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Discussion

To investigate the involvement of common genetic variants
(SNPs) associated with breast cancer in the Japanese population,
we performed GWAS, whole genome imputation using 1000G
database as reference panel and validation study using a total of
5,527 breast cancer cases and 5,494 controls individuals. We
successfully validated the association of chromosome 10¢g26.13
(FGFR2), and 16q12.1 (TOX3-LOC643714). In addition to the two
aforementioned loci, we validated a total of 67 loci that were
previously reported the association with breast cancer and
identified six additional loci (rs4415084 of 5pl2/MRPS30,
16557161 of 6q25/ESRI, r1s7465364 of 8p2l/RPLI7p33,
rs672888 of 8q24/MYC, rs10509168 of 10q21/ZNF365 and
rs17221259 of 12pl13/ATF7IP) to have suggestive association
{(P<<0.03) with breast cancer in Japanese population. Further fine
mapping of these loci might identify insightful findings for future
analysis.

Hunter DJ et al. first reported the association of FGFR2 with
breast cancer in 2007 [19]. Since then, this locus has been
successfully validated in various populations throughout the world
including those of European ancestry, Asian, Ashkenazi Jewish
and Israeli populations [18,37-39]." FGFR2 encodes fibroblast
growth factor receptor type 2, which is a receptor tyrosine kinase
playing a critical role in the growth signaling pathway that is
involved in growth and differentiation of cells in various tissues
including the breast and kidney [40,41]. All the SNPs that were
found to be associated with breast cancer are located in intron 2 of
the gene; the risk allele of rs2981578, a SNP that was identified in
this study, created a putative binding site for Oct-1/Runx2, which
gives rise to a strong protein-DNA complex that alters binding of
the transcription factor and causes differential expression between
the common and minor haplotypes of FGFR2 [42]. Additionally,
Zhu et al. also reported that there is a potential role of histone 3/4
acetylation in modulating access to the polymorphic sites within
mtron 2 in addition to downstream splicing sites In generating
variable FGFR2 levels and isoforms in breast cancer [43].

The second significantly associated locus is located on
chromosome 16ql12.1 (TOX3-LOC643714). LOC643714 is an
uncharacterized gene of unknown function; 70X3, also known
as TNRCY or CAGF9, encodes a high mobility group box nuclear
protein, which is involved in regulating calcium-dependent
transcription [44]. A previous study indicated that increased
expression of TOX3 could be a predictor of breast cancer
metastasis to bone [45]. In this study, we identified two
independently associated SNPs, rs3803662 and rs12922061, with
breast cancer in the Japanese population. The minor allele of
rs3803662 is reported to cause lower mRINA expression of T0X3
gene, and this regulatory SNP may alter the expression of a distant
gene, RBLZ, in cis [46].

Although wGRS of five associated loci with breast cancer in the
Japanese population revealed that individuals with the highest risk
(category 5) have 2.2 times higher risk than those with the lowest
risk (category 1), it is believed that a complex disease such as breast
cancer would be affected by a large number of common genetic
variants that have very modest effects. This phenomenon was also
supported by the six additional reported loci that showed
suggestive association in this dataset, indicating that our current
dataset is still under statistical power. Hence, to increase the power
and to enlarge the sample number, there is a need for more local
and international institutions to collaborate with each other in
identifying more common variants associated with breast cancer,
which hopefully will lead to the development of promising and
accurate prediction system.
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Table 4. wGRS using 5 significant associated SNPs evaluated on independent validation sample set.

Category Case (N =2869) Control (N=3385) %_Case %_Crl OR 95%_Cl

1 386 L ere . oq3s 0.200 - REF f
2 937 1203 0327 0355 1364 1.172-587
3 o8 0 gse 0 osam 0312 1655 1422027
4 44 . 382 e 0113 2w 1.769-.558
5 s 000 2163 | 1535-050

doi:10.1371/journal.pone.0076463.t004

Supporting Information

Figare S1 Principal component analysis of (a) Case and control
samples of this study with four reference populations from the
HapMap database which include Europeans (represented by
Caucasian from UTAH, CEU), Africans (represented by Yoruba
from Ibadan, YRI) and East Asians (represented by Japanese from
Tokyo, JPT, and Han Chinese from Beijing, CHB). (b) Case and
control samples of this study. Samples from the major cluster
(within the black oval circle) were selected for further analysis.

(TTFF)

Figure §2 Quantile-quantile (Q-Q) plot for GWAS of breast
cancer in Japanese population with (a) All samples (A =1.18) and
(b) Major Japanese (Hondo) cluster (A = 1.03).

(TIFF)
Table S1
(XLS)
Table 82 Conditioning analysis of SNPs on chromosome
16ql12.1.

