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~ Abstract

Background Estrogen receptor (ER)-positive and human
epidermal growth factor receptor 2 (HER2)-negetive breast
cancers can be divided into luminal A and luminal B
subtypes based on Ki67 expression levels. However, the
biological differences in ER and progesterone receptor
(PR) expression levels between these luminal subtypes are
not clear.

Methods We examined immunohistochemical expression
levels of ER, PR, and Ki67 in 180 ER-positive/HER2-
negative breast cancers while taking menopausal status into
account. Breast cancers were divided according to ER and
PR levels (H: >50%, L: <50%), and luminal A and B were
classified by the Ki67 labeling index (A: Ki67 <14%, B:
Ki67 >14%).
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Results When breast cancers were classified based on ER
and PR levels, the distribution of pre- and postmenopausals
was significantly different for luminal A (P < 0.0001), but
not for luminal B cancers. As for luminal A, ER-H/PR-L
cancers were rare among premenopausals (8%), but fre-
quent among postmenopausals (54%). Correlation between
ER and PR levels among luminal A cancers was strong in
premenopausals but weak in postmenopausals. Since
crosstalk with growth factor signaling is unlikely in lumi-
nal A, we speculate that intratumoral estrogen insufficiency
contributed to the characteristics of postmenopausal ER-H/
PR-L cancers.

Conclusion We speculate that the biological characteris-
tics of luminal A cancers are influenced by the estrogen
environment, but its influence on luminal B cancers may be
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limited. We believe these considerations constitute useful
information for a better understanding of the biology of
ER-positive-HER2-negetive breast cancers.

Keywords Breast cancer - Luminal subtype - Ki67

Introduction

In clinical settings, breast cancer subtypes have been
classified according to estrogen receptor (ER), progester-
one receptor (PR), and human epidermal growth factor
receptor 2 (HER2) status. This classification is essentially
useful for determining indications for endocrine therapies
and/or anti-HER2 therapies. Recently, gene expression
profiling of breast cancers has resulted in classification into
five distinct types, i.e., luminal A, luminal B, HER2-
overexpressing, basal-like, and normal-like [1]. This clas-
sification of intrinsic subtypes enables us to further classify
the ER-positive/HER2-negative group into luminal A and'
luminal B subtypes. Since it is not always feasible to obtain
gene expression data in daily clinical practice, Cheang
et al. [2] have developed a simple classification method of
luminal subtypes similar to the intrinsic subtypes by
immunohistochemical staining to determine the expression
levels of Ki67, a marker of cell proliferation. They iden-
tified the optimal cutoff point for the Ki67 labeling index as
13.25% for distinguishing luminal B from luminal A with a
sensitivity of 72% [95% confidence interval (CI) 59-82%]
and specificity of 77% (95% CI 67-85%). On the basis of
this finding, the 12th St. Gallen International Breast Cancer
Conference (2011) Expert Panel adopted a new immuno-
histochemical classification of intrinsic subtypes, essen-
tially by dividing ER-positive/HER2-negative cancers into
luminal A and luminal B following the application of the
Ki67 labeling index using 14% as the cutoff value [3].
Although luminal subtypes divided by Ki67 are essentially
useful, there is no doubt that evaluation of ER and PR
expression levels would provide important additional
information for understanding the characteristics of estro-
gen-dependent breast cancers.

Estrogen dependency can be determined basically from
ER and PR expression levels, and tumors with high values
for both ER and PR seem to show higher responsiveness to
endocrine therapies [4]. However, it is not clear whether
tumors with low ER expression levels are dependent on
estrogen or if PR expression levels can be low even though
ER levels are high. It is conceivable that PR is downreg-
ulated not only as a result of estradiol deficiency, but also
of crosstalk with growth factor signaling [5]. Although it
has been speculated that there are two mechanisms of PR
downregulation in ER-positive tumors and that sensitivity
to endocrine therapy may differ as a result, identifying and
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distinguishing these two mechanisms clinically seems to be
difficult. If cancers are involved in crosstalk with growth
factor signaling preferentially occurring in the luminal B
subset, PR may be downregulated irrespective of the
amount of estrogen. On the other hand, it is speculated that
among cancers without growth factor signaling, insufficient
estrogen environment possibly recognized in postmeno-
pausal status induces PR downregulation.

The purpose of our study was to clarify how the estrogen
environment influences ER and PR expression levels in
breast cancers while taking both luminal subtypes and
menopausal status into consideration.

Patients and methods
Tumor samples

Consecutive breast cancer patients who underwent mas-
tectomy or breast-conserving surgery at the Hyogo College
of Medicine during the period from August 1999 to July
2011 were recruited. From among these patients, formalin-
fixed and paraffin-embedded tumor samples were obtained
from 180 cases with ER-positive (nuclear staining more
than 1%) and HER2-negative (score 0, 1, 2, and FISH-
negative). All breast cancers were histologically diagnosed
as invasive ductal carcinomas (n = 159), invasive lobular
carcinomas (n = 7), or other types (n = 14), and patients
with non-invasive carcinoma or those who had received
chemotherapy or hormonal therapy before surgery were
excluded. Nuclear grade was determined according to the
Japanese Breast Cancer Society classification [6]. Informed
consent was obtained from all patients, and the study
protocol was approved by the Ethics Committee of the
Hyogo College of Medicine.

Immunohistochemistry

Formalin-fixed, paraffin-embedded tissues were cut from
tumor samples and used for further immunohistochemical
staining. Expression levels of ER (1D5; Dako, Glostrup,
Denmark), PR (PgR636; Dako), HER2 (Hercep Test;
Dako), and Ki67 (MIB1; Dako) were determined immu-
nohistochemically in terms of the percentage of positive
cancer cells in the nuclei for ER, PR, and Ki67, and
membrane staining for HER2 used automated immuno-
stainers (BOND-MAX, Leica Microsystems, Tokyo, Japan,
for ER and PR, and Autostainer, Dako, for HER2 and
Ki67).

Different areas of densely stained lesions were selected
microscopically, and nearly 1,000 cancer cells were
counted. We determined the percentage of positive cancer
cells with moderate or intense nuclear staining for ER, PR,
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and Ki67. The slides were examined by two observers who
were blinded to the clinicopathological features of the
patients and re-checked when the evaluations differed.
Using a cutoff value of 50%, the tumors were classified
into ER-high (H) (>50%) and -low (L) (<50%), and PR-
high (H) (>50%) and -low (L) (<50%). Luminal A was
characterized as Ki67 <14% and luminal B as Ki67 >14%
according to the criteria defined by Cheang et al. [2].

Statistical analysis

The relationship between luminal subtypes and various
clinicopathological characteristics was evaluated using the
chi-squared, Mann-Whitney, or Kruskal-Wallis test.
Expression levels of ER, PR, and Ki67 were calculated
with the Mann-Whitney or Kruskal-Wallis test, or with
Pearson’s correlation. Differences were considered statis-
tically significant if P < 0.05. Ki67 expression levels were
compared among subgroups by means of the Mann-Whit-
ney test with Bonferroni correction for multiple compari-
sons, and significance was set at P < 0.0083.

