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FANCD2, a pivotal protein in the Fanconi anemia and
BRCA pathway/network, is monoubiquitylated in the
nucleus in response to DNA damage. This study ex-
amines the subcellular location and relationship with
prognostic factors and patient survival of FANCD?2 in
breast cancer. Antibodies to FANCD2 were used to
immunocytochemically stain 16 benign and 20 malig-
nant breast specimens as well as 314 primary breast
carcinomas to assess its association with subcellular
compartment and prognostic factors using Fisher’s
Exact test or with patient survival over 20 years using
Wilcoxon-Gehan statistics. Immunoreactive FANCD2
was found in the nucleus and cytoplasm of all 16
benign tissues, but nuclear staining was lost from a
significant 19/20 malignant carcinomas (P < 0.0001).
Antibodies to FANCD2 stained the cytoplasm of 196
primary carcinomas, leaving 118 as negatively stained.
Negative cytoplasmic staining was significantly associ-
ated with positive staining for the metastasis-inducing
proteins S100A4, S100P, osteopontin, and AGR2 (P =
0.002). Survival of patients with FANCD2-negative carci-
nomas was significantly worse (P < 0.0001) than those
with positively stained carcinomas, and only 4% were
alive at the census date. Multivariate regression analysis
identified negative staining for cytoplasmic FANCD2 as
the most significant indicator of patient death (P =
0.001). Thus FANCD2’s cytoplasmic loss in the primary
carcinomas may allow the selection of cells over-
expressing proteins that can induce metastases be-

fore surgery. (Am J Pathol 2010, 176:2935-2947; DOI:
10.2353/ajpath.2010.090779)

Previous reports have shown that the expression of four
proteins that can induce metastasis in experimental rats
are highly significantly correlated with each other and
separately with early patient death in human breast can-
cer. These four proteins are S100A4, osteopontin (OPN),
AGR2, and S100P."* If their expression is coordinated,
then markers of the underlying mechanism should be
even more highly correlated with patient demise. One
possible coordination mechanism is the generation of an
unstable genome by failure of a DNA repair pathway or
some other protective mechanism. The majority of familial
breast cancer is associated with individuals heterozygous
for the BRCAT or BRCA2 genes that encode proteins im-
portant for the repair of DNA double strand breaks and
interstrand crosslinks by homologous recombination.®©
Biallelic inactivation of BRCAZ results in one form of the
cancer-prone syndrome Fanconi anemia (complementation
group FA-D1) and the BRCA2/FANCD1 protein operates
with 12 other Fanconi anemia (FA) proteins and BRCA1 in a
multifaceted response to DNA damage known as the FA/
BRCA tumor suppressor pathway/network.”'° Eight of the
13 proteins, together with two FA-associated-proteins, par-
ticipate in a nuclear core-complex that is required for the
monoubiquitylation of FANCD2 and FANCI.2 FANCD?2 is
pivotal in the FA pathway translocating to chromatin and on
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monoubiquitylation, co-localizing with BRCA1, BRCA2 and
the recombinase RAD51 in DNA damage inducible
foci.”™'® FANCD?2 is primarily regarded as being active
within the nucleus and specifically in chromatin, although
a cytoplasmic function has recently been proposed.'®
The FA proteins BRCA2/FANCD1 and FANCN/PALB2 are
believed to function downstream of, or in parallel with,
FANCD2 monoubiquitylation and FANCN and FANCJ/
BRIP1, like BRCA2, are now considered to be breast
cancer susceptibility genes.'”'® While FANCD2 directly
interacts with BRCA2,'® and is found in complex with
BRCA2 in mammalian cells,'®2° there is no direct evi-
dence for changes in FANCD2 in the development of
familial breast cancer. However, FancD2 knockout mice
exhibit an increased incidence of epithelial cancers in-
cluding hepatic, ovarian, and mammary tumors,®' re-
duced FANCD2 expression is associated with familial
ovarian cancer®® and several FA core-complex genes
have now been implicated with several types of sporadic
cancer, including ovarian and pancreatic cancer.?® This
suggests that a failure to express or post-translationally
modify FANCD2 may play a role in the development of
sporadic breast cancer. In contrast, a previous report in
human breast cancer over a relatively short 6-year fol-
low-up has suggested that high nuclear FANCD2 expres-
sion is correlated with poor patient survival.?* To resolve
this apparent contradiction we now show that breast
carcinomas contain mainly cytoplasmic FANCD2 and
that its loss is strongly correlated with the expression of
the four metastasis-inducing proteins and particularly
with premature death of patients with sporadic breast
cancer over a much longer follow-up period of 20 years.

Materials and Methods

Patients and Specimens

Initially, samples were taken from 36 patients, who pre-
sented at general surgery clinics in the Merseyside Re-
gion of the North West of England between 1976 and
1982, 16 with benign breast lesions (9 fibroadenomas, 7
benign breast disease) and 20 with primary malignant
breast cancer (all invasive ductal carcinomas).?® Sec-
ondly, samples of 314 primary tumors were collected
between the same dates from unselected operable
(Stage | and Il) breast cancer patients treated by simple
mastectomy with sampling of axillary lymph nodes (17%)
or modified radical mastectomy (83%); no adjuvant ther-
apy was given.?2® Patient age ranged from 30 to 81
years (average 60 years) and 98.5% had invasive carci-
noma (92.4% invasive ductal and 6.0% invasive lobular)
with only 1.5% of special type (colloid and medullary).
The mean period of follow-up of patients was 16 years,
ranging from 14 to 20 years. The distribution of tumor
types, tumor sites, node status, menopausal status, his-
tological grade, and ethics approval was obtained as
described previously®® (Supplemental Table S1, at
http.//ajp.amjpathol.org). Overall patient survival and the
significant pathological prognostic variables over 20
years have been summarized recently.’

Cell Lines and Cell Culture

Normal human breast epithelial cell lines SVE3, Huma 7
and benign human mammary epithelial cell lines Huma
121, Huma 123 were described previously.?72® These
and the malignant epithelial cell lines derived from pleural
effusions of breast cancer patients MCF-7, T47D, MDA-MB-
157, and MDA-MB-231 were cultured as described®’; the
MCF-7 and T47D were relatively noninvasive (low invasive),
and MDA-MB-157 and MDA-MB-231 were highly invasive
(high invasive).?® MDA-MB-157-FANCDZ2 was generated by
transducing MDA-MB-157 cells with a retroviral supernatant
of a wild-type FANCD2 cDNA pMMP construct®® and sub-
sequent selection in puromycin as previously described.>’
Fibroblast cell lines PD20 and PD733, isolated from unre-
lated hypomorphic FANCD2-deficient patients and PD20-
3-15 (chromosome 3p-complemented PD20),*? were
grown as previously described.?® Mitomycin C (MMC;:
Sigma, UK) exposure (50 nmol/L), when used, was for 18
hours.

