide evidence indicating that Hsp90
functions as a chaperone of FANCA and that Hsp90 promotes
activation of the FA pathway through regulation of FANCA, which
is critical for cellular tolerance to DNA cross-linkers. These
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findings reveal that the FA pathway is involved in the Hsp90-
mediated regulation of DNA damage response.

Materials and methods

Plasmids

Human FANCA cDNA with a FLAG-HA tandem-tag at the N-terminus
(FH-FANCA) was inserted into a retroviral expression vector pLPCX
(Clontech, Palo Alto, CA). An expression vector for HA-tagged
ubiquitin was previously described.”’ Human FANCA cDNA and
FANCG ¢DNA were cloned into pcDNA3 Myc vector*! or pcDNA3
(Invitrogen, Carlsbad, CA).

Cell culture and transfections

FANCA-null SV40-immortalized Hbroblasts GM6914, MCF7, 293T,
NIH3T3. and HeLa cells were maintained in Dulbecco modified Eagle
medium (DMEM) containing 10% fetal bovine serum. K562, Jurkat, and
RPMI8226 cells were cultured in RPMI1640 medium supplemented with
10% fetal bovine serum. HeLa cells stably expressing FH-FANCA (HeLa/
FH-FANCA cells) were obtained using a recombinant retrovirus as
described previously.®” A clone with appropriate expression of FH-FANCA
(~5-fold of endogenous FANCA) was used for the present study. GM6914
cells stably expressing FANCA proteins were generated as described
previously.2°27 For transient expression, subconfluent Hela cells were
transfected with FUGENE 6 (Roche Diagnostics, Pleasanton, CA) accord-
ing to the manufacturer’s protocol. Hsp90 small interfering RNA (siRNA)
was designed and transfected into HeLa cells using Lipofectamine 2000
(Invitrogen), as described.**

Antibodies

The antibodies used in this study were as follows: mouse monoclonal
anti-Hsp90, which recognizes both Hsp90 « and Hsp90 8 (F-8. Santa Cruz
Biotechnology, Santa Cruz, CA); mouse monoclonal anti-Hsp90 38 (SPA-
843, StressGen. Victoria, BC, Canada); rabbit polyclonal anti-Hsp90 «
(SPS-771, StressGen); mouse monoclonal anti-Hsp70 (SPA-810, Stress-
Gen); rabbit polyclonal anti-FANCD2 (Novus Biologicals, Littleton, CO);
rabbit polyclonal antiubiquitin (SPA-200, StressGen); mouse monoclonal
anti-HA (6E2, Cell Signaling Technology, Beverly, MA); mouse monoclo-
nal anti-FLAG (M2, Sigma, St Louis, MO); mouse monoclonal anti-p23
(133, Affinity Bioreagents, Golden, CO); mouse monoclonal anti~tubulin-§
(TBNO6, NeoMarkers. Fremont, CA); mouse monoclonal anti—y-H2AX
(JBW301, Upstate Cell Signaling Solutions, Charlottesville, VA); rabbit
polyclonal anti-H2AX (Upstate Cell Signaling Solutions); mouse monoclo-
nal anti-Myc (9E10, Santa Cruz Biotechnology); rabbit polyclonal anti-
CHIP (Calbiochem, San Diego, CA); and mouse monoclonal anti-
topoisomerase 1I (Transduction Laboratories. Lexington, KY). Rabbit
polyclonal anti-FANCG (a gift from Dr J. P. de Winter, VU Medical Center,
Amsterdam, The Netherlands),?? rabbit polyclonal anti-FANCF (a gift from
Dr M. E. Hoatlin, Oregon Health and Science University, Portland,
OR),** rabbit polyclonal anti-FANCL and rabbit polyclonal anti-
FANCM (gifts from Dr W. Wang, National Institutes of Health,
Bethesda, MD).2%3! rabbit polyclonal anti-FANCC.! and rabbit poly-
clonal anti-FANCA!? antibodies were previously described.

Protein identification by liquid chromatography-tandem mass
spectrometry analysis

HeLa/FH-FANCA cells were washed with ice-cold phosphate-buffered
saline (PBS) and lysed in lysis buffer (50 mM Tris-HCI, pH 7.5. 150 mM
NaCl, 0.5% NP-40. 5 mM Na;VO,;, 5 mM NaF) containing a protease
inhibitor cocktail (Roche Diagnostics) for 1 hour. After centrifugation at
16 000g for 30 minutes at 4°C, the supernatants were incubated with
anti-FLAG M2-agarose at 4°C for 6 hours. After extensive washing, the
bound complexes were eluted with Tris-buffered saline containing 0.1
mg/mL of the FLAG peptide (Sigma) and digested with endoproteinase
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Lys-C. The resulting peptides were analyzed by a liquid chromatography-
tandem mass spectrometry (LC-MS/MS) system at the femtomole level as
described.#+43

Immunoprecipitation and immunoblot analysis

Immunoprecipitation and immunoblotting were performed as described
previously.?” For detection of polyubiquitinated FANCA, cells were lysed
in ubiquitin lysis buffer (50 mM Tris-HCl. pH 8.0, 150 mM NaCl. 1%
Triton X-100, 0.2% Sarkosyl) supplemented with 5 mM N-ethylmaleimide.
1 mM dithiothreitol, 2 mM Na;VO,s. 5 mM NaF. and a protease inhibitor
cocktail. Immunoprecipitated proteins and cell lysates were subjected to
sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Quantification of protein signals was performed by densitometry using
National Institutes of Health Image software.

Immunofluorescence microscopy

Cells were immunostained as described previously.?’ Cell nuclei were
stained with a mounting medium containing 4', 6-diamidino-2-phenylin-
dole (DAPI; Vector Laboratories, Burlingame, CA). Fluorescence micros-
copy was performed as described previously. 27

Subcellular fractionation

Cytoplasmic and nuclear fractions were prepared from HeLa cells using
CelLytic NuCLEAR extraction kit (Sigma) according to the manufacturer’s
protocol. Cytoplasmic and nuclear extracts were prepared as described. 27

In vitro binding assay

Myc-FANCA, Myc-FANCG. and FANCA proteins were expressed in rabbit
reticulocyte lysates (RRLs) using the TNT T7 Quick Coupled Transcription/
Translation System (Promega, Madison, WI) according to the supplier’s
instructions. In vitro transcription/translation reactions were performed in a
total volume of 50 pL for 90 minutes at 30°C, using pcDNA3 plasmids
encoding the proteins. Reaction mixture was diluted with 500 L. HEPES
buffer (10 mM HEPES, pH. 7.6, 150 mM KCl, 10 mM MgCl,, 5 mM NaF,
20 mM Na,MoO;, 0.1% NP40) and the synthesized Myc-FANCA and
Myc-FANCG were immunoprecipitated with an anti-Myc antibody, fol-
lowed by immunoblot analyses. FLAG-tagged wild-type and truncated
polypeptides of FANCA were synthesized in vitro, using DNA templates
containing the T7 promoter and corresponding nucleotide sequences, and
immunoprecipitated from the reaction using anti-FLAG antibody, followed
by immunoblot analyses.

Cell survival assay

Cells were seeded in 6-well tissue culture plates at a density of 2 X 10°
cells/well and allowed to grow overnight, and then treated with drugs, as
indicated. Cells were replated in 96-well tissue culture plates at a density of
5 X 10° cells/well, and then incubated with drug-free culture medium to
complete a total 72 hours from the time of initial drug application. Cell
survival was colorimetrically measured using 4-{3-(4-iodophenyl)-2-(4-
nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate assay kit (Dojindo
Molecular Technologies, Gaithersburg. MD) as described.?”