Results

Relationship of luminal subtypes
with clinicopathological characteristics

There were 106 luminal A (59%) and 74 luminal B (41%)
cancers. As shown in Table 1, there were significantly
more tumors with nuclear grade 3 among luminal B (86%)
than luminal A (14%) cancers, and PR expression levels of
luminal B (24.8%, 5.0-60.0%, median, 25-75 percentile)
were significantly lower than those of luminal A (55.2%,
9.4-84.7%). There was no significant difference between
luminal subtypes and other clinicopathological factors, that
is, menopausal status, tumor size, histological type, lymph
node metastasis, and ER expression levels (Table 1).

Correlation of ER and PR expression levels
with menopausal status or Ki67 labeling index

Since PR expression levels of luminal A and B are dif-
ferent, we determined the Ki67 labeling index for ER and
PR expression levels and taking menopausal status into
consideration. The results are shown in Fig. 1. Using the
cutoff value described in Patients and Methods, we divided
ER and PR expression levels into four subgroups, i.e., ER-
H/PR-H, ER-H/PR-L, PR-L/ER-H, and ER-L/PR-L.
Among the premenopausal patients, Ki67 expression of the
ER-H/PR-L group (23.1%, 14.0-29.5%) was significantly
higher (P = 0.003) than that of the ER-H/PR-H subgroup
(9.5%, 5.2-18.8%). Among the postmenopausals, on the

other hand, Ki67 of the ER-L/PR-L subgroup (22.5%,
12.9-47.9%) was significantly higher (P = 0.002) than that
of the ER-H/PR-H subgroup (10.0%, 5.0-18.1%).

The distribution of cancers classified according to ER
and PR expression levels in pre- and postmenopausals is
shown in Table 2. As for luminal A, the distribution
between pre- and postmenopausals was significantly dif-
ferent (P = 0.0001), with nearly 70% of the cancers rec-
ognized in the ER-H/PR-H subgroup among the
premenopausals, while ER-H/PR-H accounted for 39%,
and ER-H/PR-L (54%) was the most frequent type among
the postmenopausals. However, luminal B subtype showed
no significant difference of ER and PR expression levels
between pre- and postmenopausals.

Correlation between ER and PR expression levels
in luminal A subtype

In order to exclude the influence of growth factor signaling
in which PR may be downregulated through transcriptional
suppression in luminal B, we examined correlations
between ER and PR expression levels for the luminal A
subtype divided into pre- and postmenopausals. The results
are shown in Fig. 2. ER and PR expression levels showed
significant correlation (correlation coefficient 0.69,
P < 0.0001) for premenopausals (n = 36), but correlation
was weak (correlation coefficient 0.26, P = 0.02) for
postmenopausals (n = 70).

Discussion

The most prominent finding of this study is that the bio-
logical characteristics of luminal A and luminal B cancers
are different. As shown in Table 2, ER and PR expression
levels are more significant in luminal A than in luminal B
cancers. Our findings indicate that among premenopausals,
nearly 70% of luminal A cancers possessed ER-H/PR-H,
but that this was rarely detected in ER-H/PR-L. On the other
hand, more than 50% of the postmenopausal luminal A
cancers were accounted for by the ER-H/PR-L subgroup.
PR, a downstream target molecule of estrogen signaling,
may be suppressed during activation of growth factor sig-
naling [5]. However, since PR is induced by estrogen sig-
naling, even if tumors express sufficient ER, estradiol
deficiency makes it impossible for much PR to be produced,
thus resulting in lower expression levels of PR. Since
crosstalk with growth factor signaling is unlikely in luminal
A cancers, we hypothesize that low PR expression levels
indicate an insufficient supply of intratumoral estradiol.
Among premenopausals, estrogen deficiency is unlikely
because of high levels of circulating estradiole in the blood
produced by menstruation. In the postmenopausal estrogen
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Table 1 Relationship between

Tepilea] Exbtyges 46 Luminal A (n = 106)* Luminal B (n = 74)* P value
clinicopa.thc?logical Menopausal status
characteristics s
Pre- 36 (56) 28 (44) 0.59
Post- 70 (60) 46 (40)
Tumor size
<2 cm 71 (65) 39 (35) 0.05
>2 cm 35 (50) 35 (50)
Histological type
IDC 90 (57) 69 (43) 0.06
ILC 7 (100) 0 ()
Others 9 (64) 5 (36)
Lymph node metastasis
No 76 (62) 46 (38) 0.17
Yes 30 (52) 28 (48)
IDC .invas'ive ductal carci_noma, Nuclear grade
Juminal B: Ki67 >14%, > values > 18 2 0
in parentheses indicate 3 4 (14) 24 (86)
percentage, © % of positive ER expression levels® 90.4 (70.5-100) 87.7 (50-100) 0.22
nuclei, median (25th and 75th R expression levels® 552 (9.4-84.7) 24.8 (5.0-60.0) 0.04

percentiles)

milieu, however, local production of estrogens may not be
sufficient in all cancers and because of relatively lower
estrogens cannot induce high levels of PR. Similar with this
observation, Yamashita et al. [7] have reported that the
frequency of ER-positive and PR-negative cancers in Jap-
anese women over 50 years (14%) was higher than in
women aged 50 years or younger (5%).

On the basis of these observations, we speculate the
difference between pre- and postmenopausal ER-H/PR-L
cancers depends on a mechanism such as the one described
above. This hypothesis seems to be partly supported by our
observation that ER and PR expression levels strongly
correlate in premenopausal luminal A cancers, but only
weakly so in postmenopausal luminal A cancers (Fig. 2).
As also shown in this figure, a large number of cancers are
plotted in the ER-H/PR-L area among postmenopausals.
Haynes et al. [8] demonstrated that mRNA expression
levels of PR were significantly associated with intratumoral
estradiol concentrations in postmenopausal patients. The
findings of this study point to the importance of local
synthesis of estradiol for PR expression in postmenopausal
breast cancers. In order to reach a definitive answer to this
issue, direct comparison between intratumoral estradiol
levels and PR expression levels is needed. However, we
were unable to obtain enough fresh tissues for this assay.

The frequency of ER-L/PR-L in premenopausal luminal
A cancers (19%) was higher than that in postmenopausal
luminal A cancers (6%). Estrogen independence in ER-
positive cancers and the accompanying induction of growth
factor signaling have led to the recognition of ER
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downregulation in both in vitro and in vivo studies [9, 10].
Moreover, under conditions of excessive estrogen, ER
downregulation has also been demonstrated in a previous
in vitro study [11]. The reason for the high frequency of
ER-L/PR-L in premenopausals may be ER downregulation
caused by an excessive estrogen supply because crosstalk
with growth factor signaling is less likely in luminal A
cancers. Although it is not known whether ER is down-
regulated by high levels of estrogen in all human breast
cancer, such downregulation may occur in premenopausal
breast cancers. Thus, the difference in the distribution of
ER and PR expression levels between pre- and post-
menopausals among luminal A cancers may depend on the
estrogen environment. As shown in Fig. 1 and Table 2,
luminal B cancers are most frequently involved in pre-
menopausal ER-H/PR-L and postmenopausal ER-L/PR-L
cancers. Interestingly, the distribution of ER and PR
expression levels was similar for pre- and postmenopausal
luminal B cancers, and this finding may indicate that
growth factor signaling has a stronger influence than
estrogen signaling on the expression of ER and PR.