Growth Inhibition and Chromosomal Aberration
Analysis

Growth inhibition by MMC was determined in three inde-
pendent experiments as previously described.®® Chro-
mosomal aberrations were assayed essentially as de-
scribed,®* except 1 to 3 X 10° cells were seeded per
microscope slide, and incubated for 48 hours before the
addition of MMC for a further 24 hours. Colcemid was
added and mitotic cells were allowed to accumulate for 2
hours before fixation and staining. Metaphase spreads
were scored for chromosomal aberrations using the clas-
sification described by Scott et al.®®

Immunocytochemistry

Histological sections (~4 wm) cut from paraffin blocks
were dewaxed and rehydrated, and endogenous perox-
idase activity inhibited.3® Sections were incubated at
room temperature for 30 minutes with 2% (w/v) bovine
serum albumin in PBS and then at room temperature for
3 hours with rabbit polyclonal anti-FANCD2 primary anti-
body (H300; sc-28194, Santa Cruz CA,) diluted 1:100 in 2%
(w/v) bovine serum albumin in PBS. FANCD2 antibodies
recognize both the non-monoubiquitylated and monoubig-
uitylated isoforms of FANCDZ2.2° The bound antibody was
detected using the DAKO EnVision+ System-HRP (DAKO
Ltd, Ely, UK).3” Sections were counterstained blue with
Mayer's hemalum and mounted in DPX (Merck, Poole,
UK). Another rabbit antibody (LS-B493, Life Sciences-
Bioscience, Nottingham, UK) was used at a dilution of
1:200 in the first 39 specimens selected at random to
confirm results. Blocked antibody was prepared by mix-
ing rabbit anti-FANCD2 with 180 wg/ml immunizing pep-
tide mapping near the C-terminus of human FANCD2
(sc-23584P, Santa Cruz). Cell lines were preserved in
10% (v/v) neutral buffered formalin for 2 hours, replaced
with 70% (v/v) ethanol for 1 hour and the cell pellet was
embedded in 3% (w/v) molten agar, and embedded in



paraffin wax, before being sectioned as for tumor spec-
imens. Photographs were recorded as described
previously.?

Specimens were analyzed and scored using light mi-
croscopy by two independent observers, including one
qualified pathologist, according to the percentage of tu-
mor/mammary cells showing positive immunocytochem-
ical staining for nuclear and/or cytoplasmic FANCD2. The
percentage of stained tumor/mammary cells was re-
corded from two well-separated sections of each speci-
men, 10 fields per section at X200 magnification, at a
minimum of 200 cells per field.? Staining for FANCD2 was
evaluated in five classes: negative (—), <1%; borderline
(%), 1% to 5%; intermediate (+), 5% to 25%; moderate
(++), 2510 50%; and strong (+++), >50% of the nuclei-
cytoplasms stained, as described previously.* In the first
experiment, both the malignant and benign tumor/mam-
mary cells were scored for nuclear and cytoplasmic stain-
ing, in the second experiment only the carcinoma cells were
assessed for cytoplasmic staining and any positively stain-
ing host or nonmalignant breast cells were ignored. Immu-
nocytochemical staining data on the same set of patients
had been obtained previously for S100A4,2 OPN,® c-
erbB-2, c-erbB-3, estrogen receptor «, progesterone re-
ceptor, pS2, p53,%® and S100P* using a 5% cut-off and for
cathepsin D?® and anterior gradient 2 (AGR2)" using a 1%
cut-off to differentiate between the negatively and positively
staining carcinomas (Supplemental Table S1, at http://ajp.
amjpathol.org). That for nuclear Ki-67 was obtained by in-
cubation for 1 hour with monoclonal MIB-1 anti-Ki-67
(M7240; Dako Ltd., Ely, UK) diluted 1:100 on sections pre-
treated by microwaving for 25 minutes in 10 mmol/L Tris-
EDTA at pH 9.0 and bound antibody was detected by the
Dako Envision+System-HRP as described for FANCD2,
analysis was made using a 1% cut-off (Supplemental Table
S1, at http.//ajp.amjpathol.org). Assessment of the cell lines
in histological sections was the mean of eight fields for
nuclear and cytoplasmic staining.

Immunofluorescent staining of MCF-7 and T47D cell
lines was conducted with rabbit (H300; sc-28194, Santa
Cruz) and goat (E19; sc-23584, Santa Cruz) polyclonal
anti-FANCD2 at dilutions of 1:10 on neutral buffered for-
malin or methanol-fixed cultures grown in multiwell Lab-
Tek 8 chambered slides (177445, Nunc Scientific, Rosk-
ilde, Denmark) and bound antibodies were detected with
the relevant fluorescein isothiocyanate-labeled second
antibodies at 1:50 dilution, as described previously.°

Statistical Methods

The association of immunocytochemical staining for
FANCD2 with malignancy in breast specimens from be-
nign lesions/tumors and primary carcinomas and of cy-
toplasmic staining for FANCD2 with other tumor variables
was assessed using Fisher’s Exact test, two sided values
of probability (P) are given.*® The cut-off values between
negative or positive staining for FANCD2 and for the other
proteins was set at 1% or 5%, as above. For multiple
comparisons the Holm-Bonferroni adjustment, 1-(1-P)"
was made to the resultant P values; n = no. tumor vari-
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ables.*© The significance of the difference in means of
the % stained nuclei and cytoplasms of the different cell
lines was calculated using Student’s t-test. Association of
cytoplasmic staining for FANCD2 in primary breast car-
cinomas with patient survival was calculated from life
tables*® constructed from survival data using Kaplan-
Meier plots and analyzed by generalized Wilcoxon (Gehan)
statistics. Patients who died of causes other than cancer
were censored.*' Unadjusted relative risk (RR) for sur-
vival with 95% confidence interval (95% CI) was calcu-
lated using Cox’s univariate analysis.*® To determine
whether the association of patient survival with FANCD2
was independent of other tumor variables found to be
significantly associated in univariate analyses, a multivar-
iate analysis was performed using Cox’s proportional
hazards model on 159 patients with full data sets.*? This
analysis treated variables as categorical in positive and
negative groups defined above and operationally used
the forward stepwise Wald method which generated the
most significant variable at each step (Supplemental Ta-
ble S2, at http://ajp.amjpathol.org).

Immunoblotting for FANCD2

This was performed as describe using the same
H300 antibody as for the immunocytochemical studies.
Whole cell extracts were prepared as previously,2° while
nuclear and cytoplasmic fractions were prepared from 1
to 2 X 107 exponentially growing MMC-treated cells (18
hours) with Sigma’s CellLytic-NUCLEAR extraction kit
(Sigma, UK). Fractionation was monitored by immuno-
blotting with antibodies to TATA binding protein and tu-
bulin (ab818, ab56676; Abcam, Cambridge, UK).

d20,43

Results

Comparison of Immunocytochemical Staining of
Benign and Malignant Lesions for FANCD2

The benign lesions, both fiboroadenomas (Figure 1A) and
benign breast disease (not shown) showed strong stain-
ing of the tumor/mammary cells for FANCD2 with moder-
ate cytoplasmic and strong nuclear staining, particularly
of the myoepithelial cells (Figure 1B). In contrast, invasive
carcinomas ranged from those showing strong cytoplas-
mic staining (Figure 1, C and D) to those showing no
cytoplasmic staining (Figure 1E). A group of invasive
carcinomas showed borderline cytoplasmic staining (1 to
5% of the carcinoma cells positively stained) for FANCD2
(Figure 1F). There was little nuclear staining of any of the
carcinomas (Figure 1, C and D). When serial sections of
positive invasive carcinomas were incubated with
blocked anti-FANCD?2, all cytoplasmic and nuclear stain-
ing was abolished (Figure 1, G and H). The same results
of specific cytoplasmic staining of a malignant carcinoma
were obtained at low, medium and high power using the
same antibody (Supplemental Figures S1 and S2, at
http://ajp.amjpathol.org) or a different antibody for FANCD2
(Supplemental Figure S3, at http.//ajp.amjpathol.org). In
the 36 initial samples of breast lesions; staining for
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Figure 1. Immunocytochemical staining for FANCD2. A: Fibroadenoma
showing strong (+++) nuclear staining (N) and moderate (++) cytoplasmic
staining (C) of the tumor cells. B: Fibroadenoma at higher magnification
showing stronger nuclear staining of the myoepithelial cells (M) than the
surrounding epithelial cells (E) of the tumor. C and D: Invasive carcinoma
showing strong (++ +) cytoplasmic staining (arrows) of the carcinoma cells
at lower (C) and higher (D) magnification. E: invasive carcinoma showing no
nuclear (N) or cytoplasmic staining (C) of the carcinoma cells. F: invasive
carcinoma showing borderline (1-5%) cytoplasmic staining (arrow) of the
carcinoma cells. G and H: Serial sections of invasive carcinoma incubated
with (G) anti-FANCD2 and (H) anti-FANCD2 pre-incubated with immunizing
peptide showing (G) strong (++ +) cytoplasmic staining (arrows) and (H)
no staining (—), respectively. Magnification: X220 A and C; X550 B and
D-H. Scale bar: 50 um (A and C); 20 wm (B and D-H).