(XLS)

Association study of the 13 selected loci.
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Targeting BIG3-PHB2 interaction to overcome
tamoxifen resistance in breast cancer cells
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The acquisition of endocrine resistance is a common obstacle in endocrine therapy of patients
with oestrogen receptor-a. (ERa)-positive breast tumours. We previously demonstrated that
the BIG3-PHB2 complex has a crucial role in the modulation of oestrogen/ERa signalling in
breast cancer cells. Here we report a cell-permeable peptide inhibitor, called ERAP, that
regulates multiple ERa-signalling pathways associated with tamoxifen resistance in breast
cancer cells by inhibiting the interaction between BIG3 and PHB2. Intrinsic PHB2 released
from BIG3 by ERAP directly binds to both nuclear- and membrane-associated ERa, which
leads to the inhibition of multiple ERa-signalling pathways, including genomic and non-
genomic ERa activation and ERa phosphorylation, and the growth of ERa-positive breast
cancer cells both in vitro and in vivo. More importantly, ERAP treatment suppresses tamoxifen
resistance and enhances tamoxifen responsiveness in ERa-positive breast cancer cells. These
findings suggest inhibiting the interaction between BIG3 and PHB2 may be a new therapeutic
strategy for the treatment of luminal-type breast cancer.
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" reast cancer is the most common cancer among women
=4, worldwide2. More than 70% of primary breast tumours
# are oestrogen receptor-o. (ERo)-positive, and the inter-
actions between oestrogen (E2) and ERa dramatically enhance
the proliferative and metastatic activity of breast tumour cells>*,
E2 biological actions are mediated by both genomic and non-
genomic mechanisms; in the former type nuclear ERo functions
as a ligand-dependent transcription factor that regulates target
gene expression levels>>, whereas in the latter type E2-bound ERa.
in the plasma membrane associates with a variety of signalling
molecules, including IGF receptor  (IGF-1Rp), phosphoinositide
3-kinase (PI3K) and SH2 domain containing (Shc), which results
in Akt and mitogen-activated protein kinase (MAPK) activation
or increased nuclear ERa phosphorylation®-19, Thus, ERo. has a
pivotal role in the E2 signalling network and therefore represents
an important therapeutic target for breast cancer.

The selective ER modulator tamoxifen directly inhibits E2 and
ERa interactions, and is a standard treatment offered to patients
with ERa-positive breast cancer' =13, Nonetheless, tumours often
develop resistance, leaving patients with recurrent tumours that
lack targeted therapeutic options'®!®, The potential mecha-
nisms for either intrinsic or acquired endocrine resistance remain
poorly understood, but they clearly include ERa-coregulatory
proteins and cross-talk between the ERa pathway and other
growth factors and kinase networks!®!:16, This knowledge has
led to numerous treatment strategies combining endocrine
and targeted inhibitor therapies!’~1”; however, comprehensive
measures for this problem remain unresolved. Therefore, identi-
fying the factors and pathways responsible for resistance and
defining ways to overcome it represent important therapeutic
challenges in breast cancer research.

The novel E2/ERa signalling regulator brefeldin A-inhibited
guanine nucleotide-exchange protein 3 (BIG3), which is exclu-
sively overexpressed in a majority of breast cancers, was recently
identified from genome-wide expression profiles??!. BIG3
interacts and colocalizes with 1prohibitin 2 (PHB2) in the cyto-
plasm of breast cancer cells?®?!, PHB2 is known to function as a
corepressor of ERu*>%3, Qur previous study demonstrated that
when BIG3 was knocked down by small interfering RNA, E2
stimulation led to the nuclear translocation of a majority of the
cytoplasmic PHB2, enhanced the interaction between PHB2 and
ERo, and suppressed ERo. transcriptional activity?!. Accordingly,
we hypothesized that BIG3 captures PHB2 in the cytoplasm of
cancer cells and thereby inhibits the suppressive ability of PHB2
in the presence of E2, resulting in the constitutive activation of
ERa signalling pathways.

Here we describe a synthetic, cell-penetrating, dominant-
negative peptide that inhibits the E2/ERa signalling network
by activating the tumour suppressive ability of PHB2. This
peptide also enhanced tamoxifen responsiveness and anti-tumour
effects in tamoxifen-resistant (TAM-R) breast cancers. Thus,
the regulation of E2 signalling by targeting the BIG3-PHB2
interaction introduces a new potential therapeutic approach
for endocrine-resistant tumours, as well as ERa-positive breast
cancers.