In conclusion, we were able to identify biological dif-
ferences between luminal A and luminal B cancers. The
estrogen environment appears to have a strong effect on ER
and PR expression levels of luminal A, but seems to be less
important for luminal B cancers. Determination of Ki67
expression levels may thus be useful for evaluation of
estrogen dependency, especially of postmenopausal ER-H/
PR-L cancers. It is hoped these findings will prove to be
useful for a further understanding of the biological
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Fig. 1 Ki67 labeling index for A Premenopausal B Postmenopausal
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Table 2 ER, PR expression . Premenopausals Postmenopausals P value
levels and menopausal status in
luminal A and luminal B Luminal A*
bt
SHopes ER-H and PR-H" 25 (69)° 27 (39) 0.0001
ER-H and PR-L® 3(8) 38 (54)
ER-L and PR-H 1(3) 1D
ER-L and PR-L 7 (19) 4 (6)
? Luminal A: Ki67 <14% Luminal B*
uminal A: <14%,
Juminal B: Ki67 >14%. °H: ER-H and PR-H 10 (36) 12 (26) 0.25
more than 50% nuclear staining; ER-H and PR-L 9(32) 24 (52)
L: 50% or less nuclear staining, ER-L and PR-H 1(4) 00
¢ values in parentheses indicate ER-L and PR-L 8 (29) 10 (22)
percentage
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characteristics of luminal A and luminal B cancers. In
order to resolve these issues definitively, studies including
larger numbers of patients as well as an investigation of the
correlation of the biological characteristics with prognosis
need to be done in future.
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Dysregulation of homologous recombination (HR) DNA repair has been implicated in breast
carcinogenesis and chemosensitivity. Here, we investigated the methylation status of sixteen
HR genes and analyzed their association with tumor subtypes and responses to neoadjuvant
chemotherapy. Core specimens were obtained before neoadjuvant chemotherapy from sixty
cases of primary breast cancer of the following four subgroups: luminal breast cancer (LBC)
with pathological complete response (pCR), LBC with stable disease, triple-negative breast
cancer (TNBC) with pCR and TNBC with poor response. The aberrant DNA methylation
status of the following HR related-genes was analyzed using bisulfite-pyrosequencing: BRCA1,
BRCA2, BARD1, MDC1, RNF8, RNF168, UBC13, ABRA1l, PALB2, RAD50, RAD5I1,
RAD51C, MRE11, NBS1, CtIP and ATM. Among the genes analyzed, only the incidence of
BRCA1 and RNF8 methylation was significantly higher in TNBC than that in LBC. Whereas
the incidence of BRCA1 methylation was tended to be higher in pCR cases than in poor-
response cases in TNBC, that of RNF8 was significantly lower in pCR cases than in poor-
response cases. Our results indicate that the methylation status of HR genes was not generally
associated with TNBC subtype or chemosensitivity although hypermethylation of BRCAI1 is

associated with TNBC subtype and may impact chemosensitivity.

Introduction

Neoplastic transformation of a subset of breast cancers
is attributed to dysregulation of DINA repair. In addi-
tion to the well-known familial breast cancer genes
BRCA1 and BRCA2, hereditary defects in genes
required for homologous recombination (HR) DNA
repair, such as PALB2/FANCN (Rahman ef al.
2007), BACH1/BRIP1/FANC] (Cantor et al. 2001;
Litman et al. 2005), ATM (Renwick et al. 2006),
NBS1 (Steffen et al. 2004), RAD50 (Heikkinen et al.
2006) and RAD51C (Meindl ef al. 2010), have also
been implicated in breast cancer susceptibility. The
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deficiency of HR is important not only for breast
cancer susceptibility, but also as a possible target for
chemotherapies exploiting synthetic lethality. Inhibi-
tors of poly (ADP-ribose) polymerase and platinum-
based agents exhibit significant clinical activity in
breast and ovarian cancers caused by BRCA1 or
BRCA2 germline mutations in which HR is abro-
gated (Byrski et al. 2009; Audeh et al. 2010; Tutt
et al. 2010). The HR deficiency may also sensitize
cells to other DNA damage-inducing agents. For
example, basal-like breast cancer, a subtype associated
with BRCA1 dysfunction, generally responds to che-
motherapy. Sporadic breast cancer with low BRCA1
mRNA expression is reported to be sensitive to anth-
racycline-based chemotherapy (Margeli et al. 2010).
In vitro, functional deficiency of the genes required

DOI: 10.1111/gtc.12100
© 2013 The Authors

Genes to Cells © 2013 by the Molecular Biology Society of Japan and Wiley Publishing Asia Pty Ltd



for the HR pathway sensitizes cells to DNA damage-
inducing agents. Thus, it has been suggested that an
assessment of HR competence could be valuable in
predicting the sensitivity of cancer cells to chemo-
therapy or specific DNA-damaging agents (Livingston
& Silver 2008). However, the contribution of the
HR failure caused by genes other than BRCA1 and
BRCA2 to the chemosensitivity has not been
clarified.

The aberrant DNA methylation status of HR
genes in breast cancer tissues has previously been ana-
lyzed for BRCA1l, BRCA2, PALB2 and ATM.
In particular, BRCA1 has been intensively studied
(Dobrovic & Simpfendorfer 1997; Magdinier et al.
1998; Catteau et al. 1999; Esteller et al. 2000, 2001;
Niwa et al. 2000; Rice et al. 2000; Alvarez et al.
2005; Matros et al. 2005; Wei et al. 2005, 2008;
Turner et al. 2007; Chen et al. 2009; Xu et al. 2009;
Branham et al. 2012; Cerne ef al. 2012; Hsu et al.
2013; Xu et al. 2013). However, in most previous
reports, the methylation status was analyzed with
methylation-specific restriction enzyme-based assays
(Dobrovic & Simpfendorfer 1997, Magdinier et al.
1998; Catteau et al. 1999; Niwa et al. 2000) or meth-
ylation-specific PCR (MSP) (Esteller et al. 2000,
2001; Rice et al. 2000; Alvarez et al. 2005; Matros
et al. 2005; Wei et al. 2005, 2008; Turner et al.
2007; Chen et al. 2009; Xu et al. 2009; Hsu et al.
2013). The incidence of BRCA1 methylation in
breast cancer in these studies varies, and it remains
controversial whether aberrant DNA methylation of
BRCAL1 is preferentially present in basal-like or tri-
ple-negative breast cancer (TNBC). DNA methyla-
tion analysis can be a useful diagnostic biomarker, but
it is important to consider detection methods. Pyrose-
quencing provides quantitative screening and allows
one to set cutoff points, which makes accurate com-
parisons possible. Recently, BRCA1 methylation in
ER o -positive breast cancer analyzed by bisulfite-py-
rosequencing was reported (Cerne et al. 2012). How-
ever, subtype-specificity for the methylation status
was not addressed. Moreover, whether tumor
response to chemotherapy was associated with the
methylation status of HR genes has not been previ-
ously addressed.