TUNEL staining

Drug-treated cells were replated into 8-well chamber slides (Electron
Microscopy Science, Fort Washington, PA) at a density of 2 X 104
cells/well and incubated in drug-free culture medium, as indicated. Cells
were fixed in fresh 4% paraformaldehyde for 25 minutes followed by
permeabilization with 0.3% Triton X-100 in PBS for 5 minutes. TdT-
mediated dUTP nick-end labeling (TUNEL) staining was performed with a
detection kit (Roche Diagnostics).

Chromosome breakage analysis

HelLa cells were treated with drugs for 24 hours and Colcemid (Gibco BRL,
Carlsbad, CA) for the last 3 hours. Cells were swollen using 0.075 M KCl
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and fixed with methanol-acetic acid (3:1). Slides were stained with Giemsa
and 50 to 100 metaphases were examined.

Results
Hsp90 associates with FANCA in vivo

To elucidate regulatory mechanisms of the FA core complex, we
conducted LC-MS/MS analysis of FANCA-containing protein
complexes immunopurified from HeLa/FH-FANCA cells. We
identified 96 potential FANCA-associated proteins after subtract-
ing proteins in the immunoprecipitated fraction from mock-
transfected cells. This experiment was validated by detection of
known FANCA-associated proteins—that is, FANCG,2022
FANCB,® FANCL,? and BLM.* Among the potential FANCA-
associated proteins, Hsp90 o and Hsp90 B were the major
components. The association of Hsp90 with FANCA was con-
firmed by immunoblotting analysis and reciprocal immunoprecipi-
tation followed by immunoblotting (Figure 1A, lanes 1-4). In
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Figure 1. Hsp90 specifically associates with FANCA in vivo. (A) Coimmunopre-
cipitation of Hsp90 with FANCA. Lysates from control HeLa cells and Hela/FH-
FANCA cells were immunoprecipitated (IP) with anti-FL.AG antibody and immunoblot-
ted with anti-FLAG and anti-Hsp90 antibodies (lanes 1 and 2). Reciprocally, lysates
from Hela/FH-FANCA cells were immunoprecipitated with either control mouse IgG
or mouse anti-Hsp90 monoclonal antibody and immunoblotted with anti-FLAG and
anti-Hsp80 antibodies (lanes 3 and 4). Lysates from Hel a cells were immunoprecipi-
tated with either control rabbit IgG or anti-FANCA and immuncblotted with the
indicated antibodies (lanes 5 and 6), orimmunoprecipitated with either control mouse
1gG or anti-Hsp90 antibody and immunoblotted with the indicated antibodies (lanes 7
and 8). (B) Inhibition of the interaction between FANCA and HspS0 by 17-AAG.
Hel.a/FH-FANCA cells were treated with vehicle {—) or 250 nM 17-AAG (+) for 15
minutes (lanes 2 and 3). Vehicle-treated parental Hela cells were used as control
(lane 1). Lysates from these cells were immunoprecipitated with anti-FLAG antibody
and immunoblotted with the indicated antibodies (upper panels), or were immunopre-
cipitated with anti-Hsp90 antibody and immunoblotted with the indicated antibodies
(middie panels). Lysates were directly immunoblotted with the indicatéd antibodies to
confirm that FH-FANCA and Hsp90 protein levels were constant after 17-AAG
treatment (lower panels). (C) Stabilization of the interaction between FANCA and
Hsp90 by molybdate. HeLa/FH-FANCA cells were lysed in a buffer (10 mM HEPES,
pH 7.5, 10 mM MgCl,, 150 mM KCl, 0.2% Tween 20) in the presence (+) or absence
(—) of 20 mM molybdate. Lysates were immunoprecipitated with anti-FLAG antibody
and immunoblotted with the indicated antibodies (upper panels), or immunoprecipi-
tated with anti-Hsp90 antibody and immunoblotted with the indicated antibodies
(lower panels).
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similar studies, the association of FANCA with both isoforms of
Hsp90 was confirmed (data not shown). Moreover, in parental
HeLa cells (Figure 1A, lanes 5-8) and K562 human myeloid
leukemic cells (data not shown), endogenous FANCA associated
with Hsp90 and its cochaperone p23, which preferentially binds to
an ATP-bound form of Hsp90, stabilizing the interaction between
Hsp90 and its client proteins.? In addition, Hsp70 coimmunoprecipi-
tated with endogenous FANCA in these cells (data not shown).
These data suggest that the Hsp90-based chaperone complex!?
associates with FANCA.

To test whether the FANCA/Hsp90 interaction was specific, we
examined effects of 17-AAG and molybdate. 17-AAG disrupts the
interaction between Hsp90 and its clients,>* whereas molybdate
stabilizes the interaction.#’#® QOur results showed that cellular
treatment with 17-AAG induced a rapid dissociation between
Hsp90 and FANCA (Figure IB). As previously described,*
17-AAG disrupted the interaction between Hsp90 and p23 under
the same conditions. Figure 1C shows that the FANCA/Hsp90
interaction was labile in a buffer without molybdate, whereas the
interaction was prominently stabilized in the presence of molyb-
date (Figure 1C). Since vanadate has similar function,®® our
standard lysis buffer containing vanadate presumably made it
easier to detect the Hsp90/FANCA complex. Collectively these
results strongly suggest that the FANCA/Hsp90 interaction is
associated with the chaperone activity of Hsp90.

Hsp90 inhibition induces proteasomal degradation
and cytoplasmic redistribution of FANCA

To understand the functional significance of the association of
Hsp90 with FANCA, we examined effects of 17-AAG on FANCA
and other FA proteins included in the FA core complex in
HeLa/FH-FANCA (Figure 2A) and parental HeLa (Figure 2B)
cells. In both cells, FANCA was markedly down-regulated within 1
to 2 hours after cellular treatment with 17-AAG, whereas other FA
proteins decreased gradually following rapid reduction in FANCA
levels. The different kinetics of FANCA and FANCG decreases
seemed to conflict with previous observations that the 2 proteins
bind and stabilize each other, and that deficiency of either causes
accelerated degradation of the other.?* However, it should be noted
that our experimental conditions were different from previous
studies.?* Most importantly, FANCA- and FANCG-deficient cells
were used in the previous studies,®* whereas effects of the
drug-induced acute depletions of FANCA and FANCG were
analyzed in the present study. Figure 2C shows that 17-AAG
induced decreases of FANCA protein levels in HeLa cells and
MCF7 human breast cancer cells, in a dose-dependent manner
within the range of 50 to 500 nM, which was consistent with known
effective doses of the drug.®® The dramatic effect of 17-AAG on
FANCA protein levels suggested that FANCA might be a client of
Hsp90. To confirm that the effect of 17-AAG was not cell-type
specific, we examined the effect of the drug in other cells.
Following drug treatment, FANCA was markedly decreased in
K562 cells, Jurkat human T-cell leukemia/lymphoma cells,
RPMI8226 human myeloma cells, and NIH3T3 murine fibroblasts
(Figure 2D, lanes 1-8). In addition, the structurally unrelated Hsp90
inhibitors radicicol and novobiocin,* showed similar effects on
FANCA protein levels (Figure 2D, lanes 9-12), excluding nonspe-
cific effects of 17-AAG. To confirm the effects of Hsp90 inhibitors,
we tried to deplete Hsp90 by transient transfection of siRNA, but
Hsp90 levels were only mildly reduced and FANCA protein levels
were not affected (data not shown).
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Figure 2. 17-AAG Induces a rapid down-regulation of FANCA. HelLa/FH-FANCA (A) and parental HelLa (B) cells were treated with 250 nM 17-AAG for the indicated times.
Lysates were immunoblotted with the indicated antibodies. To assess total cellular levels of FANCM, whole-cell lysates were immunoprecipitated (IP) and immunoblotted with
anti-FANCM antibody. FA protein signals were quantified and normalized against tubulin-g signals. Data represent means * SE from 3 independent experiments (bottom
graphs). (C) Dose-dependent down-regulation of FANCA by 17-AAG. Hel.a and MCF7 cells were treated with various concentrations of 17-AAG for 2 hours. Cell lysates were
immunoblotted with the indicated antibodies (upper panels). FANCA signals were quantified and normalized against tubulin-g signals. Data represent means = SD from 3
independent experiments (bottom graphs). (D) After treatment with vehicle {(—) or 17-AAG (+), lysates from K562 cells (500 nM, 4 hours), Jurkat cells (250 nM, 2 hours),
RPMI8226 cells (1 uM, 2 hours), and NIH3T3 cells (1 1M, 4 hours) were immunoblotted with appropriate antibodies (lanes 1-8). Hela cells were treated with 250 nM 17-AAG,
2 pM radicicol, or 2 mM novobiocin for 2 hours (lanes 9-12). Cell lysates were immunoblotted with anti-FANCA and anti—tubulin-p antibodies. Numbers at the bottom of sample