FANCD2 was separated into two categorical groups, a
negative and a positive staining group, the cut-off being
1% of the mammary/tumor cells stained for FANCD2
(Table 1). The pure lesions exhibited a highly significant
association between the presence of nuclear staining in
the benign rather than in the malignant lesions using a
1% cut-off (Fisher’s Exact test, P < 0.0001), as did the
pure and benign-within-malignant lesions together (P <
0.0001). There was also a significant association at the
1% cut-off between positive cytoplasmic staining and
benign lesions, either when analyzing only the pure le-
sions (P = 0.011), or when including the benign-within-
malignant lesions (P = 0.001) (Table 1). Similarly when
the categorical groups were separated using a 5% cut-
off, there was a highly significant association between
positive staining of the nucleus (P < 0.0001) or cyto-
plasm (P = 0.004) for FANCD2 and benign rather than
malignant lesions, when analyzing either the pure lesions
or including the benign-within-malignant lesions (not
shown).

Immunochemical Staining and Blotting of Cell
Lines for FANCD2

Sections containing epithelial cell lines were immunocy-
tochemically stained for FANCD2. There was no signifi-
cant difference in the % stained nuclei (Student’s t-test,
P = 0.17) and little in cytoplasms (P = 0.07) for cell lines
isolated from normal/benign breasts, but nuclear staining
for FANCD2 of the malignant cell lines (MCF-7, T47D,
MDA-MB-157, MDA-MB-231) was significantly reduced
by threefold or more compared with the cell lines isolated
from normal/benign tissue (SVE3, Huma 7, Huma 121,
Huma 123) (P < 0.0001). The low invasive malignant cell
lines (MCF-7, T47D) retained a similar 51 to 53% cyto-
plasmic staining observed with normal/benign cell lines
(43 to 53%), whereas the high invasive cell lines (MDA-
MB-157, MDA-MB-231) possessed virtually no cytoplas-
mic (P < 0.0001), and no nuclear staining for FANCD2
(P = 0.0002) (Table 2). The results of cytoplasmic stain-
ing of FANCD2 for MCF-7 and T47D were confirmed by
direct immunofluorescent staining of cultured cells using
the original rabbit antibody (Supplemental Figure S4, at
http.//ajp.amjpathol.org) and a different goat antibody to
FANCD2 (Supplemental Figure S5, at http://ajp.amjpathol.
org). When fractionated, the immortalized normal cell line
SVE3 and the benign cell line Huma 121 yielded two
nuclear protein bands of 155 kDa (FANCD2-S) and 162
kDa (FANCD2-L) and one cytoplasmic band of 155 kDa
(FANCD2-S). Only one cytoplasmic band of 155 kDa
(FANCD2-S) was detected in the low invasive malignant
cell line MCF-7 (Figure 2A) and no bands at all were
observed in the high invasive malignant cell lines (MDA-
MB-157, MDA-MB-231) (Figures 2A and 3A) with or with-
out MMC.

Sections of the similarly prepared human fibroblast cell
line deficient in FANCD2, PD20, showed virtually no nu-
clear or cytoplasmic staining with anti-FANCD2, with or
without MMC. Contrastingly, when PD20 was functionally
complemented by microcell-mediated transfer of chro-
mosome 3p yielding PD20-3-15,%2 there was a significant
increase in % nuclear and cytoplasmic staining by 5.5-
fold (P = 0.0003) and 32-fold (P < 0.0001), respectively,
in corresponding histological sections (Table 2). After
PD20-3-15 was treated with 50 nmol/L MMC, nuclear
staining further increased (6.5-fold), while cytoplasmic
staining decreased by twofold (both P < 0.0001). PD733,
isolated from another patient,®? also showed little nuclear
or cytoplasmic staining. Immunoblotting of whole cell
extracts of PD20-3-15 showed two protein bands (data
not shown) corresponding to the non-ubiquitylated
(FANCD2-S) and mono-ubiquitylated (FANCD2-L) iso-
forms. 12032 When fractionated, PD20-3-15 yielded two
nuclear protein bands of 155 kDa (FANCD2-S) and 162
kDa (FANCD2-L), and one cytoplasmic band of 155 kDa
(FANCD2-S), whereas both were undetectable in PD20
(Figure 2B). FANCD2 was not detectable in PD733 by
Western blotting (data not shown), as previously reported
by others.®?
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Table 1. Nuclear and Cytoplasmic Staining for FANCD2 in Both Benign and Malignant Lesions

Pure lesions* All lesions’

Statistical
significance’®

Statistical
significance®

Nuclear staining*
number (%)

Nuclear staining*

Pathological lesions number (%)

- + - +
Benign 0 (0) 16 (100) 0(0) 31(100)
Malignant 19 (95) 1(5) <0.0001 19 (95) 1 (5) <0.0001
Cytoplasmic staining* Statistical Cytoplasmic staining* Statistical

number (%) significance® number (%) significance®

- + - +
Benign 0(0) 16 (100) 0(0) 31 (100) 1
Malignant 7 (35) 13 (65) 0.011 7 (35) 13 (65) 0.0001

*Pure lesions consist of 9 fibroadenomas and 7 benign breast disease for benign lesions and 20 invasive ductal carcinomas for malignant lesions.

TAIl lesions include benign lesions in both 16 pure benign lesions and benign breast disease in 15 malignant carcinomas, as well as the 20
invasive ductal carcinomas.

*Numbers staining within the nucleus or cytoplasm using a 1% cut-off of mammary/carcinoma cells stained; values in brackets are percentages (%)
stained for either type of lesion.

SProbability (P) was determined using Fisher’s exact test (2-sided).

Tlyates’ correction used as expected frequency was less than 5. Without this, P = 0.002.

also scored positively in a MMC chromosomal breakage
test that is used in the diagnosis of FA patients (Figure
3C).** MDA-MB-157 cells treated with 100 nmol/L MMC

FA-Like Functional Phenotype in High Invasive
Malignant Breast Cancer Cell Lines

Given that MDA-MB-157 and MDA-MB-231 exhibit virtu-
ally no immunocytochemically detectable or immunoflu-
orescent staining for FANCD2, it might be anticipated
that these cell lines would possess a Fanconi anemia-like
phenotype. In a growth inhibition assay both MDA-MB-
157 and MDA-MB-231 displayed a hypersensitivity to
MMC that was similar to the Fanconi anemia patient-
derived FA-D2 cell line PD20 (Figure 3B). MDA-MB-157

showed a high level of chromosomal aberrations, with the
exchanges all being of the type (complex chromatid ex-
change figures) typically seen in FA patient cells.** The
introduction of a wild-type cDNA for FANCD2 into MDA-
MB-157 restored expression of FANCD2 protein (Figure
3A) and complemented both the cellular and chromo-
somal sensitivity of the cell line to MMC almost com-
pletely (Figure 3, B and C).