In this study, we investigated the methylation sta-
tus of HR genes, including BRCA1 and BRCA2, in
primary sporadic breast cancer patients who under-
went neoadjuvant anthracycline-based chemotherapy
followed by docetaxel by bisulfite-pyrosequencing.
We included 15 cases each with pathological com-
plete response (pCR) both in the luminal HER2-

© 2013 The Authors
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negative (LBC) group and in the TNBC group and
compared the methylation status of HR genes with
that in poor-responding cases. We demonstrate here
that the incidence and quantity of methylation in the
CpG 1sland of sixteen HR genes in primary breast
cancer and investigate their correlation with subtype
and chemosensitivity.

Results

Methylation of selected HR markers in breast,
colorectal and gastric cancer cell lines

We determined the levels of methylation of all genes
in 5 breast cancer cell lines, 8 colorectal cancer cell
lines and 11 gastric cancer cell lines and compared
them with mixed peripheral blood lymphocytes
(PBL) DNA obtained from two healthy male individ-
uals (Table S1 in Supporting Information). Methyla-
tion was determined by bisulfite-pyrosequencing,
which vyields % methylated alleles in the studied
DNA (examples in Fig. S1, Supporting Information).
The criterion for the assessment of the methylation
level of the genes was no methylation, 1-10%; mod-
erate methylation, 11-40%; high methylation, 41—
70%; and severe methylation, 71-100%. We found
that HERC2, an imprinted gene, is moderately
methylated in all the cells, including PBL. BRCC36
is an X-linked gene and is moderately or highly
methylated in 6 cell lines. With the exception of the
imprinted genes, the incidence of hypermethylation
of HR genes was generally low in the cell lines
(Table S1 in Supporting Information).

Aberrant DNA methylation status of HR genes in
LBC and TNBC

Following sorting due to several limited conditions
(Fig. S2 in Supporting Information), we selected 16
HR genes (BRCAIl, BRCA2, BARDI1, MDCI,
RNF8, RNF168, UBC13, ABRA1, PALB2,
RAD50, RAD51, RAD51C, MRE11, NBS1, CtIP
and ATM) to be examined in breast cancer tissue
samples. Clinicopathological characteristics of the
patients are shown in Table 1. Of the 960 total PCR.
reactions, 787 (82.0%) reactions were successful
(Table S2 in Supporting Information). The other
reactions failed despite multiple re-examinations
because of insufficient quantity or quality of the
DNA samples from the limited amount of core
needle biopsy specimens. We first compared the
methylation level of the genes in LBC with that

Genes to Cells (2013) 18, 1120-1130
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Table 1 Clinicopathological characteristics

LBC-pCR LBC-SD TNBC-pCR TNBC-PR
(n=15) (n=15) (n=15) (n=15)

Age, median (range) 46.7 (33-63) 51.2 (39-61) 50.1 (27-67) 55.3 (24-76)
Tumor stage

T1 0 0 6

T2 11 10 5 11

T3 4 3 1 2

T4 0 2 3 2
Nodal involvement

Negative 6 2 5

Positive 9 11 13 10
Distant metastasis

Negative 15 15 15 15

Positive 0 0 0 0
Histological type

Invasive ductal 15 15 14 13

Metaplastic 0’ 0 1 1

Apocrine 0 0 1
Estrogen receptor status

Negative 0 0 15 15

Positive 15 15 0 0
Progesteron receptor status

Negative ' 4 0 15 15

Positive 1 15 0 0
HERZ2 status

Negative 15 15 15 15

Positive 0 0 0 0
Neoadjuvant Chemotherapy

FEC 3 8 3

EC . 12 15 7 10

DOC 15 15 15 12

Others 0 0 0 2%
Tumor response

PD 0 0 0 1

SD 0 15 0

PR 0 0 0 11

pCR 15 0 15 0

*One case with six 21-day cycles of TC (docetaxel 75 mg/m? and cyclophosphamide 600 mg/m?) and one case with six 28-day
cycles of CMF (cyclophosphamide 200 mg/m?, methotrexate 40 mg/m” and 5-FU 500 mg/m” on day 1 and 8).

in TNBC (Fig. 1). Of the 16 genes tested, hyperme-
thylation of BRCA1 and RNF8 was statistically
associated with TNBC. Whereas BRCA1 was hyper-
methylated (14-94%) in 7 of 30 cases of TNBC
with a mean methylation level of 14.8 £ 25.4%, it
was only moderately methylated (11%) in one of
29 cases of LBC with a mean methylation level of
43 4+ 1.9% (Fig. 1 and Table S2 in Supporting
Information). Although there no cases with high or
severe methylation of RINF8 were observed, the
incidence of moderate methylation of RINF8 was

Genes to Cells (2013) 18, 1120-1130

significantly higher (4/21 cases, 19.0%) in TNBC than
that in LBC (0/24 cases, 0%). The mean methylation
levels for RNF8 in TNBC and LBC were 6.4 £+ 7.1%
and 3.0 £ 2.7%, respectively.

The mean methylation level of the majority of HR
genes (BRCA2, MDC1, RNF168, PALB2, RADS50,
RAD51C, MRE11, CtIP and ATM) tended to be
higher in TNBC than in LBC (Fig. 1 and Table S2
in Supporting Information), although there were no
significant differences. We also examined the Ki-67
index as an indicator of cell proliferation. The Ki-67

© 2013 The Authors
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Figure 1 Aberrant DNA methylation status of homologous recombination (HR) genes in luminal breast cancer (LBC) and triple-
negative breast cancer (TNBC). Red circles and blue circles indicate percent methylation of HR genes in each case of LBC and
TNBC, respectively. The Ki-67 index, as determined by immunohistochemical analysis, is also indicated. Mean percentages are
shown as horizontal bars. (*), statistical significance according to Student’s t-test, BRCA1: P = 0.03, RNF8: P = 0.04, Ki-67:

P < 0.0001.

index was significantly higher in the TNBC cases than
in LBC (43.6 £ 24.6% vs. 9.0 £ 6.1%, P < 0.001)
(Fig. 1 and Table S2 in Supporting Information).