lanes 9-12 represent relative FANCA protein levels normalized against control.

Because 17-AAG is known to accelerate degradation of Hsp90-
interacting clients, we assessed the effect of 17-AAG on stability of
FANCA by monitoring FANCA protein levels after blocking
protein synthesis (Figure 3A-B). The half-life of FANCA was about
8 hours in HeLa/FH-FANCA cells, whereas it was reduced to about
1 hour in 17-AAG-treated cells, suggesting that the drug acceler-
ated degradation of FANCA (Figure 3A). Similarly, the half-life of
endogenous FANCA was markedly reduced from about 8 hours to
about 2 hours after 17-AAG treatment of parental HeLa cells
(Figure 3B). We next examined effects of proteasome inhibitors. As
shown in Figure 3C, MG132 and lactacystin inhibited 17-AAG-
induced reduction of FANCA. Polyubiquitination precedes protea-
somal degradation of a wide variety of proteins. We therefore
examined the effect of 17-AAG on ubiquitination of FANCA. For
this purpose, cell lysates of HeLa/FH-FANCA were immunoprecipi-
tated using an anti-FLAG antibody, and immunoblotted with an
antiubiquitin antibody. Drug treatment increased polyubiquitinated
forms of FANCA, detected as a smear with slower mobility,
particularly in the presence of MG132 (Figure 3D left panels). The
presence of ubiquitinated FANCA in cells treated with MG132
alone suggested that FH-FANCA was ubiquitinated at basal states.
To study ubiquitination of endogenous FANCA, we transiently
transfected HeLa cells with HA-ubiquitin and treated the cells with
17-AAG or MG132 or both. FANCA was immunoprecipitated and
immunoblotted with an anti-HA antibody. Consistent with the
results obtained in HeLa/FH-FANCA, treatment with 17-AAG
with or without MG132 promoted polyubiquitination of FANCA
(Figure 3D right panels). Taken together, these results suggest that

Hsp90 inhibition induces FANCA degradation through the ubiquitin-
proteasome pathway.

Because Hsp90 inhibition promotes Hsp70-mediated associa-
tion of several clients with the chaperone-associated ubiquitin
ligase CHIP leading to their proteasomal degradation$7S! we
studied its interaction with FANCA. Our results showed that
interactions of CHIP with FANCA and Hsp70 were markedly
enhanced after 17-AAG treatment in HeLa/FH-FANCA cells
(Figure 3E). The proteasome inhibitor MG132 stabilized the
CHIP-Hsp70-FANCA complex, in the absence and presence of
17-AAG. These results suggest that CHIP may be involved in the
17-AAG-induced proteasomal degradation of FANCA.

Nuclear localization of FANCA is critical for its function and
appears to be regulated by its tertiary conformation of the
C-terminus!®2739; in addition, Hsp90 regulates transmembrane
trafficking of some client proteins.? We therefore studied the effect
of 17-AAG on subcellular localization of FANCA. Anti-HA
immunostaining of HeLa/FH-FANCA cells (Figure 4A-D) showed
that although transduced FANCA was predominant in the nucleus
at basal states, as previously described,!82027:3 it relocalized to the
cytoplasm, particularly to the perinuclear cytoplasm after cellular
exposure to 17-AAG (Figure 4C-D). Because FH-FANCA was
reduced during drug treatment, exposure time for image acquisition
was adjusted for optimal visualization of each specimen. Few
signals were observed in the nuclei and the cytoplasm of control
HeLa cells (Figure 4E), supporting the specificity of fluorescence
signals in this system. To further confirm these results, GM6914
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Figure 3. 17-AAG Induces degradation ot FANCA vla the ubiquitin-proteasome pathway. (A-B) FANCA degradation induced by 17-AAG. Hela/FH-FANCA (A} and
parental HeLa (B) cells were treated with 100 1g/mL CHX alone (CHX) or with 250 nM 17-AAG (CHX + 17-AAG) for the indicated times. Cell lysates were immunoblotted with
the indicated antibodies (upper blots). FANCA signals were quantified and normalized against tubulin-g signals. Data represent means + SE from 3 independent experiments
{bottom graphs). (C) Proteasome inhibitors block 17-AAG—induced FANCA down-regulation. Hela/FH-FANCA cells were treated with 17-AAG or MG132, at appropriate
concentrations for 4 hours (lanes 1-6). Cell lysates prepared using SDS-sample buffer were immunobiotted with anti-FLAG and anti-tubulin-8 antibodies. HelLa cells were
treated with 17-AAG and proteasome inhibitors, MG132 or lactacystin, at appropriate concentrations for 4 hours (lanes 7-15). Cell lysates prepared using SDS-sample buffer
were immunoblotted with anti-FANCA and anti-tubutin-g antibodies. (D) Enhancement of polyubiquitination of FANCA by 17-AAG. HeLa/FH-FANCA cells were treated with
vehicle (—) or 250 nM 17-AAG (+), in the absence (—) or presence (+) of 10 uM MG132 for 1 hour (lanes 1-4). Cell lysates prepared using ubiquitin lysis buffer were
immunoprecipitated with anti-FLAG antibody and immunoblotied with antiubiquitin and anti-HA antibodies to detect polyubiquitinated FANCA (Ubn-FANCA). The arrow
indicates nonubiquitinated FANCA. HeLa cells were transfected with empty vector (—; lane 5) or a plasmid encoding HA-ubiquitin (HA-Ub; +; lanes 6-10). After 24 hours of
transfection, cells were treated with 17-AAG and MG132, as described. Cell lysates were immunoprecipitated with either anti-FANCA antibody (lanes 5-9) or control rabbit IgG
(lane 10) and immunoblotted with anti-HA and anti-FANCA antibodies. (E) Association of CHIP with FANCA. HeLa/FH-FANCA cells were treated with 17-AAG and MG132
alone or in combination {lanes 1-4), as described in Figure 3D. Cell lysates were immunoprecipitated using anti-FLAG M2 agarose and immunoblotted with the indicated
antibodies {upper panels). The same lysates were immunablotted with the indicated antibodies (lower panels).

fibroblasts stably transduced with wild-type FANCA were immuno-
stained with an anti-FANCA antibody, and again the drug-induced
cytoplasmic relocalization of FANCA was observed (Figure 4F-G).
Most of control GM6914 cells gave only a few background signals
(Figure 4H).