Results

Identification of the BIG3-PHB2 interacting region. Previous
studies have shown that the BIG3-PHB2 complex has a critical
role in breast cancer cell growth?!, and strategies capable of
inhibiting this interaction may represent novel therapies for
breast cancer. Therefore, we first attempted to determine the
BIG3 region(s) required for the interaction with PHB2 through
in silico and biochemical analyses. First, we independently co-
transfected five partial constructs of FLAG-tagged BIG3 (Fig. 1a)

2

with HA-tagged PHB2 (HA-PHB2) into COS-7 cells. Immuno-
precipitation with an anti-FLAG antibody indicated that HA-
PHB2 co-immunoprecipitated with BIG3,_ 434 BIG3, 550 and
full-length BIG3 (Fig. 1b), suggesting that the 101-250th amino
acid region of BIG3 is minimally required for its interaction with
PHB2.

In parallel with this approach, we attempted to predict the
protein binding sites on BIG3 using the PSIVER (Protein-protein
interaction SItes prediction server) software?4, and we identified a
cluster of candidate binding residues within the 101-250th amino
acid region. This cluster region contained three of the highest
scoring (>0.6) residues (Q165, D169 and Q173; Fig. 1c), which
were oriented in the same direction (Fig. 1d). Indeed, the BIG3
mutations in which all of these target residues were substituted
with alanine almost completely abolished the interaction with
HA-PHB2 (Fig. le), indicating the importance of Q165, D169
and Q173 for BIG3 heterodimerization with PHB2. Moreover, '
D169 was the most critical site among these residues for binding,
although an alanine mutation on each residue resulted in reduced
binding (Supplementary Fig. S1). Accordingly, we focused on
these residues as candidate PHB2-binding residues.

A peptide with dominant-negative influence on ERa activity.
We next investigated the possibility of a cell-penetrating peptide
as a dominant-negative inhibitor targeting the BIG3-PHB2
interaction, and designed a specific peptide that included these
PHB2-binding residues to target the BIG3-PHB2 interaction.
This peptide, referred to as ERa activity-regulator synthetic
peptide (ERAP), contained the BIG3 potential binding residues
(165-QMLSDLTLQLRQR-177)  and  membrane-permeable
polyarginine residues (11R) at its NH, terminus (Fig. 2a). As
negative controls, peptides containing a scrambled amino acid
sequence (scrERAP) and either alanine mutations at key residues
(mtERAP) were constructed (Fig. 2a). Indeed, co-immunopreci-
pitation experiments revealed that ERAP, but not mtERAP or
scrERAP, completely inhibited the complex formation of endo-
genous BIG3 and PHB2 in the ERo-positive breast cancer cell
lines MCF-7 and KPL-3C, which strongly express BIG3 and
PHB2 (Fig. 2b and Supplementary Fig. S2). We also examined the
direct inhibition of the BIG3-PHB2 interaction using ERAP. As
expected, HA-ERAP bound to His-tagged recombinant PHB2
protein and inhibited the BIG3-PHB2 interaction in a dose-
dependent manner, whereas scrERAP did not (Fig. 2¢). In addi-
tion, mtERAP exhibited modest binding to the PHB2 protein at
levels substantially lower than ERAP (Fig. 2c). Surface plasmon
resonance (BIAcore) interaction analysis revealed that ERAP
bound to the His-tagged recombinant PHB2 with a dissociation
constant (Kd) = 18.9 uM (Fig. 2d). Thus, our data suggested that
ERAP directly bound to PHB2, resulting in the specific inhibition
of BIG3-PHB2 complex formation.

ERAP translocates PHB2 and attenuates nuclear ERa activa-
tion. We investigated the subcellular distribution of endogenous
PHB2 in breast cancer cells following ERAP treatment by
immunocytochemical and biochemical approaches. In the pre-
sence of E2, treatment with ERAP, but not with scrERAP, led to a
significant increase in the amount of nuclear PHB2 in a time-
dependent fashion (Fig. 3a). In addition, in the presence of E2,
ERAP treatment led to a decrease in cytoplasmic PHB2, thereby
substantially increasing the interaction between PHB2 and ER« in
the nucleus even after 1h (Fig. 3b). Furthermore, ERAP co-
immunoprecipitated and colocalized with endogenous PHB2 in
the nucleus and the cytoplasm (Supplementary Fig. S3a,b) but did
not directly bind to ERa or BIG3. These findings suggested that
ERAP caused PHB2 to be released from BIG3 and led to
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Figure 1 | Identification of the BIG3-PHB2 interacting region. (a) The schematic representation of human BIG3 and the five FLAG-BIG3 partial clones
lacking one of the terminal regions is shown. (b) Immunoblot analyses were performed to identify the PHB2-binding region in BIG3. COS-7 cells were
transfected with the indicated BIG3 constructs (full-length BIG3, BIG34-434, BIG3435-2,177, BIG31,468-2177, BIG312100 and BIG3;-250) and HA-PHB2.