Aberrant DNA methylation status of HR genes in
pCR cases and poor-responder cases

We next analyzed the association of the methylation
level with tumor response to neoadjuvant chemother-
apy in TNBC and LBC (Fig. 2). BRCA1 methyla-
tion levels tended to be higher in pCR cases than in
poor-responder patients in TNBC (Fig. 2B). This
tendency was not observed in LBC (Fig. 2A). One
metaplastic breast cancer case with severe BRCA1
methylation (94%) in TNBC achieved pCR (Table
S2 in Supporting Information). PALB2 methylation
levels also tended to be higher in pCR cases in
TNBC (Fig. 2B) but not in LBC, with the exception
of one case with 100% methylation (Fig. 2A). There
were no genes that exhibited higher methylation lev-
els in pCR cases than in SD or poor-response cases
with statistical significance. Instead, RNF8 and ATM
exhibited lower methylation levels in pCR cases than
in poor-response cases (RINF8: 2.7 £ 2.8% vs.
13.7 £ 7.7%, ATM: 5.3 £ 5.0% vs. 8.8 & 3.8%) in

© 2013 The Authors

TNBC with statistical significance (RNE8: P < 0.001
and ATM: P = 0.04, respectively) (Fig. 2B, Table
S2 in Supporting Information). The Ki-67 index
tended to be higher in SD cases than in pCR cases
in both LBC (10.4 £ 6.7% vs. 7.7 £ 5.3%, P =
0.870) and TNBC (50.6 £ 23.4% vs. 36.6 = 24.5%,
P = 0.836).

Combined hypermethylation of BRCA1, BRCA2,
MDC1, ABRA1 and PALB2 with pCR in TNBC

Finally, we examined the individual genes and gene
combinations for their association with tumor
response by ROC curve analysis. No individual genes
exhibited notable AUC wvalues in LBC, in which
BRCA2 exhibited the best sensitivity (53.8%), speci-
ficity (37.3%) and AUC (0.428) (Fig. 3A). On the
other hand, BRCA1 exhibited a relatively high AUC
value in TNBC with respect to sensitivity (66.7%),
specificity (53.7%) and AUC (0.649) (Fig. 3A). We
next analyzed the combinations of the genes in meth-
ylation panels that could increase the performance of
these markers. Whereas a combination of all 16 genes
exhibited a low AUC value (sensitivity: 60.0%,
specificity: 40.0%, AUC: 0.489 in LBC, sensitivity:

Genes to Cells (2013) 18, 1120-1130
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Figure 2 Aberrant DNA methylation status of homologous recombination (HR) genes in cases with pCR and poor response.

Red circles and blue circles indicate percent methylation of HR

genes in each case of pCR and SD in luminal breast cancer

(LBC) (a) or in each case of pCR and poor responder (PoR) in triple-negative breast cancer (TNBC) (b), respectively. The Ki-67
index, as determined by immunohistochemical analysis, is also indicated. Mean percentages are shown as horizontal bars. (*), statis-
tical significance according to Student t-test, RNF8: P < 0.001, ATM: P = 0.004.

73.3%, specificity: 53.3%, AUC: 0.588 in TNBC)
(Fig. 3B), a 5-gene combination, BRCA1 + BRCA2
+ MDC1 + ABRA1 + PALB2 demonstrated a sub-
stantially higher AUC value in TNBC (sensitivity:
73.3%, specificity: 55.6%, AUC: 0.655 in TNBC)
(Fig. 3C). The AUC value of the 5-gene combina-
tion was rather low in LBC (sensitivity: 60.0%,
specificity: 53.3%, AUC: 0.469) (Fig. 3C).

Discussion

In the current study, we investigated the aberrant
DNA methylation status of sixteen HR genes in pri-
mary sporadic breast cancer cases for their correlation
with tumor subtypes and responses to neoadjuvant

Genes to Cells (2013) 18, 1120-1130

chemotherapy. Whereas we could detect methylation
of only a few of the HR genes in cultured cancer cell
lines, we observed substantial methylation in some
HR genes in the cancer tissues. There could be some
limitation of our study using core needle biopsy spec-
imens as research materials, for example, limited
amount of the samples and molecular heterogeneity
among different areas within each tumor. However,
the core specimen represents tumor characteristics
including chemosensitivity in majority of cases in
clinical practice.

The correlation between the methylation status of
BRCA1 and breast cancer subtype has long been inves-
tigated but remains controversial. Using methylation-
specific restriction enzyme-based techniques, BRCA1

© 2013 The Authors
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Figure 3 Receiver operating characteristic (ROC) curve of multiple gene panels in luminal breast cancer (LBC) and triple-nega-
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gene (BRCA1 + BRCA2 + MDC1 + ABRA1 + PALB2) combination (c) in their association with tumor response to neoadju-
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polygonal lines.

methylation was reported to be inversely correlated
with ERo status (Catteau et al. 1999; Niwa et al.
2000). Matros et al. (Matros et al. 2005) investigated
the methylation status using MSP and reported that
methylation was significantly associated with ERa
-positive tumors and was absent in the basal-like sub-
types, contradicting the previous reports. However,
later studies with MSP were not consistent with the
report and demonstrated a relatively higher inci-
dence of BRCA1 methylation in ERo -negative or
triple-negative breast cancers (Wei et al. 2005, 2008;
Chen et al. 2009; Hsu et al. 2013; Xu et al. 2013).
The incidence was reported to be remarkably high in
special histological types of breast cancer, including
medullary, mucinous (Esteller et al. 2000) or metaplas-
tic (Turner et al. 2007) in TNBC. On the other hand,
a recent large cohort of ERo -positive breast cancer
examined with pyrosequencing indicated that the
BRCA1 methylation level was low with a median
value of 2.53% (Cerne et al. 2012). In the current

© 2013 The Authors

study, we also analyzed the methylation status by
pyrosequencing for both LBC and TNBC. The results
suggest a higher incidence of BRCA1 methylation in
TNBC compared with LBC, consistent with the gen-
eral assumption that BRCA1 deficiency is associated
with TNBC and basal-like breast cancer, as is the case
with BRCA1 germline mutations or micro-RINA
inhibition of BRCA1 (Sorlie et al. 2003; Moskwa
et al. 2011). Furthermore, it is noteworthy that the
TNBC-pCR group included 4 cases of highly methy-
lated BRCA1 (30, 44, 91 and 94%) of 15 cases. Inter-
estingly, one case was metaplastic breast cancer, which
is generally chemoresistant. It should be noted that the
TNBC-pCR. group was biased with respect to tumor
size; the group contained six T1 cases, whereas the
other groups contained no T1 cases (Table 1). This
bias is most likely attributable to the fact that small
tumors favorably achieve pCR and that TNBC was
preferentially treated with neoadjuvant chemother-
apy. Interestingly, the T1 cases in TNBC-pCR

Genes to Cells (2013) 18, 1120-1130

Genes to Cells © 2013 by the Molecular Biology Society of Japan and Wiley Publishing Asia Pty Ltd

1125



1126

Y Watanabe et al.

included fewer cases with aberrant DNA methyla-
tion in HR genes. In contrast, six cases of the remain-
ing 9 cases (66.7%) of TNBC-pCR exhibited
remarkable hypermethylation in HR genes, including
three BRCA1 cases (44, 91, and 94%), one PALB2
case (78%), one MDC1 case (48%) and one case with
moderate methylation of multiple HR  genes
(MDC1:12%, PALB2:33%, MRE11:15% and
ATM:17%) (Table S2 in Supporting Information).
Therefore, the contribution of the hypermethylation
of HR genes to pCR. establishment in TINBC could
be underestimated in the current study and may be of
greater impact.