Hsp90 stabilizes cytoplasmic FANCA independently of FANCG

To further characterize the interaction between Hsp90 and FANCA,
we determined the subcellular localization of the FANCA/Hsp90
complex. Cell fractionation studies using HeLa/FH-FANCA celis
(Figure 5A) showed that the FANCA/Hsp90 complex was mainly
detectable in the cytoplasm, whereas the FANCA/C/F complex was
predominant in the nucleus, as previously described.?®* Consis-
tently, the association between Hsp90 and endogenous FANCA
was mostly attributed to the cytoplasmic Hsp90/FANCA complex
in parental HeLa cells (Figure 5B). These results suggest that the
major target of Hsp90 is a cytoplasmic fraction of FANCA.

The FANCA/G complex is detectable in the cytoplasm probably
as an early intermediate subcomplex during assembly of the FA

core complex.20.2227.32 I addition, FANCG has a tetratricopeptide
repeat domain,*? which serves as an Hsp90-interacting consensus
motif in various cochaperones.! Thus, it is hypothesized that Hsp90
directly binds to FANCG and stabilizes FANCA through promoting
the FANCA/G interaction. To address this question, we expressed .
FANCA or FANCG by in vitro translation in RRL. RRL is a rich
source of Hsp90 and its cofactors such as Hsp70 and p23, which
form the Hsp90-based multichaperone complex. In these reactions,
FANCA associated with Hsp90 in a 17-AAG-sensitive manner,
whereas FANCG did not (Figure 5C upper panels). When FANCA
and FANCG were cotranslated in RRL, the 2 proteins formed a
complex, which was not affected in the presence of 17-AAG
(Figure 5C lower panels). Thus, contrary to this hypothesis, the
Hsp90 chaperone complex directly bound FANCA but not FANCG
in vitro and had little effect on the FANCA/G interaction.

To determine the region of FANCA that was responsible for the
interaction with Hsp90, we expressed a series of FANCA deletion
mutants and examined their interactions with Hsp90 in the same
system. As shown in Figure 5D, Hsp90 could interact with
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Figure 4. 17-AAG induces cytoplasmic relocalization of
FANCA. HelLa/FH-FANCA cells (A-D) and control Hela cells (E)
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After 17-AAG treatment

were treated with 250 nM 17-AAG for the indicated times, and A
then stained with anti-HA antibody. GM6914 cells stably express-
ing wild-type FANCA (GM6914/FANCA) were cultured with ve-
hicle (F) or 250 nM 17-AAG (G) for 18 hours, and then stained

B 2n C s&h D

with anti-FANCA antibody. As a control, GM6914 cells treated with g8
250 nM 17-AAG for 18 hours were stained with anti-FANCA (FANCA)
antibody (H). For optimal visualization of fluorescence signals,
exposure time was adjusted. Cell nuclei were visualized with
DAPI staining. Images were obtained on an Olympus AX70
microscope equipped with UPlan Apo 20x/0.70 NA and
WH10x/22 lenses (Otympus, Tokyo, Japan) using a PXL charged- DAPt
coupled device camera (model CH1; Photometrics, Osnabruck,
Germany).
a-HA
(FANCA)

full-length, 1-1200, and 1-900 fragments of FANCA, whereas the
binding of 1-600 FANCA to Hsp90 was drastically diminished, and
no interaction was observed between 1-300 FANCA and Hsp90.
The N-terminal deletion mutants 301-1455 and 601-1455 FANCA
bound to Hsp90. The Hsp90-binding of 901-1455 and 1201-1455
FANCA was reduced and not observed, respectively. Further
analysis showed that both of 601-900 and 901-1200 FANCA
moderately bound to Hsp90, and 601-1200 FANCA intensely
bound to Hsp90. Thus, both amino acid residues 601-900 and
901-1200 of FANCA are required for full binding to Hsp90. On the
other hand, 1-300 of FANCA was responsible for binding to
FANCG, consistent with previous reports.>?! These results sug-
gest that Hsp90 and FANCG independently recognize different
regions of FANCA.

In a further attempt to identify amino acid residues responsible
for interaction with Hsp90, we examined association of Hsp90 with
several patient-derived mutant proteins (H492R, H1110P, F1263del,
and W1302R), in which mutations were located on and surround-
ing the Hsp90-binding fragments of FANCA. These mutants,
expressed in GM6914 FANCA-null cells, fail to complement the
cells and enter the nucleus. 27 However, these mutations markedly
enhanced interaction between Hsp90 and FANCA (Figure 5E).
Although these results may appear to be paradoxical to the notion
that Hsp90 promotes FANCA, enhanced binding to client proteins
with aberrant conformation is a physiologic behavior of the
chaperone. Further work is required to elucidate the structural basis
of the interaction between Hsp90 and FANCA. The previous
observation that these mutant proteins interact with FANCG to a
similar extent with the wild-type protein?’ further supports the
notion that FANCG and Hsp90 independently interact with FANCA.

Taken together, these results suggest that Hsp90 stabilizes
cytoplasmic FANCA in a FANCG-independent manner. To confirm
this notion, we stably expressed ANLS FANCA mutant lacking an
N-terminal region (amino acid residues 1-35) in GM6914 cells, and
studied its turnover. The mutant protein fails to bind FANCG and

Hela/FH-FANCA

F vehice G 17-Aa6  H 17-AAG

«-FANCA

e —————
.GM6914

GM6914 FANCA

fails to enter the nucleus.!323% The results showed that the ANLS
mutant was degraded at a similar rate to wild-type FANCA (Figure
5E). Unexpectedly, the basal half-life of the ANLS mutant protein
was also similar to the wild-type protein. One explanation is that
FANCG-binding plays a minor role in the stability of the cytoplas-
mic pool, although it is required for maintaining total cellular levels
of FANCA through stabilization of the FA core complex in the
nucleus. Thus, Hsp90 and FANCG play distinct roles in cellular
homeostasis of FANCA.