Table 2. Nuclear and Cytoplasmic Staining of Human Cell Lines for FANCD2

Percentage stained’

Breast cell line* Classification* Nucleus Cytoplasm
SVE3 Immortalized normal 23x5 53 £ 12
Huma 7 Immortalized normal 283+ 4 52+ 13
Huma 121 Immortalized benign 24 £ 5 43+ 8
Huma 123 Immortalized benign 213 534
MCF-7 Malignant: low invasive 8+ 38 53+8
T47D Malignant: low invasive 5+ 28 51+6
MDA-MB-157 Malignant: high invasive 0+08 1+ 18
MDA-MB-231 Malignant: high invasive 0+0% 1+ 18

i T
FANCD2-deficient Percentage stained

cell line* Mitomycin C* Nucleus Cytoplasm
PD20 - 21 2+ 1
+ 2+1 2+1
PD733 - 21 31
PD20-3-15 - 11 + 471 63 = 11
+ 71 = 117 32 = gl

*Epithelial cell lines were derived from normal (SVE3, Huma 7), benign (Huma 121, Huma 123), malignant low invasive (MCF-7, T47D), or malignant
high invasive (MDA-MB-157, 231) breast sources (Materials and Methods).

Tlmmunocytochemical staining for FANCD2 showing the mean percentage + standard deviation (n = 8) of positive nuclei and cytoplasms.

+ PD20 (FANCD2-deficient) or PD20-3-15 (PD20 functionally complemented by microcell mediated transfer of chromosome 3p) fibroblasts were
grown in the presence (+) or absence (—) of 50 nmol/L mitomycin C for 18 hours. A second unrelated FANCD2-deficient fibroblast cell line PD733 was
grown without MMC.

SSignificantly different in Student’s t-test for nuclear staining for SVE3, Huma 7, Huma 121, Huma 123, compared to MCF-7, T47D, MDA-MB-157,
MDA-MB-231 (P < 0.0001) and in cytoplasmic staining for SVE3, Huma 7, Huma 121, Huma 123, MCF-7, ZR-75 compared to MDA-MB-157, MDA-MB-
231 (P < 0.0001) and for MCF-7, T47D versus MDA-MB-157, MDA-MB-231 for nuclear and cytoplasmic staining (P = 0.0002).

fSignificantly different in Student’s t-test for PD20 vs PD20-3-15 (P < 0.0003) and for PD20-3-15 with (+) MMC versus without (—) MMC for nuclear
and cytoplasmic staining (P < 0.0001) but not for PD20 vector alone with (+) 50 nmol/L MMC versus without (—) MMC for nuclear and cytoplasmic
staining (P = 1).
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Figure 2. Immunoblotting for FANCD2 in nuclear and cytoplasmic fractions
of cultured cell lines. A: Lysates of breast cell lines SVE3, Huma 121, MCF-7,
and MDA-MB-157 were fractionated into nuclear and cytoplasmic extracts
and Western blotted for FANCD2 (using H300 anti-rabbit antibody). MMC
treatment (+MMC) was at 50 nmol/L for 18 hours before the preparation of
lysates. Nuclear (N) extracts show the presence of TATA binding protein
(TBP) while cytoplasmic (C) extracts show the presence of tubulin, with no
detectable cross-contamination. Immortalized normal (SVE3) and immortal-
ized benign (Huma 121) cell lines both express immunodetectable
FANCD2-S (non-monoubiquitylated; 155 kDa) and FANCD2-L (monoubiqui-
tylated; 162 kDa) in the nucleus (irrespective of MMC-treatment), while only
FANCD2-S is detectable in the cytoplasm. In the low invasive malignant cell
line MCF-7, only the non-ubiquitylated FANCD2 (155 kDa) is immunodetect-
able and this is confined to the cytoplasm of these cells. The high invasive
malignant cell line MDA-MB-157 exhibits no immunodetectable FANCD?2 in
either fraction. The arrows indicate the position of the marker proteins for
FANCD2-L, FANCD2-S, tubulin, and TBP. B: PD20 cells (FA-D2 complemen-
tation group) and PD20-3-15 cells (PD20 functionally complemented with
human chromosome 3p) were treated with 50 nmol/L MMC for 18 hours
before the preparation of lysates. PD20 exhibits no immunodetectable
FANCD2 protein. In PD20-3-15, both FANCD2-S (non-monoubiquitylated;
155 kDa) and FANCD2-L (monoubiquitylated; 162 kDa) are present in the
nucleus, while only FANCD2-S is detectable in the cytoplasm.

Immunochemical Staining of Breast Carcinomas
for FANCD2

Since there was little observable nuclear staining, only
the cytoplasmic staining of the malignant carcinoma cells
was analyzed in the 314 primary breast carcinomas ex-
amined subsequently. On examination, 118 (37.6%) were
classified as not staining (—; <1% cells stained); 99
(31.5%) showed borderline staining (+/—; 1 to 5% cells
stained) and 97 (30.9%) showed varying degrees of pos-
itive staining (+, ++, +++; >5% cells stained) for cy-
toplasmic FANCD2. These were further subdivided into
classes of 56 (17.8%) moderate (+; 5 to 25% cells
stained), 36 (11.5%) strong (++; 25 to 50% cells
stained), and 5 (1.6%) very strong (+++; >50% carci-
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Figure 3. Fanconi anemia-like phenotype in malignant breast cancer cell
lines that lack FANCD2 expression. A: Western blots of high invasive malig-
nant cell lines MDA-MB-157 and MDA-MB-231. They lack immunodetectable
FANCD2 in whole cell extracts (cells treated with 50 nmol/L MMC for 18
hours before preparation of lysates). Transduction of a human ¢DNA for
FANCD?2 into MDA-MB-157 restores the expression of both isoforms of
FANCD2. Loading has been normalized to that of B-actin and the arrows
indicate the position of the marker proteins for FANCD2-L, FANCD2-S, and
B-actin. B: Growth inhibition by MMC is shown as the mean of three
independent experiments for each of the indicated cell lines. The mean
percentages (+SD) of cells after exposure to MMC for 72 hours, relative to
the untreated cells are shown. MDA-MB-157 and MB-MB-231 exhibit a
response to MMC that is similar to that shown by the Fanconi anemia patient
FA-D2 cell line PD20. The MMC-response of MDA-MB-157 cells transduced
with an expression vector for FANCD2 (+ FANCD?2), is very similar to PD20-
3-15, indicating functional complementation of MDA-MB-157 by the wild-
type FANCD2 cDNA. C: Induction of chromosomal aberrations in MDA-MB-
157 and MDA-MB-157+FANCD2 by MMC. Chromosomal aberrations were
scored by metaphase analysis in cells exposed to MMC for 24 hours before
the addition of colcemid for 2 hours. For each cell line/treatment, 20 met-
aphases were scored for chromosomal aberrations using the criteria de-
scribed by Scott et al.*> Chromatid breaks or exchanges involve single arms
of metaphase chromosomes, while chromosome breaks or exchanges in-
volve both arms. No chromosomal aberrations were observed in untreated
MDA-MB-157 cells while 2 chromosome exchanges (a ring chromosome and
a dicentric) were observed in untreated MDA-MB-157+FANCD2 cells. On
treatment with MMC, the level of aberrations in MDA-MB-157 increased to a
mean of 3.5 chromosomal aberrations per cell. On average, 2.1 chromatid
breaks, 1.3 chromatid exchanges and 0.1 chromosome breaks per cell were
observed, with all of the chromatid exchanges being complex arrangements
(exchanges involving more than two chromosomes), typical of those seen in
FA patient cells following MMC treatment.*® In contrast, MDA-MB-
157+ FANCD? cells exhibited a much more modest increase in chromosomal
aberrations with MMC (0.4 per cell; 5 chromatid breaks, 2 chromatid ex-
changes and a single chromosome exchange in the 20 metaphases scored).