For the aberrant DNA methylation status of
BRCA2 in breast cancer, the absence of methylation
in 18 breast and ovarian cancer cell lines was first
reported (Collins et al. 1997). This is consistent with
our observation that there was no detectable BRCA2
methylation and only a few other methylated HR
genes in all of the 24 cancer cell lines analyzed. We
speculate that this is presumably due to negative
selection of the cells with HR. deficiency during cell
line establishment. For clinical breast cancer samples,
the incidence was reported to range from 15 to 64%
using MSP or methyl-specific multiplex-ligation
probe amplification assay (MS-MLPA) (Cucer et al.
2008; Moelans ef al. 2011; Branham et al. 2012). In
our study, 9 of 57 cases (15.8%) exhibited more than
10% methylation in the region analyzed, an inci-
dence consistent with the data reported by Branham
et al. using MS-MLPA(Branham et al. 2012). Seven
of the 9 cases were TNBC, although there was no
statistically significant difference between LBC and
TNBC.

Because the phenotype of BRCA2 germ-line
mutation exhibits among all of the subtypes, includ-
ing LBC and TNBC (Sorlie et al. 2003; Jonsson
et al. 2010), we expected that the aberrant DNA
methylation of BRCA2 would also be observed in
LBC and that LBC-pCR may exhibit higher inci-
dence of BRCA2 methylation. However, the inci-
dence of methylation was rather low. Interestingly,
one case with an extremely high level (100%) of
methylation was observed for PALB2 in LBC-pCR
group. In this case, PALB2 dysfunction may con-
tribute to the hypersensitivity of the cancer cells to
chemotherapy because PALB2 is required for
BRCA2 recruitment to damaged DINA sites (Zhang
et al. 2009). BRCA2 and PALB2 are Fanconi ane-
mia genes FANCD1 and FANCN, respectively, and
biallelic loss of these genes causes Fanconi anemia, a
genome instability syndrome (Rahman et al. 2007),

Genes to Cells (2013) 18, 1120-1130

suggesting an indispensable role of PALB2 in DNA
damage response.

Germline mutations of a number of HR genes
other than BRCA1 and BRCA?2 are also implicated
in breast cancer susceptibility, indicating that the
defect of HR function is associated with breast cancer
development. These genes include PALB2, ATM,
NBS1, RAD50 and RAD51C. Among them, the
aberrant DINA methylation status of PALB2 and
ATM in breast cancer tissue has previously been
investigated using MSP (Vo et al. 2004; Treilleux
et al. 2007; Potapova et al. 2008; Moelans et al.
2011). Aberrant DNA methylation of PALB2 was
detected in 6 of 68 (8.8%) cases of inherited and spo-
radic primary breast cancers, including 2 cases of
ERo -positive and 4 cases of ERol -negative cancer
(Potapova et al. 2008). In our study, 8 of 48 (16.7%)
cases exhibited more than 10% methylation in the
CpG island region analyzed. The discrepancy could
be ascribed not only to the different technique used
to analyze the methylation, but also to the bias that
the current study includes approximately half pCR
cases, which exhibit an increased incidence of PALB2
hypermethylation (6/25 cases: 24%). For ATM, the
absence (Treilleux et al. 2007) or high incidence (18/
23 cases: 78%) (Vo et al. 2004) of aberrant DNA
methylation detected by MSP using the same primers
has been reported. Another study with MS-MLPA
demonstrated a 12% incidence of hypermethylation
in invasive breast cancer (Moelans et al. 2011). Our
results demonstrated that although the level of meth~
ylation was modest (18% at highest), 8 out of 57 cases
(14.0%) exhibited methylation in more than 10% of
the CpG island region examined.

The aberrant DNA methylation status in breast
cancer tissues of other genes, including BARDI,
MDC1, RNF8, RNF168, UBC13, ABRA1, RAD
50, RAD51, RADS51C, MRE11, NBS1 and CtIP,
has not been previously investigated. Our data indi-
cate that there are some incidences of methylation for
these genes. Among them, the incidence of methyla-
tion of RINF8 was significantly higher in TNBC than
that in LBC. RINFS8, an E3 ubiquitin ligase, is one of
the upstream proteins in both HR and nonhomolo-
gous end-joining pathways and is required for reten-
tion of BRCAI-ABRAI1-RAP80O complex and
53BP1 at sites of DNA damage (Ohta ef al. 2011).
Down regulation of the two major pathways to repair
DNA double-strand breaks caused by RNF8 methyl-
ation could be involved in cancer development of
TNBC. Although the level of methylation was rela-
tively low, the highest incidence (11/45 cases: 24%)

© 2013 The Authors
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was observed for MDC1. The incidence of ABRA1
methylation was relatively high in pCR cases (6/20
cases: 30%) than that in poor responders (1/19 cases:
5.3%), although there was no statistical significance.
When examining all 16 genes together, we could not
detect any association between aberrant DNA meth-
ylation status and tumor response to the chemother-
apy in either LBC or TNBC. We expected higher
incidence of methylation in pCR cases than in poor
responders. However, interestingly, significantly
higher incidences of methylation were observed in
poor responders than in pCR in TNBC for RNF8
and ATM. The biological background underlying this
phenomenon is currently unclear. Overall, the levels
of methylation of the new HR genes investigated in
the current study were not as significant as that of
BRCAI1, reaffirming the importance of BRCA1 in
breast cancer pathogenesis. Nonetheless, we found
that a combination of 5 genes, BRCA1, BRCA2,
MDC1, ABRA1 and PALB2, possessed the greatest
sensitivity, specificity and AUC associated with pCR.
in TNBC. Hypermethylation of these genes could be
a candidate biomarker of breast cancer chemosensitiv-
ity and warrants validation in separate data sets.

HER2-negative LBC has been classified as Lumi-
nal A and Luminal B subtypes according to a low
index and high Ki-67 index, respectively. In general,
Luminal B breast cancer is more sensitive to chemo-
therapy than Luminal A. Therefore, we analyzed the
index to clarify whether it associates with pCR.
However, pCR. cases exhibited even lower levels of
Ki-67 when compared with SD or poor-responder
cases in both LBC and TNBC, suggesting that a high
Ki-67 efficient marker for
chemosensitivity.