17-AAG suppresses activation of FANCD2

The 17-AAG-induced reduction and cytoplasmic relocalization of
FANCA are expected to impair downstream activation of FANCD?2
through depletion of the FA core complex in the nucleus. Therefore,
we examined the effect of 17-AAG on FANCD2 monoubiquitina-
tion following cellular treatment with MMC. In HeLa cells,
FANCD2 monoubiquitination began to increase 2 hours after
MMC treatment, reaching a maximal plateau at 12 to 16 hours
(Figure 6A). Addition of 17-AAG suppressed MMC-stimulated
FANCD2 monoubiquitination, which was evident from 8 hours. It
should be noted that 17-AAG treatment induced slow decrease in
total FANCD2 levels, which may contribute to suppression of
FANCD2 monoubiquitination in the late phase. A dose-response
study showed that 17-AAG suppressed FANCD2 monoubiquitina-
tion at a similar range of concentrations (50-500 nM) to those
where FANCA was down-regulated (data not shown). Moreover,
the drug suppressed FANCD2 monoubiquitination in HU-treated
cells (Figure 6C). FANCD2 monoubiquitination seems to be
triggered by the formation of double-strand breaks (DSBs) during
DNA replication after cellular exposure to DNA cross-linkers and
replication inhibitors.*3 Thus, it could be possible that the 17-AAG-
mediated suppression of FANCD2 activation was secondary to
suppressed DSB formation due to the drug-induced growth arrest.
To exclude this possibility, we examined the effect of 17-AAG on
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Figure 5. Hsp90 stabilizes cytoplasmic FANCA in a FANCG-independent manner. (A) Cell fractionation study of HeLa/FH-FANCA. Cytoplasmic extracts (Cyto) and
nuclear extracts (Nuc) prepared from control HeLa and HeLa/FH-FANCA cells were immunoprecipitated (IP) with anti-FLAG antibody followed by immunoblotting with the
indicated antibodies (upper panels). The same extracts were directly immunoblotted with the indicated antibodies (lower panels). Topoisomerase Il (Top ) and tubulin-g are
nuclear and cytoplasmic markers, respectively. (B) Cell fractionation study of parental HeLa cells. Whole-cell lysates (Whole) and cytoplasmic extracts (Cyto) and nuclear
extracts (Nuc), prepared from Hela cells (1 x 107 cells) were immunoprecipitated with either control rabbit IgG or anti-FANCA antibody, and then immunoblotted with
anti-FANCA and anti-Hsp90 antibodies (upper panels). The same extracts were directly immunoblotted with the indicated antibodies {lower panels). Topoisomerase Il (Top i)
and tubulin-g are nuclear and cytoplasmic markers, respectively. {C) In vitro interaction of FANCA with Hsp90. In vitro transcriptiorvtranslation reactions were programmed with
empty vector (controf), pcDNA3 Myc-FANCA (Myc-FANCA), or pcDNA3 Myc-FANCG (Myc-FANCG) in the absence (—) or presence (+) of 10 uM 17-AAG (lanes 1-4).
Reaction mixtures were immunoprecipitated with anti-Myc antibody and immunoblotted with the indicated antibodies (upper pansels), or immunoprecipitated with anti-Hsp20
antibody and immunablotted with the indicated antibodies (middle panels). The arrow indicates Myc-FANCA. A portion (10%) of the input material was directly immunoblotted
with anti-Myc antibody to detect synthesized FA proteins (lower panels). FANCG was synthesized alone or with Myc-FANCA, in the absence () or presence (+) of 10 pM
17-AAG, as described (lanes 5-7). Reaction mixtures were immunoprecipitated with anti-Myc antibody and immunoblotted with the indicated antibodies. (D) Recognition of
different regions of FANCA by Hsp80 and FANCG. FANCA full-length protein and deletion mutants with a FLAG-tag at their N-termini were synthesized in vitro. Structures of the
deletion mutants are schematically shown at the bottom of the figure. Reaction mixtures were immunoprecipitated with anti-FLAG antibody, followed by immunoblotting with
anti-FLAG and anti-Hsp90 antibodies. Arrows indicate synthesized FANCA polypeptides. The same FANCA polypeptides were cosynthesized with Myc-FANCG in vitro, and
reaction mixtures were immunoprecipitated with anti-FLAG antibody and immunoblotted with anti-FLAG (data not shown) and anti-Myc antibodies. Results of binding studies
are summarized on the right for each mutant (bottom, ranging from negative, —, to strongly positive, ++). (E) Interaction of Hsp80 with FANCA mutants. Lysates from GM6914
cells stably expressing FLAG-tagged wild-type (WT) or mutant FANCA proteins were immunoprecipitated with anti-FLAG antibody (upper panels) or anti-Hsp30 antibody
(lower panels) and immunoblotted with the indicated antibodies. (F) Sensitivity of ANLS FANCA mutant to 17-AAG. GM6914 cells expressing wild-type FANCA (WT) or ANLS
mutant were treated with 100 wg/mL CHX alone, (CHX) or with 250 nM 17-AAG (CHX + 17-AAG) for the indicated times. Cell lysates were immunoblotted with anti-FANCA and
anti—~tubulin-B antibodies. FANCA signals were quantified and normalized against tubulin-B signals. Data represent means + SE from 3 independent experiments (bottom
graph).
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Figure 6. 17-AAG inhibits FANCD2 activa- A
tion but not H2AX phosphorylation. {A)
Effects of 17-AAG on MMC-induced FANCD2
monoubiquitination. Hela cells were treated
with 40 ng/mL MMC alone (MMC) or with 250
nM 17-AAG (MMC + 17-AAG) for the indi-
cated times. Cell lysates were immunoblot-
ted with anti-FANCD2 and anti—tubulin-g an-
tibodies. Protein bands corresponding to
FANCD2 (D2) and a monoubiquitinated form
of FANCD2 (Ub-D2) were quantified, and
ratios of the 2 isoforms (Ub-D2/D2) were
determined for each sample. Data represent
means + SE from 3 independent experi-
ments (bottom graph). (B) Effects of 17-AAG
on MMC-induced H2AX phosphorylation.
Hela cells were treated with 40 ng/mL MMC
alone (MMC) or with 250 nM 17-AAG
{(MMC + 17-AAG) for the indicated times.
Cell lysates were immunoblotted with anti-y-
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for each sample. Data represent means *
SE from 3 independent experiments (bottom
graph). (C) Effects of 17-AAG on FANCD2
monoubiquitination and H2AX phosphoryla-
tion in control and HU- and MMC-treated
Hela cells. Hela cells were treated with 1
mM HU or 40 ng/mL MMC in the absence (—)
or presence (+) of 250 nM 17-AAG for 8
hours. Cell lysates were immunoblotted with
the indicated antibodies. Ratios of FANCD2
isoforms (Ub-D2/D2) and fold inductions of
y-H2AX normalized against H2AX were de-
termined for each sample as described. Data
represent means = SD from 3 independent
experiments. (D-E) Effects of 17-AAG on
formation of FANCD2 and y-H2AX nuclear
foci. Hel.a cells were treated with 1 mM HU
or 40 ng/mL MMC in the absence (—) or
presence {+) of 250 nM 17-AAG for 8 hours.
Cells were stained with anti-FANCD2 (D) or
anti-y-H2AX (E) antibodies. Celf nuclei were
visualized with DAP] staining. tn each sample,
at least 200 nuclei were examined at original
magnification X200. Nuclei containing more
than 10 bright foci were scored as FANCD2-
and y-H2AX fodi-positive cells. Data represent
means = SD from 3 independent experiments
(bottom graphs). Images were obtained on an
Olympus AX70 microscope equipped with UPlan-
Apo 20x/0.70 NA and WH 10x/22 objectives
(Olympus, Tokyo, Japan) using a PXL charge-
coupled device camera (model CH1; Photomet- 66'4'(
rics, Osnabrick, Gemany).
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phosphorylation of a histone H2A variant H2AX, which is a
sensitive marker of DSBs.’* Immunoblot studies showed that
17-AAG treatment had little effects on MMC- or HU-induced
increases of phosphorylated H2AX (y-H2AX; Figure 6B-C),
suggesting that the drug impedes a process from DSB formation to
FANCD?2 activation. We next studied the effect of 17-AAG on
formation of FANCD2 nuclear foci representing recruitment of
monoubiquitinated FANCD?2 to the chromatin,?>* in comparison
with formation of y-H2AX nuclear foci. Consistent with results of
the immunoblot studies, 17-AAG treatment markedly suppressed
MMC- or HU-induced FANCD?2 nuclear focus formation but had
little effect on y-H2AX nuclear focus formation (Figure 6D-E).
The DNA damage-sensitive kinase, ataxia telangiectasia and
RAD3-related protein (ATR), is required for DNA damage-
induced FANCD?2 activation.’® However, 17-AAG treatment had
little effect on ATR activation, as assessed by phosphorylation of
Chkl, a substrate of ATR (data not shown), in agreement with
previously published data.!! Collectively, our results suggest that
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the 17-AAG—induced suppression of FANCD2 activation can be
explained by the drug-induced severe reduction and cytoplasmic
retention of FANCA.