noma cells stained) staining carcinomas. Immunoblotting
for FANCD2 in carcinoma cell extracts produced bands
of varying intensities at approximately 155 kDa consistent
with the size of non-monoubiquitylated FANCD2 in ex-



tracts from PD20-3-15 cells (Figure 2B). In four randomly
selected carcinomas, the level of FANCD2 was signifi-
cantly correlated with the percentage of cytoplasmically
stained carcinoma cells (linear regression analysis: r* =
0.998, P = 0.0009) (not shown). Hence the percentage of
stained carcinoma cells reflects the level of immunoreac-
tive FANCD2 in the specimen. In subsequent analyses,
the borderline and positive staining carcinomas were
combined into one positively stained group, leaving an-
other categorical group of clearly negatively staining car-
cinomas. There was good agreement in scoring between
the two observers (92.7% of cases, kappa score, 0.85).
Intratumor heterogeneity was similar at 6.1% for two well
separated sections of the same carcinomas. Very similar
results for positive cytoplasmic staining of a subset of 39
primary carcinomas was obtained with a second inde-
pendently isolated antibody to FANCD2 (Supplemental
Figure S3, at http://ajp.amjpathol.org) with a level of
agreement (94.9% of cases, kappa score, 0.88) similar to
that between the two observers with no significant differ-
ent between these two groups (McNemar Exact test, P =
0.50; using Yates correction P = 0.48)*° (Supplemental
Table S2, at http://ajp.amjpathol.org).

Association of FANCD2 with Other Tumor
Variables

The results of the immunocytochemical staining for cyto-
plasmic FANCD2 using a 1% cut-off were cross-tabu-
lated against pathological markers and immunocyto-
chemical staining for molecular variables taken from the
same carcinoma samples. These other variables have
been reported to have an effect on survival times in nearly
(>70%) the same set of patients.’ %38 For multiple com-
parisons of the pathological variables, only low histolog-
ical grade showed any significant association with cyto-
plasmic staining for FANCD2 (adjusted Fisher's Exact
test, P = 0.015). There was also a significant association
between lack of staining for FANCD2 and positive stain-
ing for osteopontin (P < 0.0001), S100A4 (P < 0.0001),
S100P (P = 0.002), and AGR2 (P < 0.0001). All other
molecular variables showed no significant association
with staining for FANCD2 at the 1% cut-off level including
that for nuclear Ki-67 (Table 3). When the cut-off level for
cytoplasmic staining for FANCD2 was set at 5% of the
carcinoma cells stained, there was also a significant as-
sociation between negative staining for FANCD2 and the
same tumor variables (P = 0.02) (not shown).

Association of FANCD2 with Patient Survival

The association of cytoplasmic staining for FANCD2 and
cumulative proportion of patients surviving at 12-month
intervals after the time of presentation is shown in Figure
4. When the patients were analyzed in their individual
staining classes for FANCDZ2, the five curves showed an
almost progressive increase in survival, and were highly
significantly different (Wilcoxon test P < 0.0001; Figure
4A). Of the 118 FANCD2-negative patients, only 4% sur-
vived to the census date, with a median survival time of
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~47 months. In the borderline class, 64% of 65 patients
were alive at the census date, in the intermediate
FANCD2-positive group (+) 94% of 52 patients survived,
in the moderate class (++) 84% of 31 patients survived,
whereas in the strong FANCD2-positive staining class
(+++) all 5 patients survived to the census date; all with
a median survival time of greater than 204 months (Figure
4A). The differences between the negative (—) and bor-
derline (+/—) staining class and between the borderline
(+/—) and intermediate (+) staining class were highly
significantly different (P < 0.0001), but those between the
intermediate (+) and moderate (++), and between the
moderate (++) and strong (+++) staining class were
not significant (P = 0.15 and P = 0.43, respectively,
Figure 4A). The RR for survival using Cox’s univariate
analysis varied from 4.97 (95% CI, 3.29-7.52), through
7.25 (95% Cl, 2.20-23.7), to 2.97 (95% Cl, 0.71-12.4) for
negative versus borderline, borderline versus intermedi-
ate, and intermediate versus moderate, staining class,
respectively. Since there were no deaths due to breast
cancer in the strong FANCD2-positive staining group
(Figure 4A), the RR between the moderate and strong
staining classes was not determinable.

Patients were separated into two categorical groups
using a cut-off of 1% carcinoma cells stained for cyto-
plasmic FANCD2 (Figure 4B), since this cut-off gave the
most significant difference in survival times above (Figure
4A). Of the 118 patients who were identified as being
FANCD2-negative, 4% were alive at the census date,
compared with 77% of the patients classed as FANCD2-
positive. The median survival time of patients who were
classified as FANCD2-negative was ~47 months, in com-
parison with >228 months for those patients classed as
FANCD2-positive. Over a period of 20 years, patients
with FANCD2-negative carcinomas had a highly signifi-
cantly poorer survival rate than those with FANCD2-pos-
itive carcinomas (Wilcoxon test, P < 0.0001); significant
differences were achieved after only 6 months of fol-
low-up (¥* = 9.90; 1 d.f; P = 0.002). Patients with
FANCD2-negative tumors had a RR of 8.46 (95% ClI,
5.77-12.41) of dying (Figure 4B) or an RR of surviving of
0.12 (95% ClI, 0.08—0.17). Similarly at the 5% cut-off, the
two curves were still significantly different (P < 0.0001),
but with a reduced level of significance (x* = 65.02, 1
d.f.) compared with that at the 1% cut-off of stained
carcinoma cells (> = 117.14, 1 d.f)).