In conclusion, this is the first study to quantita-
tively analyze the aberrant DNA methylation status of
HR genes, including BRCA1 and BRCA2, in breast
cancer tissues for their association with tumor sub-
types and tumor response to chemotherapy. The
aberrant DNA methylation status of most of the HR
genes studied was not significantly associated with
TNBC subtype or chemosensitivity. However,
hypermethylation of BRCA1 and RINF8 is associated
with TNBC subtype and may impact chemosensitivi-
ty. Contrary to our expectation, no severe
methylation was observed in LBC with pCR, with
the exception of one case that exhibited 100% meth-
ylation of PALB2. Because the current study includes
only a part of the essential HR genes, future work
may be required to identify the possibly missing key
HR gene(s) critical for the chemosensitivity.

index is not an
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Experimental procedures
Patients and biopsy specimens

Of the 384 patients with primary invasive breast cancer who
underwent neoadjuvant chemotherapy at the Division of
Breast and Endocrine Surgery, St. Marjanna University
School of Medicine, Japan, from August 2007 to August
2010, fifteen sequential cases each of either LBC with pCR,
LBC with nonresponding stable disease (SD), TNBC with
pCR, or TNBC with poor response were selected for exam-
ination. Because the TNBC cases included only 1 case of
progressive disease (PD) and 3 cases of SD, an additional 11
cases with partial responses that exhibited the smallest rate of
regression in the partial-response cases were analyzed to
adjust the total number in the group to 15 cases. HER2-
positive patients were excluded because they had been
treated with neoadjuvant chemotherapy combined with trast-
uzumab. Tumor specimens were obtained by core needle
biopsy prior to starting therapy for the purpose of diagnosis,
and formalin-fixed, paraffin-embedded (FFPE) specimens
were stored. Excess specimen samples were analyzed in
accordance with an approved Institutional Review Board
application of the St. University  School of
Medicine (registration number 1865).

Marianna

Neoadjuvant chemotherapy

The chemotherapy regimen consisted of four 21-day cycles
of FEC (5-Fu: 500 mg/m?, epirubicin: 100 mg/m?, cyclo-
phosphamide: 500 mg/m> on day 1) or EC (epirubicin:
80-90 mg/m?, cyclophosphamide: 600 mg/m?* on day 1) fol-
lowed by four 21-day cycles of DOC (docetaxel: 75 mg/m? on
day 1), except for two patients in the TNBC-poor-responder
group as described in Table 1.

Response evaluation

The pathological response of the tumor to the neoadjuvant
chemotherapy was evaluated with hematoxylin-eosin-stained
specimens obtained during the primary surgeries. The absence
of invasive cancer in the primary lesion following the chemo-
therapy was defined as pCR. The clinical response was evalu-
ated using the Response Evaluation Criteria in Solid Tumors
(RECIST) criteria.

Gene and primer selection

The HR genes implicated in breast cancer susceptibility were
included in the study. In addition, genes evidently involved in
and critically functioning in HR. (Ciccia & Elledge 2010) that
contain appropriate CpG islands around their promoter region
were selected as candidates. A flow chart of the process for
gene selection is shown in Fig. S2. The sequence and the
position of each pair of primers are shown in Table S3 and
Fig. S3.
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DNA extraction

FFPE specimens were cut in 10 um sections and subjected to
laser-capture microdissection to isolate cancer cells using the
PALM Microbeam (Carl Zeiss, Oberkohen, Germany). DNA
was extracted using the standard phenol-chloroform method
from breast, colorectal and gastric cancer cell lines and
microdissected breast cancer tissues.

Bisulfite-pyrosequencing

Bisulfite treatment of gDNA, subsequent polymerase chain
reaction (PCR) and pyrosequencing have been performed as
described previously (Watanabe et al. 2009). All of the primers
and PCR. conditions used for amplifying CpG island DNA
fragments of candidate methylation HR genes are listed in
Table S3.

Immunohistochemical analysis

The status of hormone receptors HER2 and Ki-67/MIB-1
was determined by standard immunohistochemical analysis
with DaKo Envision system (Dako, Denmark) and fluores-
cence in situ hybridization (FISH). The cutoff value for ERa
-negative and PR-negative cases was 10%, and tumors with
less than 10% expression were considered negative. For HER2
status, turmnors that were immunohistochemically scored as (0+)
(1+4), or (2+) and were FISH negative were regarded as HER2
negative (no amplification). In the HER2-negative cases ana-
lyzed in the study, ERo -positive and/or PR-positive cases
were defined as LBC, and ERo -negative and PR-negative
cases were defined as TNBC.

Statistical analysis

All statistical analyses were performed using SPSS for Win-
dows, version 12 (SPSS, Inc., Chicago, IL), and PRISM soft-
ware for Windows, version 4 (GraphPad Prism, Inc., San
Diego, CA). The methylation level (%) was analyzed as a con-
tinuous variable for the comparison of each gene with the
sample’s clinicopathologic features; mean and 95% confidence
intervals (ClIs) were calculated. Associations between continu-
ous variables or the levels of DNA methylation and clinico-
pathologic variables were evaluated using analysis of variance
(anova) and Student’s t-test. In parallel, we computed the
median DNA methylation value and range for each sample,
and we defined the receiver operating characteristic (ROC)
curve (AUC) in SPSS software. Z-score analysis was used to
normalize the methylation levels of several genes in each sam-
ple. The Z-score for each gene was calculated as follows:
Z-score = (methylation level of each sample — mean value of
methylation level)/standard deviation of methylation level. In
this analysis, a Z-score greater than 0 means that the methyla-
tion level is greater than the mean value for the population.
All reported P values were two-sided, and P < 0.05 was
considered statistically significant.
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Summary

Background: The breast and ovarian cancer suppressor
BRCA1 is essential for cellular responses to DNA damage
[1]. It heterodimerizes with BARD1 to acquire an E3 ubiquitin
(Ub) ligase activity that is often compromised by cancer-asso-
ciated mutations [2]. Neither the significance of this activity to
damage responses, nor a relevant in vivo substrate, is clear.
Results: We have separated DNA-damage responses re-
quiring the BRCA1 E3 ligase from those independent of it,
using a gene-targeted point mutation in vertebrate DT40 cells
that abrogates BRCA1’s catalytic activity without perturbing
BARD1 binding. We show that BRCA1 ubiquitylates claspin,
an essential coactivator of the CHK1 checkpoint kinase, after
topoisomerase inhibition, but not DNA crosslinking by mito-
mycin C. BRCA1 ES3 inactivation decreases chromatin-bound
claspin levels and impairs homology-directed DNA repair by
interrupting signal transduction from the damage-activated
ATR kinase to its effector, CHK1.

Conclusions: Our findings identify claspin as an in vivo
substrate for the BRCA1 E3 ligase and suggest that its modifi-
cation selectively triggers CHK1 activation for the homology-
directed repair of a subset of genotoxic lesions. This mecha-
nism unexpectedly defines an essential but selective function
for BRCA1 E3 ligase activity in cellular responses to DNA
damage.