17-AAG enhances DNA cross-linker—induced cytotoxicity
and chromosomal abnormalities

To test whether 17-AAG-induced inactivation of the FA pathway
affected cellular sensitivity to DNA cross-linkers, we studied
effects of 17-AAG on cisplatin-induced cytotoxicity in HeLa
cervical cancer and RPMI8226 myeloma cells. As shown in Figure
7A, 17-AAG sensitized both cells to cisplatin. 17-AAG showed
similar effects on MMC-induced cytotoxicity in these cells (data
not shown). We next examined whether the effect of 17-AAG on
DNA cross-linker-induced cytotoxicity was mediated through
suppression of the FA pathway. For this purpose, we studied
17-AAG-induced sensitization to MMC in FANCA-deficient fibro-
blasts (GM6914) and those complemented by wild-type FANCA
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Figure 7. 17-AAG enhances DNA cross-tinker-induced cytotoxicity and chromosome abnormalities. (A) Hela cells were treated with various concentrations of cisplatin
(CDDP) alone or with 250 nM 17-AAG for 14 hours. RPMI8226 cells were treated with various concentrations of cisplatin (CDDP) alone or with 1 pM 17-AAG for 20 hours. Cells
ware washed and then incubated in drug-free culture medium. After 72 hours from the time of initial drug application, cell survival was colorimetrically determined. Data
represent means + SD from triplicate measurements. (B) FANCA-deficient (GM6914) and complemented (GM6314/FANCA) cells were treated with various concentrations of
MMC alone or with 250 nM 17-AAG for 14 hours. Cells were washed and incubated in drug-free culture medium. After 72 hours from the time of initial drug application, cell
survival was colorimetrically measured. (C-D) FANCA-deficient (GM6914) and complemented (GM6914/FANCA) cells were treated with MMC (0, 3, 10, 30 nM) and 250 nM
17-AAG for 14 hours. Cells were washed and then incubated in drug-free culture medium to complete a total of 40 hours from the time of initial drug application. Apoptotic cells
were detected by TUNEL staining. In each sample, at least 400 cells were examined at original magnification X100, and percentages of apoptotic cells were determined. Data
represent means = SD from triplicate measurements. TUNEL stainings of GM6914/FANCA cells treated with 10 nM MMC alone (MMC) or with 250 nM 17-AAG (MMC +
17-AAG) are shown in panel D. Images were obtained on an Olympus AX70 microscope equipped with UPlanApo 10%/0.40 NAand WH 10%/22 lenses (Olympus) usinga PXL
charge-coupled device camera (model CH1; Photometrics). (E) Hela cells were treated with 100 nM MMC or 2 uM cisplatin (CDDP) with or without 250 nM 17-AAG for 24
hours. Cells in metaphase were assessed as aberrant if they presented chromatid breaks. Data represent means + SD from 3 independent experiments. Arrowheads indicate
chromatid breaks. Images were obtained on a Leica DM3000 microscope equipped with HI PLAN 100x/1.25 NA and HC PLAN 10x/22 lenses (Leica, Bensheim, Germany)
using a DFC280 digital camera (Leica). (F) Amodel iflustrating how Hsp90 regulates intraceflular stability and trafficking of FANCA. FANCA shuttles between the cytoplasm and
the nucleus. Cytoplasmic FANCA, newly synthesized and exported from the nucleus, is folded into proper conformation required for nuclear entry by interacting with the
Hsp90-based multichaperone complex.)2 Hsp90 is probably recycled to form a complex with FANCA in the cytoplasm. The 17-AAG-mediated inhibition of the chaperone cycle
promotes proteasomal degradation of FANCA, at least in part, through Hsp70-mediated association with CHIP. In the nucleus, FANCA, -B, -C, -E, -F. -G, -L, and -M are
assembled into a multisubunit complex (FA core complex) that is required for FANCD2 activation.

(GM6914/FANCA). As shown in Figure 7B, 17-AAG sensitized
GM6914/FANCA cells to MMC-induced cytotoxicity, but this
effect was much less pronounced in GM6914 cells. To confirm
these results, we determined percentages of apoptotic cells by
TUNEL assay (Figure 7C-D). 17-AAG significantly increased
MMC-induced apoptotic cells in GM6914/FANCA cells, but this
effect was not seen in GM6914 cells (Figure 7C). Together, these
results suggest that the effect of 17-AAG depends on the presence
of an intact FA pathway.

FA pathway-defective cells characteristically show a high
frequency of chromosomal aberrations after exposure to DNA
cross-linkers.!*16 Our results show that chromosome aberrations
were detected in a small fraction of HeLa cells after exposure to
DNA cross-linkers or 17-AAG, whereas percentages of cells
containing chromatid breaks markedly increased after combined
treatment with DNA cross-linkers and 17-AAG (Figure 7E).

However, radial chromosomes, typical aberrations observed in FA
cells, were not detected in these cells. One likely explanation is that
Hsp90 inhibition suppresses other DNA repair pathways through
which DNA cross-linker—induced DSBs are misrepaired to gener-
ate radial chromosomes. !* To support this notion, activation of
DNA-dependent protein kinase, a critical component for nonho-
mologous end joining, is suppressed by Hsp90 inhibitors. 13

Discussion

In the present work, we have demonstrated that the Hsp90
chaperone machinery regulates the FA pathway. Our results
showed that FANCA associated with Hsp90, in vivo and in vitro, in
a 17-AAG-sensitive manner. Furthermore, 17-AAG-mediated
disruption of the association between Hsp90 and FANCA induced
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rapid proteasomnal degradation and cytoplasmic retention of FANCA.
Together, these results indicate that FANCA is a client of Hsp90.
Because nuclear levels of FANCA have profound effect on
FANCD?2 activation,¥-¥30 the 17-AAG-induced dramatic ef-
fects on intracellular turnover and localization of FANCA could be
expected to compromise FANCD2 activation. Indeed, 17-AAG
markedly suppressed DNA damage-induced monoubiquitination
and nuclear focus formation of FANCD2. Furthermore, the drug
enhanced cytotoxicity of DNA cross-linkers, apparently in an FA
pathway-dependent manner. Even more remarkably, 17-AAG
enhanced DNA cross-linker-induced chromosome aberrations.
Recent studies suggest that Hsp90 inhibitors sensitize cells to
genotoxic agents through depletion of Chkl and consequent
abrogation of cell cycle checkpoint activation. However, since
17-AAG induced similar decreases of Chkl in FA-defective
(GM6914) and complemented (GM6914/FANCA) cells (data not
shown), 17-AAG-induced Chk1 depletion is unlikely to explain
selective sensitization of the complemented cells. Taken together,
our results suggest that Hsp90 is required for full activation of the
FA pathway through maintaining intracellular homeostasis of
FANCA (Figure 7F), although we cannot exclude the possibility
that 17-AAG-induced down-regulation of other FA proteins contrib-
ute to suppression of the FA pathway.