Association of FANCD2 and Other Tumor
Variables with Patient Survival

In addition to staining for cytoplasmic FANCD2, the other
tumor variables that showed a significant association with
survival time for this group of patients were: tumor size
(Wilcoxon test, P = 0.003; RR = 1.50), histological grade
(P = 0.002; RR = 1.59), nodal status (P < 0.0001; RR =
2.00), staining for OPN (P < 0.0001; RR = 21.5), S100A4
(P < 0.0001; RR = 8.75), c-erbB-2 (P = 0.002; RR =
1.69), estrogen receptor a (P = 0.028; RR = 0.74), p53
(P =0.032; RR = 1.31), S100P (P < 0.0001; RR = 7.34),
and AGR2 (P < 0.0001; RR = 30.5); staining for c-
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Table 3. Association of Immunocytochemical Staining for Cytoplasmic FANCD2 with Other Tumor Variables

FANCD2 negative

FANCD2 positive

Statistical significance*

Tumor variable* no'(%) no' (%) Uncorrected Corrected
LN— 36 (42.9) 80 (56.3) ] 0.055 0.57
LN+ 48 (57.1) 62 (43.7)

Tumor <5 cm 78 (69) 147 (79) ] 0.055 0.57
Tumor >5 cm 35 (31) 39 (21)

Gradel+ll 65 (62.5) 140 (80.9) } 0.0011 0.016
Grade Il 39 (37.5) (19.1)

OPN-— 11(9.6) 86 (46) ] <0.0001 <0.0001
OPN+ 103 (90.4) 101 (

c-erbB-2 83(72.2) 155 (80 3) ] 0.122 0.86
c-erbB-2+ 32(27.8) (19.7)

c-erbB-3— 51 (46.4) 69 (36 1) } 0.088 0.75
c-erbB-3+ 59 (53.6) 122 (63.9)

S100A4— 42 (35.6) 145 (74.7) ] <0.0001 <0.0001
S100A4+ 76 (64.4) 49 (25.3)

S100P— 33 (32) 94 (55.6) } 0.0002 0.0025
S100P+ 70 (68) 75 (44.4)

ERa— 59 (52.2) 83 (43) ] 0.124 0.86
ERa+ 54 (47.8) 110 (57)

PgR— 76 (67.3) 105 (56.8) } 0.087 0.74
PgR+ 37 (32.7) 80 (43.2)

p53— 69 (59) 120 (61.5) ] 0.720 1.00
p53+ 48 (41) 75 (38.5)

Cathepsin D— 20 (21.5) 25(16.4) ] 0.39 1.00
Cathepsin D+ 73(78.5) 127 (83.6)

pS2— 70 (61.4) 113 (58.2) ) 0.088 0.75
pS2+ 44 (38.6) (41.8)

AGR2— 12 (11.2) 89 (46.4) ] <0.0001 <0.0001
AGR2+ 95 (88.8) 103 (53.6)

Kie7— 34 (47.9) 45 (36.3) } 0.13 0.88
Ki67+ 37 (52.1) 79 (63.7)
*LN, lymph node with tumor (+) or without tumor deposits (—); tumor size >5 cm (+),<5 cm in diameter (—); grade, histological grade Il versus

histological grades | and II; the presence (+) or absence (—) of immunocytochemical staining for osteopontin (OPN), c-erbB-2, c-erbB-3, S100A4,
S100P, progesterone receptor (PgR), p53, pS2 using a 5% cut-off and the presence (+) or absence (—) of staining for cathepsin D, AGR2 and nuclear

Ki67 using a 1% cut-off (Materials and Methods).

TNumber of patients with carcinomas either classified as staining (positive) or not staining (negative) for cytoplasmic FANCD2 using a 1% cut-off
between the positive and the negative groups. Brackets show the percentage of patients.
*Probability, P from Fisher's Exact test (two sided values) either uncorrected or corrected using the Holm-Bonferroni adjustment 1 — (1 — P)",

where n = 15 (Materials and Methods).

erbB-3, pS2, cathepsin D and nuclear Ki-67 (P = 0.33;
RR = 1.23) were not significantly associated (Supple-
mental Table S3, at http.//ajp.amjpathol.org). All tumor
variables except S100A4 had smaller values of the Wil-
coxon statistic ¥° and hence higher P values than
FANCD2. Most of the tumor variables have RRs >1, but
estrogen receptor a, progesterone receptor, and partic-
ularly FANCD2 had RR <1 (Supplemental Table S3, at
http.//ajp.amjpathol.org). To determine whether the vari-
ables that were significant in the univariate analyses were
independent of one another, they were all subjected to
Cox’s multivariate regression analysis. The first variable
to emerge as the most significant independent variable
was cytoplasmic staining for FANCDZ2, followed by stain-
ing for S100P, AGR2, c-erbB-2, S100A4, p53, and OPN
(Table 4); the pathological variables were eliminated from
the final equation in the stepwise analysis (Supplemental
Table S4, at http://ajp.amjpathol.org).

Discussion

The purpose of this study has been to establish the intra-
cellular site and level of expression of FANCD2 as an indi-
cator of the activity of the FA/BRCA tumor suppressor path-
way in human breast cancer. The antibodies used here do
not distinguish between non-ubiquitylated and monoubig-
uitylated FANCD2 (Figure 2).""2%43 We found FANCD?2 in
the nucleus of the majority of cells from benign breast
lesions, consistent with its reported occurrence in normal
breast ductal epithelium,*® and that there is a dramatic
reduction in the level of immunoreactive nuclear FANCD2 in
invasive ductal carcinoma, also in agreement with a previ-
ous report.?* However, the level of 19% of breast carcino-
mas containing no detectable FANCD2 in that report is
almost half of that found in our group of breast cancers. This
difference may be due to differences in patient groups
(mean age 65 vs. 60 years), aggressiveness of the carci-



nomas (39 vs. 49% involved lymph nodes), methods of
detection (prior microwaving versus no microwaving)
and/or scoring (zero staining vs <1% carcinoma cells
stained) between studies. Our novel finding over a previous
report®® is that virtually all of the staining in the carcinomas
occurs in the cytoplasm and not in the nucleus.

The almost complete loss of nuclear staining and the
novel heterogeneous cytoplasmic staining pattern of the
carcinomatous tissue for FANCD2 is not due to lack of
accessibility of the antigen for its specific antibody. The
same results have been achieved in experiments (a)
using carcinomas preserved in Methacarn®® instead of
formalin, (b) increasing antibody concentration fivefold,
(c) incubating for >3 hours, (d) by attempting antigen
retrieval by prior microwaving of sections® and (e) in
malignant tissue containing nuclear staining of incorpo-
rated benign lesions (Table 1). This dramatic fall in nu-
clear, and the retention of cytoplasmic, staining for
FANCD2 has also been confirmed in malignant breast
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epithelial cell lines by immunocytochemical staining (Ta-
ble 2), by direct immunofluorescence (Supplemental Fig-
ures S4, and S5, at http.//ajp.amjpathol.org) and by West-
ern blotting of separated nuclear and cytoplasmic
extracts (Figure 2A). The immunocytochemical staining
for FANCD2 is also specific for this molecule for the
following reasons: (a) Prior incubation of immunizing pep-
tide with the rabbit antibody abolishes completely its
cytoplasmic staining of all carcinoma cells, as shown in
Figure 1, G and H, as well as the predominantly nuclear
staining of the benign lesions (Supplemental Figures S1
and S2, at http://ajp.amjpathol.org); (b) The same staining
patterns are achieved in pilot studies with an indepen-
dent anti-FANCD2 serum (Supplemental Figure S3, and
Supplemental Table S2, at http.//ajp.amjpathol.org); (c)
Immunocytochemical staining was largely absent in cell
lines from FA-D2 patients (PD733 and PD20) that express
FANCD?2 protein at undetectable levels by Western blot-
ting" 32 (Figure 2B). All such FA-D2 patients are hypo-
morphic, in which at least one of the mutant alleles encodes
an unstable protein present at very low level.*® It is therefore
not surprising that a very low level (1 to 2%) of FANCD2 is
detected above background by immunocytochemistry (Ta-
ble 2) than by Western blots (Figure 2B), which are not
normally capable of this level of detection.®> FANCD?2 stain-
ing was clearly observed in the nucleus and cytoplasm of
PD20-3-15 cells (Table 2) that express both FANCD2-L
(monoubiquitylated) and FANCD2-S (non-monoubiquity-
lated) in the nucleus,2%%? but only FANCD2-S in the cy-
toplasm (Figure 2B).