Introduction

There is abundant evidence that the breast and ovarian tumor
suppressor, BRCA1, has essential functions in diverse cellular
processes implicated in the DNA damage response [1]. How
BRCA1 mediates these functions remains unclear. Much
attention has focused on the E3 ubiquitin ligase activity
acquired when BRCA1 heterodimerizes through its amino-
terminal RING domain with an evolutionarily conserved RING
partner, BARD1 [3]. Deleterious missense mutations affecting

*Correspondence: arv22@cam.ac.uk

the BRCA1 RING domain can be found in familial breast
cancers that do not vitiate BARD1 binding but can neverthe-
less abolish E3 ligase activity [2, 4], suggestive of its functional
importance. However, a BRCA1 point mutation abolishing E3
activity does not impair ionizing radiation sensitivity or the
repair of endonuclease-induced DNA breaks by homologous
recombination [5]. Furthermore, mice harboring the mutation
do not develop breast cancers [6]. On the other hand, inactiva-
tion of BRCA1 E3 ligase activity can derepress heterochro-
matic satellite DNA transcription, an event that has been linked
to abnormalities in DNA repair and mitosis [7]. Thus, if and how
BRCA1’s E3 ligase activity is necessary for the cellular
response to DNA damage remains uncertain.

BRCAT1 has been implicated in several processes essential
for the cellular response to DNA lesions repaired by homolo-
gous recombination [1]. One key step involves activation of
the checkpoint kinase CHK1, an essential component of the
damage response machinery in vertebrates. Phosphorylation
of CHK1 occurs on chromatin. The phosphorylated CHK1 is
released from chromatin and the dissociation is required for
checkpoint activation [8]. BRCA1 has been implicated in
CHK1 activation via ATR and claspin. ATR-phosphorylated
claspin forms a trimolecular complex containing BRCA1 and
CHK1 [9]. Complex formation is essential for CHK1 phosphor-
ylation and activation [9]; in turn, activated CHK1 mediates
checkpoint enforcement as well as DNA repair by homologous
recombination [10, 11], through modulation of the interaction
between BRCA2 and the recombinase RAD51 [12, 13].
However, the mechanism through which BRCA1 controls the
claspin-CHK1 axis, and in particular, whether its E3 ligase
activity is required, is not known.

Here, we have used “hit-and-run” gene targeting to create
a DT40 cell line carrying a single mutation in BRCA1, replacing
Val26 in the RING domain with Ala (V26A). The V26A mutation
abrogates E3 ligase activity without affecting the interaction
between BRCA1 and BARD1. Unexpectedly, E3 inactivation
reveals a mechanism distinguishing DNA damage responses
that require BRCA1’s catalytic activity, from those independent
of it. Whereas the BRCA1 E3 ligase is essential for chromatin
association of claspin and CHK1 activation when atopoisomer-
ase poison, camptothecin (CPT), blocks DNA replication, it is
dispensable for these events after replication blockage by
a DNA crosslinker, mitomycin C (MMC). In turn, downstream
responses regulated by CHK1, including RAD51 foci formation,
sister chromatid exchange, and cellular sensitivity, are selec-
tively impaired after exposure to CPT, but not MMC. Thus,
our work suggests thatthe BRCA1 E3 ligase selectively triggers
claspin-CHK1 activation, providing the first example of an E3-
dependent mechanism underlying an essential function for
BRCAT1 in the cellular response to DNA damage.

Results and Discussion

BRCA1 has been implicated in the cellular response to
DNA double-strand breaks leading to their resolution by
homology-directed repair (HDR) [1]. We used avian DT40 cells,
a well-established model widely used to study the role of
BRCA1 in this response [14-16], to determine the functional
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Figure 1. The V26A Point Mutation Defines a
Subset of Genotoxic Responses Requiring
BRCA1 E3 Ligase Activity
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(C) Representative micrographs of WT or V26A
DT40 cells, undamaged (top row) or treated for
6 hr with the indicated drugs (rows 2-4) and
stained with anti-RAD51 (grayscale). DNA stain-
ing was with DAPI (blue).

(D) Histogram showing the percentage of cells
with >5 RAD51 foci. RAD51 foci were counted in
WT and V26A cells (n = 100) before and after
exposure to the indicated drugs (MMC: 150 nM
for 8 hr, CPT: 100 nM for 8 hr). Error bars show
the SD from the mean of three independent
experiments.

(E and F) Histograms showing the frequency
distribution for spontaneous, MMC (150 nM for
8 hr) or CPT (100 nM for 8 hr)-induced sister chro-
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significance of BRCA1 E3 ligase activity. In mammalian BRCA1
homologs, 11e26 in the RING domain is implicated in binding to
E2 ubiquitin conjugating enzymes [2]. Its substitution by Ala
abolishes BRCA1’s E3 ligase activity without affecting hetero-
dimerization to BARD1 [2]. Val26 in the avian RING domain
conservatively replaces lle26 in its mammalian counterparts,
reflecting their strong evolutionary conservation (see Fig-
ure S1A available online). We cloned the RING domains of
avian BRCA1 and BARD1 from a DT40 complementary DNA
(cDNA) library and introduced the Val26Ala (V26A) point muta-
tion by site-directed mutagenesis. When cotransfected into
293T cells with the avian BARD1 RING domain, the V26A
mutant form of the GgBRCA1 RING domain still binds to the
BARD1 RING domain (Figure S1B) but fails to catalyze the
transfer of ubiquitin in vitro (Figure S1C). Thus, replacement
of Val26 with Ala in avian BRCA1 abolishes the E3 ligase
activity of the RING domain but not its interaction with
BARD?1. This confirms that avian Val26 is functionally cognate
with [le26 in mammalian BRCA1.

Figure S1D shows the gene-targeting strategy used to
create a DT40 cell line carrying a Val26-Ala substitution in the
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Val26-Ala replacement was confirmed
by amplification of the targeted BRCA1
genomic locus using the indicated
primers (Figure S1D), by a diagnostic
restriction digest with BsrDI (Figure S1E)
and by nucleotide sequencing (data not shown). Western blot-
ting of extracts from BRCA1 wild-type (WT) or BRCA1V26A/V26A
(V26A) cells confirmed that the WT and mutant BRCA1 proteins
were expressed at similar levels (Figures S1F and S1G). Thus,
in accord with previous reports [14, 15], BRCA1 E3 ligase is
dispensable for the viability and growth of DT40 cells.

BRCA1 has been implicated in the cellular response to
agents that inflict DNA lesions repaired by HDR. These include
the topoisomerase | poison, camptothecin (CPT), which trig-
gers DNA breakage at replication forks [17], or the DNA cross-
linking agent, mitomycin C (MMC), which creates intrastrand
lesions as well as interstrand crosslinks that prevent the move-
ment of replication forks [18]. We exposed WT or V26A cells to
increasing doses of CPT or MMC for 40 hr before measuring
cell viability (Figures 1A and 1B). V26A cells exhibit enhanced
sensitivity to CPT, but not MMC. This raises the unexpected
possibility that BRCA1 E3 ligase activity is selectively required
for certain cellular responses leading to the repair of certain
types of DNA lesions by HDR, but not others.

Two key cellular events report on the integrity of HDR in
DT40 cells. First, inactivating mutations in known HDR