As illustrated in our model (Figure 7F), the present work
provides several new insights into the regulation of turnover and
trafficking of FANCA. First, the disruption of the interaction
between Hsp90 and a cytoplasmic fraction of FANCA rapidly
induces a large reduction of total cellular levels of FANCA, despite
its predominant localization in the nucleus. One explanation is that
a nuclear pool of FANCA is rapidly exchangeable with a cytoplas-
mic pool that is in continuous dynamic cycles of assembly/
disassembly with Hsp90 to be protected from proteolysis. To
support this notion, nucleocytoplasmic shuttling of FANCA was
recently reported.*® Second, Hsp90 binds and stabilizes cytoplas-
mic FANCA in a FANCG-independent manner. Although FANCG
forms an intermediate subcomplex with FANCA in the cyto-
plasm,?022:77.32 this interaction does not seem critical for stability of
cytoplasmic FANCA. FANCG-mediated stabilization of FANCA, is
probably through promoting the FA core complex formation in the
nucleus. Third, our results suggested that Hsp90 inhibition mark-
edly accelerated FANCA degradation through the ubiquitin-
proteasome pathway. Our preliminary data suggest that Hsp90
inhibition enhances Hsp70-mediated association between FANCA
and CHIP,*75! which may contribute to proteasomal targeting of
FANCA. Finally, Hsp90 is required for nuclear localization of
FANCA, although the underlying mechanism remains unknown.
Previous studies suggested that N-terminal NLS as well as
C-terminus were required for its nuclear localization.!#27-3 Hence,
one likely explanation is that Hsp90-assisted folding of cytoplas-
mic FANCA is required for the function of NLS or proper
conformation of the C-terminal region. An alternative, but not
mutually exclusive, explanation is that Hsp90 and its cochaperones
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link FANCA to the microtubule-based nuclear import machinery,
as documented for glucocorticoid receptors and p53.5%57

The present findings have important implications for cancer
chemotherapy. DNA cross-linkers are a major class of antitumor
agents used for standard therapeutics.’® Increasing evidence sug-
gests that the FA pathway plays an important role in tumor
sensitivity to DNA cross-linkers. For example, epigenetic inactiva-
tion of FANCF by promoter hypermethylation is associated with
cisplatin hypersensitivity in primary ovarian cancers, whereas
reactivation of the FANCF gene causes cross-linker resistance.” In
another case, enhancement of the FA pathway is involved in
melphalan resistance in myeloma cells.%° Accordingly, pharmaco-
logic inhibition of the FA pathway is expected to sensitize tumor
cells to DNA cross-linkers. Recently, Chirnomas et al reported that
curcumin inhibits the FA pathway and can be used as a chemosensi-
tizer of cisplatin, although a molecular target of curcumin remains
unknown.8! Geldanamycin analogues are now in clinical trials, and
new analogues are being developed.># In addition, another group of
antitumor agents, histone deacetylase inhibitors, induce hyperacety-
lation of Hsp90, thereby disrupting its chaperone activity.62-65
These Hsp90 inhibitors are promising for the combined use with
DNA cross-linkers. On the other hand, our findings suggest that
Hsp90 inhibitors suppress the FA pathway, causing genomic
instability in tumor cells, which may lead to malignant progres-
sion in vivo. This important question should be addressed in
future studies.
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ABSTRACT

Background

Thymoma-associated pure red cell aplasia (PRCA) accounts for a significant proportion of
cases of secondary PRCA and immunosuppressive therapy has been reported to be useful in
this condition. However, because of its rarity, the long-term response and relapse rates after
immunosuppressive therapy are largely unknown, and optimal management of this disorder
remains unclear. The aim of this study was to collect more information on the outcome of
patients with thymoma-associated PRCA.

Design and Methods

We conducted a nationwide survey in Japan. From a total of 185 patients, comprising 73 with
idiopathic and 112 with secondary PRCA, 41 patients with thymoma were evaluated for this
report. End-points of this study were the response rate, duration of the response after immuno-
suppressive therapy and overall survival.

Results

Surgical removal of thymoma was reported in 36 patients, 16 of whom developed PRCA at a
median of 80 months post-thymectomy. First remission induction therapy was effective in 19
of 20 patients treated with cyclosporine, 6 of 13 patients treated with corticosteroids and 1 of
1 treated with cyclophosphamide. No cyclosporine-responders relapsed within a median obser-
vation period of 18 months (range; 1 to 118 months). Relapse of anemia was observed in three
corticosteroid-responders who did not receive additional cyclosporine. Only two patients were
in remission after stopping therapy for 19 and 67 months. The estimated median overall sur-
vival time of all patients was 142 months.

Conclusions

Thymoma-associated PRCA showed an excellent response to cyclosporine and cyclosporine-
containing regimens were effective in preventing relapse of anemia. It does, however, remain
uncertain whether cyclosporine can induce a maintenance-free hematologic response.
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Introduction

Acquired pure red cell aplasia (PRCA) is an anemic
condition characterized by the absence of reticulocytes
in blood and the absence of erythroid precursors in the
bone marrow." Other hematopoietic cell lineages are
present with no evident morphological abnormalities.
Secondary PRCA is associated with various underlying
diseases including lymphoproliferative disorders, thy-
moma, solid tumors, autoimmune diseases, drugs and
viral infections.'” The association of PRCA with thymo-
ma was first described in 1928 by Matras and Priesel,’
and thymoma-associated PRCA accounts for a signifi-
cant proportion of the secondary cases.* Thymoma-
associated PRCA is generally thought to be an organ-
specific autoimmune disease as well as an idiopathic
form, and immunosuppressive therapy, including corti-
costeroids, cyclophosphamide and cyclosporine, has
been reported to be useful.>’®* Thompson et al. recently
reported their 50-year single institution experience with
13 patients with thymoma-associated PRCA," and
showed that surgical resection of the thymoma was
insufficient to induce normalization of erythropoiesis,
and that anti-thymocyte globulin was an effective adju-
vant treatment but associated with high treatment-
related morbidity due to frequent infectious complica-
tions. However, the optimal management of thymoma-
associated PRCA and the long-term outcome after
immunosuppressive therapy remain unclear because of
the rarity of this disorder.

The efficacy and long-term outcome after immuno-
suppressive therapy for secondary PRCA could differ
according to the underlying diseases. To date, the
overall long-term response and relapse rates after
immunosuppressive therapy in acquired PRCA are
largely unknown. We, therefore, conducted a nation-
wide survey to investigate the current status of
immunosuppressive therapy for acquired chronic
PRCA based on a relatively large cohort of patients in
Japan. This report is a summary focusing on immuno-
suppressive therapy for thymoma-associated PRCA.

Design and Methods

Data collection and patients’ characteristics

The first questionnaires were sent to 109 hematol-
ogy departments in Japan to estimate the number of
patients aged 15 and above who had been newly diag-
nosed as having acquired PRCA between 1990 and
2006. Patients with human parvovirus B19 infection-
associated PRCA were excluded. Eligible patients were
limited to those who had been diagnosed during this
period in order to minimize the effect of transfusion-
associated hepatitis C virus infection. Overall, 273
patients were enrolled from 45 institutions. Secondary
questionnaires were then sent to these institutions to
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Table 1. Co-morbidity in patients with thymoma-associated PRCA
{(n=41).

Underlying diseases Number of patients

Autoimmune disease 1
Myasthenia gravis 6
Systemic lupus erythematosus 1
Mixed connective tissue disease 1
Dermatomyositis 1
Polyneuropathy 1
Autoimmune hemolytic anemia 1

Malignancy 5
Myeledysplastic syndrome 1
Stomach 1
Breast 1
Thyroid 1
Bladder 1

collect data regarding underlying diseases, laboratory
findings including peripheral blood cell counts and
leukocyte differentials, results of bone marrow exami-
nation, immunological and cytogenetic parameters,
efficacy of immunosuppressive therapy and outcome.
Morphological diagnosis of bone marrow was done by
hematologists at each institution. Of the 185 patients
identified, 73 patients were classified as having idio-
pathic PRCA and 112 as having secondary PRCA.