There is a highly significant difference between the
nuclear location of FANCD2 in benign and malignant
breast lesions, with only one malignant tumor showing

Figure 4. Association of immunocytochemical staining of the primary car-
cinoma for cytoplasmic FANCD2 with overall survival of patients. A: The
cumulative proportion of patients surviving as a fraction of the total at 12
monthly intervals after presentation for patients with carcinomas classified as
follows: (a) +++, strong staining ( ; 100% = 5 patients); (b) ++,
moderate staining (------ ; 100% = 36 patients); (¢) +, intermediate staining
[ ; 100% = 55 patients); (d) +/—, borderline staining (- —-); 100% = 96
patients) and (e) —, negative staining (- — - —, 100% = 118 patients) for
FANCD2. There were 5 censored observations in a (4 dead of other causes
(doc); cumulative proportion surviving (cps) = 100%; median survival time
(mst) > 204 months); 31 in b (14 doc; cps = 84%; mst >216 months); 52 in
¢ (13 doc; cps = 94%; mst >216 months); 65 in d (17 doc; cps = 64%; mst
>228 months); and 15 in e (12 doc; cps = 4%; mst = 46.8 months). The
cumulative proportions surviving * 95% Cls were (a) 1.00 = 0.0, (b) 0.91 =
0.05, (©) 0.94 * 0.03, (d) 0.75 = 0.05, and (e) 0.33 * 0.04, after 5 years; (a)
1.00 = 0.0, (b) 0.84 *= 0.07, (¢) 0.94 * 0.03, (d) 0.69 * 0.05, and (e) 0.16 *
0.03, after 10 years; (a) 1.00 = 0.0, (b) 0.84 = 0.07, () 0.94 = 0.03, (d) 0.64 =
0.05, and (e) 0.04 = 0.03, after 15 years; and (a) 1.00 = 0.0, (b) 0.84 = 0.07,
(©) 0.94 = 0.03, (d) 0.64 £ 0.05, and (e) 0.04 * 0.03, after 20 years. The five
curves were significantly different (Wilcoxon statistic x* = 125.83, 4 d.f., P<
0.0001), and significantly different in the successive pairwise combinations of
c withd (x* = 13.85, 1 d.f., P< 0.0001) and d with e (x* = 53.29, 1 d.f., P<
0.0001) but not b with ¢ (x> = 2.03, 1 d.f., P= 0.155) nor a with b (x* = 0.63,
1 d.f., P = 0.43). The malignant grade of the 5 strong staining carcinomas
(+++) (@) was confirmed as grade I (2 patients), II (2 patients), and I1I (1
patient). B: The cumulative proportion of patients surviving as a fraction of
the total at 12 month intervals after presentation with carcinomas classified as
(@) positive staining using a 1% cut off ( ; 100% = 192 patients) and (b)
—, negative staining (----- ; 100% = 118 patients) for FANCD2. There were
153 censored observations in a (48 doc; cps = 77%; mst >228 months) and
15 in b (12 doc; ¢ps = 4%; mst = 46.8 months). The cumulative proportions
surviving £ 95% CIs were (a) 0.84 = 0.03, (b) 0.33 = 0.04, after 5 years; (a)
0.80 =+ 0.03, (b) 0.16 = 0.03, after 10 years; (a) 0.77 = 0.03, (b) 0.04 = 0.03,
after 15 years; and (a) 0.77 £ 0.03, (b) 0.04 = 0.03, after 20 years. The two
lines were significantly different (Wilcoxon statistic x* = 117.14, 1 d.f., P <
0.0001).
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Table 4. Summary of the Cox’s Proportional Hazards Model for Cancer-Related Deaths

Tumor variable* Coefficient gt SE* X3 P RR! 95% Cl!
FANCD2 —-0.875 0.26 11.11 0.001 0.42 0.25-0.70
AGR2 2.03 0.62 10.72 0.001 7.64 2.26-25.8
S100P 0.985 0.32 9.33 0.002 2.68 1.42-5.04
OPN 1.16 0.55 4.47 0.034 3.20 1.09-9.43
S100A4 0.659 0.28 5.68 0.017 1.93 1.12-3.33
p53 0.605 0.26 5.40 0.020 1.83 1.10-3.05
C-erbB-2 0.733 0.28 6.72 0.010 2.08 1.20-3.62

*Tumor variable that showed a statistically significant association with patient survival times in the univariate analysis for 159 patient cases with full
data sets. Only comparison between patients with involved lymph nodes, all tumor sizes (T — T,), all histological grades (I-IIl), staining for FANCD2,
AGR2, S100P, S100A4, OPN, ERa, p53, and c-erbB-2 were made. Analysis is shown in full in Supplementary Table S4 (see http.//ajp.amjpathol.org).

tValue of B parameter (=log.RR) in the Cox’s multiple regression analysis (Materials and Methods).

*+SE of B.
SCox’s statistic x2.

TProbability from Cox’s statistic x2, 1 d.f. in each case. Overall > = 130.11, 7 d.f., P < 0.001; residual x> = 10.91, 4 d.f., P = 0.028.

IRR for survival and 95% CI from multivariate analysis.

borderline nuclear staining, although >62% of both types
of lesions show cytoplasmic staining for FANCD2. This
difference has been confirmed in malignant breast epi-
thelial cell lines using immunocytochemical staining of
paraffin-embedded cells (Table 2), immunofluorescence
with two different antibodies (Supplemental Figures S4
and S5, at http.//ajp.amjpathol.org) and Western blotting
of separated nuclear and cytoplasmic extracts (Figure
2A). Since benign lesions within carcinomas still retain
their nuclear staining for FANCD2, this change is specific
to the malignant state, and is not a field effect caused by
extracellular processes. Since nuclear FANCD2, and
specifically monoubiquitylated FANCD2 located in chro-
matin,'*'® is generally considered to be its active form in
DNA repair processes, the predominant cytoplasmic lo-
cation of the smaller 155 kDa, non-monoubiquitylated
FANCD2 in malignant cells (Figure 2A) suggests that
FANCD2-mediated DNA repair would be severely com-
promised. Interestingly, a recent study also reported the
cytoplasmic retention of BRCA1 and RAD51 in a high
frequency of sporadic breast cancers,*” proteins known
to associate in the nucleus with FANCD2. The reasons for
failure of FANCD2 to locate to the nucleus in these cells
is unclear, although it may reflect a reduction in or dam-
age to any of the FA core complex proteins,® rare muta-
tions in FANCD2*® or changes in activity of kinases, ATM,
ATR or CHK1, reported to phosphorylate FANCD2 or
other FA proteins. 223349751 Regardless of the reasons
for the lack of nuclear FANCD?2, it will result in the loss of
colocalization with RAD51, BRCA1, and BRCA2 in nu-
clear foci, '3 disrupting the processing of DNA dam-
age. We suggest that, unlike the benign lesions, the
reduction in nuclear FANCD2 allows most malignant tu-
mors to arise irrespective of their prognosis due to
greater chromosomal breakage, and genomic instabil-
ity.®°2 Certainly, we have demonstrated that the malig-
nant cell line MDA-MB-157, which lacks detectable
FANCD2 by Western blotting (Figures 2A and 3A), exhib-
its cellular hypersensitivity and a high degree of chroma-
tid breaks and exchanges in response to MMC; pheno-
types that are reversed by introduction of an expression
vector for FANCD2 (Figures 3B and 3C).