The classification of PRCA was based on the criteria
proposed by the Hematopoietic Organs Research
Committee of the Ministry of Health, Labor and
Welfare of Japan in 2005." This classification was fun-
damentally based on the criteria proposed by
Dessypris and Lipton.® Forty-two patients had both
thymoma and PRCA. One patient who had undergone
autologous hematopoietic stem cell transplantation for
recurrent malignant thymoma before the onset of
PRCA was excluded from this study, so 41 patients
were finally selected for analysis of thymoma-associ-
ated PRCA. Personal identifying information was pro-
tected by giving each data set a unique patient number
at each participating institution. This study was
approved by the institutional review board, and per-
formed according to the Declaration of Helsinki and
the Ethical Guidelines for Epidemiological Research of
the Ministry of Education, Culture, Sports, Science and
Technology and the Ministry of Health, Labor and
Welfare of Japan.

The age of the patients at the onset of PRCA ranged
from 27 to 82 years (median age, 66 years) and there
was a 3:4 male to female ratio of cases. Autoimmune
diseases and malignancies were complications in 11
and five patients, respectively (Table 1). Thymoma his-
tology was varied with one case of type A, nine type
AB, three type B1, and four type B2 cases according to
the WHO classification of histological typing of tumors
of the thymus.” Hyperplasia was reported in one case,
and histological subtypes could not be determined in
23 cases. The hemoglobin concentration ranged from
2.7 to0 10.9 g/dL with a median of 5.8 g/dL.



Immunosuppressive therapy for thymoma-associated PRCA

Time from surgery to the onset of PRCA (months)

Figure 1. Chronological sequence
of surgical removal of the thymo-
ma and the onset of PRCA. The
time when each patient under-
went surgery is located at point 0
on the x-axis. Data were available
for 27 patients.
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Table 2. The first remission induction therapy for thymoma-associ-
ated PRCA.

N. CR PR NR Response rate
Cyclosporine 20 16 3 1 19/20 (95%)
Corticosteroids 13 5 1 7 6/13 (46%)
Cyclophosphamide 1 1 1/1 (100%)
Anabolic steroid 1 1 0/1 (0%)
None 6

Definition of the responses and data analysis
Complete remission (CR), partial remission (PR) and
no response (NR) were defined as the achievement of
normal hemoglobin levels without transfusion, the
presence of anemia but without transfusion depend-
ence, and continued dependence on transfusions,
respectively. The date of remission was defined as that
of the final transfusion after the initiation of remission
induction therapy. The minimum period required for
evaluation of response to agents was set at 2 weeks;
therefore, agents added within 2 weeks were included
into a simultaneous combination with the preceding
agents. In some analyses, the patients were classified
according to the agent used for maintenance therapy,
e.g. a cyclosporine group and a non-cyclosporine
group, regardless of the agents used successfully to
induce remission. The agents for remission induction
and salvage therapy were divided into those used ini-
tially and those used either sequentially or in a later
combination, respectively. The agent for maintenance
therapy was defined as that used or tapered off after
successful induction of remission. Relapse was defined
as the reappearance of transfusion requirement.

Survival was estimated using the Kaplan-Meier
method and the significance of differences was calcu-
lated by the log-rank test. The end-points of this study
were the response rate, duration of the response to
immunosuppressive therapy and overall survival
Secondary endpoints included the time from surgical
removal of the thymoma to the onset of PRCA.

Results

Surgical removal of the thymoma

Thymomectomy was performed in 36 patients,
while four patients did not undergo surgery. Data on
surgery were not available for one patient. The
chronological sequence of thymoma removal and the
onset of PRCA could be analyzed in 27 of the 36
patients: the thymoma was resected before the onset
of PRCA in 16 patients, with the anemia developing a
median of 80 months after surgery (range; 1 to 366
months) (Figure 1). Eleven patients underwent surgery
after the diagnosis of PRCA. In the remaining nine
patients, the time of surgery was unknown.

Five patients underwent surgery without any adju-
vant therapy: two of these patients had no response,
while the clinical response was unknown in the other
three patients.

Rate of response to the first remission induction
therapy
The initial treatment for these patients included
cyclosporine (n=20), corticosteroids (n=13), cyclophos-
phamide (n=1) and an anabolic steroid (n=1) Six
patients did not receive any medication (Table 2).
Cyclosporine produced CR or PR in 19/20 patients
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Table 3. Effective salvage therapy for patients who failed to respond to the first remission induction therapy.

UPN Remission induction therapy Salvage therapy
Initial agent Response Discontinuation Agent Response
(@ days)
125 Methyl-PSL* NR Yes CsA CR
PSL (105) No
37 PSL NR No CsA PR
(250)
99 FK506° NR Yes CsA CR
PSL (75) No
44 Anabolic steroid NR Yes CsA PR
(125)

PSL: prednisolone; CsA: cyclosporine A; CR: complete remission; PR: partial remission; NR: no response.

(95%). The patients who responded to cyclosporine
had histological type A, type AB and type Bl thymo-
ma. The median initial dose of cyclosporine for the
responding patients was 4.6 mg/kg body weight (b.w.)
with a range from 2.0 to 6.3 mg/kg b.w. The non-
responding patient was given 3.9 mg/kg b.w. of
cyclosporine. All evaluable cyclosporine-responders
(n=15) became independent of blood transfusions
within 2 weeks after starting treatment (data not
shown).

Corticosteroids produced CR or PR in 6/13 patients
(46%). The median initial doses of corticosteroids for
the responding and non-responding patients were 1.0
mg/kg b.w. (range, 0.3 to 1.1 mg/kg)and 0.8 mg/kg
(range, 0.3 to 1.2 mg/kg), respectively. Three evaluable
corticosteroid-responders became independent of
transfusions 0, 9 and 135 days after starting therapy.
Three of six corticosteroid-responders were given
additional cyclosporine and were maintained in CR
{n=2) and PR (n=1).

Cyclophosphamide was administered to one patient
who had a complete response. The time to response
from the start of therapy was unknown. The one
patient treated with an anabolic steroid did not
achieve a clinical response.

Salvage therapy for non-responders to the first
remission induction therapy

The patient who failed to respond to initial
cyclosporine therapy did not receive any other
immunosuppressive treatment, and continued to
receive transfusions. Of the seven patients who failed
to respond to the initial corticosteroid therapy, five
were then treated with cyclosporine therapy, resulting
in a response in three of these patients. These three
patients were continuously given corticosteroids after
starting cyclosporine (Table 3). One patient who failed
to respond to the initial treatment with an anabolic
steroid was given cyclosporine and achieved a PR.
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Figure 2. Cumulative incidence of relapse following immunosup-
pressive therapy in thymoma-associated PRCA. Relapse was
defined as the reappearance of transfusion requirement. The
cyclosporine-group (CsA-group) consisted of the following
patients; 19 patients who had responded to the initial
cyclosporine therapy, 3 patients who responded to corticosteroid
therapy followed by additional cyclosporine, and four patients who
received cyclosporine as salvage therapy. There was a significant
difference in the duration of the response between the two groups
based on the log-rank test (p<0.01).

Duration of the response and overall survival

There were no relapses among the 19 patients who
responded to the first remission induction therapy with
cyclosporine (median observation period of 18 months;
range, 1 to 118 months). Three corticosteroid-respon-
ders were given additional cyclosporine and were
maintained in continuous remission. In contrast,
relapse of anemia was observed in three other corticos-
teroid-responders who did not receive cyclosporine.
The patient who responded to cyclophosphamide has
remained in CR for 19 months after stopping treat-
ment. There were no relapses among the four patients
who failed to respond to the first remission induction
therapy but responded to salvage treatment with
cyclosporine (Table 3).