When the patients are grouped into classes according
to the % cytoplasmic staining for FANCD2, the class

proportion of stained carcinoma cells is highly signifi-
cantly correlated with the time of survival of the patients
using Wilcoxon statistics (Figure 4A), and confirmed by
log-rank sums (Mantel-Cox x® = 171.4, 4 df, P <
0.0001). On subsequent division into two categorical
staining groups, the overall survival for patients with
positively stained carcinomas is highly significantly
better than for those patients classified as negative for
FANCD?2, using either Wilcoxon statistics (Figure 4B) or
log-rank sums (Mantel-Cox x* = 1645, 1 df, P <
0.0001). Our results demonstrate that the relationship is
not dependent on the statistical test or level of cut-off
used, and is more significant than almost all other tumor
variables tested (Supplemental Table S3, at http://ajp.
amjpathol.org). Thus unlike a previous report that showed
that high FANCD2 expression appeared to be prognos-
tically unfavorable for overall survival (log-rank test, P =
0.03),2* our novel result is that it is the reduction in
expression of cytoplasmic FANCD2 that is highly signifi-
cantly correlated with unfavorable survival in our group of
breast cancer patients. The RR of death of patients with
FANCD2-negative tumors compares favorably with that
of the metastasis-inducing proteins AGR2, OPN, S100A4,
and S100P, and is much greater than for the other tumor
variables (Supplemental Table S8, at http.//ajp.amjpathol.
org). However, unlike the other four metastasis-inducing
proteins,”™* the class level of cytoplasmic staining for
FANCD2 fails to show a significant difference in patient
death above a critical threshold of 25 to 50% of carci-
noma cells stained for FANCDZ2. This association of loss
of cytoplasmic staining for FANCD2 with aggressiveness
of the primary breast cancer is largely confirmed by
results with the breast carcinoma cell lines, where cyto-
plasmic FANCD2 staining is associated with cells that are
relatively weakly invasive in vitro (MCF-7, T47D), but not
with those cells that are highly invasive in vitro (MDA-MB-
157, MDA-MB-231). It is possible that FANCD2-negative
tumors may have an increased sensitivity to chemother-
apy and, to a lesser extent, radiation.®® The former pos-
sibility is supported by the enhanced sensitivity to MMC
obtained here with the highly invasive but FANCD2-neg-
ative cell lines. However, if the FANCD2-negative tumors
have already metastasized at the time of surgical removal
of the primary, whereas FANCD2-positive tumors have



not, then the FANCD2-negative tumors will carry a poorer
prognosis independent of any subsequent treatment in
our group of patients. Similar arguments apply to any
potential decrease in the repopulation ability of FANCD2-
negative breast cancer cells.®®

It is not immediately clear why loss of cytoplasmic
FANCD2 is associated with poor prognosis when
FANCD2, and specifically monoubiquitylated FANCD2, is
considered to function predominantly in chromatin. How-
ever, we note that BRCA1, another protein with ostensibly
nuclear functions, shuttles between the nucleus and cy-
toplasm and has been proposed to have a pro-apoptotic
function in the cytoplasm®* It is possible that the cyto-
plasmic location of FANCD2 is merely a defect in nu-
clear uptake/retention so that reduction in cytoplasmic
FANCD2 may lead to further reductions in the remaining
small, relatively undetectable levels of FANCD2 in the
nucleus of the malignant cells, so impairing the FA/BRCA
pathway completely. However, the more likely explana-
tion is that non-monoubiquitylated FANCD2 has an alter-
native protective role in the cytoplasm of cells, such that
when it falls below a critical threshold, cancer cells can
progress to an aggressive form. In support of this hypoth-
esis, a chromatographically separable form of the FA
core complex®® and other complexes containing FA
proteins have been reported in the cytoplasm.®® For
example, FANCC, binds with signaling and chaperone
proteins including GRP94, Hsp70, and STAT1 in both
pro-apoptotic and survival signaling pathways'® and with
FANCD2 in multimeric high-molecular-weight complexes
in cytokine-stimulated cells,'® while oxidative stress in-
duces FANCD2 interaction with STAT5 and promotes
STAT5-dependent survival signals.®” Depletion of cyto-
plasmic FANCD2 might possibly disrupt these pathways.
Furthermore, FA cells are reported to be defective in
oxygen metabolism,%2°® and metastatic cancers are as-
sociated with cellular oxidative stress.®® Loss of FANCD2
also leads to oxidative stress®® and the anti-oxidant tem-
pol has been shown to protect against epithelial tumor
onset in fancd2-deficient mice.®’

When the tumor variables that have shown a significant
association with patient survival in this group of breast
cancer patients® *38 are tested for association with im-
munocytochemical staining for FANCD2 in the primary
carcinomas, staining for the four metastasis-inducing
proteins AGR2, OPN, S100A4, and S100P are the most
significantly associated with negative staining for cyto-
plasmic FANCD2 (P = 0.002), followed by high histolog-
ical grade (P = 0.015), at both the 1% and 5% (not
shown) cut-off levels. These results may suggest that the
underlying mechanism responsible for the enhanced ex-
pression of these four metastasis-inducing proteins is
related to a decrease in overall FANCD2. However, since
there is not a completely coordinated response (Table 3),
the relationship is more likely to be indirect rather than
direct. Although % nuclear staining for Ki-67 has been
significantly positively correlated by linear regression
with that for FANCD2,* this is not the case with our
patients, when separated into two categorical groups
using either a 1% (Table 3) or 5% (Fisher’s Exact test, P =
0.73, corrected P = 1.0) cut-off between the positive and
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negative Ki-67-staining tumors. This difference may be
due to the fact that nuclear staining for Ki-67 in our
nonadjuvantly treated patients (Materials and Methods)
lies at the lower, nonsignificant end of association with
patient death (RRs at 1%, 5%, 25% cut-offs = 1.23, 1.26,
1.07, respectively; P = 0.32) when results with different
patient groups are compared in a meta-analysis of over
1200 patients (RR = 1.79; 95% Cl, 1.22-2.63).%% Alterna-
tively this difference may have arisen because the com-
pletely negative FANCD2 tumors that were all positive to
varying percentages for Ki-67 in the former analysis®*
have not been excluded in our current analysis using just
two categorical groups. In Cox’s proportional hazards
model, negative staining for cytoplasmic FANCD2 is the
most significant independent prognostic indicator, fol-
lowed by staining for the four metastasis-inducing pro-
teins; c-erbB-2 and p53 (Table 4). Standard pathological
variables are confounded by combinations of more pow-
erful independent molecular variables (Supplemental Ta-
ble S2, at http://ajp.amjpathol.org). The combination of
reduced levels of cytoplasmic FANCD2 and overproduc-
tion of four proteins that can induce metastasis in a rat
mammary model*?7¢364 has identified a subgroup of
breast cancer patients with a poor outcome. It is possible
that a lowering of the overall levels of FANCD2 reflects a
further deficiency in the FA/BRCA tumor suppressor
pathway that allows selection for overexpression of those
metastasis-inducing genes most likely to progress the
cancer. Alternatively, FANCD2 may have an, as yet, un-
characterized role in the cytoplasm, loss of which could
promote the progression of breast cancer by the same
metastasis-inducing genes. Whatever the case, loss of
cytoplasmic FANCD2 may be clinically useful not only as
a test for poor prognosis, but also for identifying patients
for therapy with agents targeted to DNA repair defective
tumors, analogous to the proposed use of PARP1 inhib-
itors in the treatment of hereditary BRCA1/2 breast
cancer.®®
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