After 48 h, the cells were lysed and FLAG-BIG3 was immunoprecipitated with an anti-FLAG antibody. Immunoprecipitated proteins and a portion of the
original cell lysates (input) were immunoblotted as indicated. (¢) The predicted interaction sites, as determined using PSIVER software, are shown.
The underlined bold letters indicate the residues most likely to be involved in BIG3-PHB2 binding. (d) The putative PHB2-binding sites (Q165, D169 and

Q173) on a predicted three-dimensional structure of BIG3 protein are shown.

(e) Immunoblots were performed to assess the PHB2-binding region in

BIG3 protein. The lysates from COS-7 cells transfected with BIG3;_434 or mutant BIG3 constructs were immunoprecipitated with anti-FLAG and
anti-HA antibodies to detect BIG3 and PHB2, respectively. Full-length images of immunoblots are shown in Supplementary Fig. S9.

E2-dependent PHB2 nuclear translocation, eventually resulting in
the interaction of PHB2 with nuclear ERo in cancer cells.

ERa has been shown to modulate transcription in two ways:
(i) through direct binding to oestrogen-responsive elements
(EREs) located in the promoter and/or enhancer regions of
target genes?> and (ii) by serving as a co-activator of other trans-
cription factors such as AP-1 (ref. 26). Therefore, we explored
the impact of ERAP treatment on these two modes of ERa
transcriptional activity. First, we performed a chromatin
immunoprecipitation (ChIP) assay with E2-stimulated MCEF-7
cells. The results showed that ERAP treatment induced E2-
dependent recruitment of the endogenous ERo.~PHB2 complex
on the ERa target genes, TFF1 and CCNDI, respectively, (Fig. 3c),
suggesting that ERAP did not inhibit the ability of ERa to bind
ERE or AP-1. In luciferase assays with ERE or AP-1 reporters,
ERAP significantly inhibited both forms of E2-induced ERa
transcriptional activity in a dose-dependent manner in MCF-7
and KPL-3C cells (Supplementary Fig. S3c), but no significant
inhibition was observed with scrERAP or mtERAP. These results
indicated that ERAP suppressed ERa transcriptional activity
levels through both canonical ERE- and non-canonical AP-1-
binding mechanisms.

PHB2 is known to act as an ERa transcriptional corepressor
by competing with the co-activator SRC-1 to bind ERx?? and by

recruiting histone deacetylase 1 (HDACI; ref. 27) and another
corepressor, NcoR?®, Thus, we next explored the effect of
ERAP on this recruitment in MCF-7 and KPL-3C cells using
ChIP assays. Stimulation with E2 alone recruited SRC-1 to
ERa, whereas ERAP treatment led to the direct association of
PHB2 with ERa in the presence of E2, reduced SRC-1 binding to
ERa, and enhanced the recruitment of HDACI and NcoR in
MCEF-7 (Fig. 3d) and KPL-3C cells (Supplementary Fig. S3d).
Moreover, we performed a ChIP-quantitative PCR assay, with
E2-stimulated MCF-7 cells. The results showed that ERAP
treatment significantly reduced the E2-dependent recruitment
of endogenous SRC-1 on the TFFI gene but increased the
E2-dependent recruitment of endogenous NcoR, HDAC1 and
PHB2 (Supplementary Fig. S3e). In contrast, ERAP treatment had
no effect on ChIP assay using an anti-BIG3 antibody
(Supplementary Fig. S3e) or on ERo expression at the mRNA
or protein level (Supplementary Fig. S3f). Subsequently, we
investigated the HDAC activity of PHB2 immunoprecipitates in
MCEF-7 cells and found that the chromatin-remodelling com-
plexes recruited by ERAP treatment led to a significant increase
in HDAC activity (Fig. 3e). Moreover, ERAP significantly
suppressed E2-induced expression of TFFI, CCNDI, c-Myc,
E2F1 and PgR*-33 (Fig. 3f). In addition, we validated the
suppressive effect of BIG3 on ERo transcriptional activity. BIG3
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Figure 2 | ERAP inhibits the interaction of BIG3 with PHB2. (a) The ERAP, scrERAP and mtERAP sequences are shown. (b) The inhibitory effects of ERAP
treatment on BIG3-PHB2 interactions were evaluated in MCF-7 (left) and KPL-3C cells (right). (¢) Direct inhibition of the BIG3-PHB2 interaction

by ERAP was evaluated. The lysates of COS-7 cells, transiently transfected with FLAG-BIG3, were incubated with 6 x His-tagged recombinant PHB2
(His-PHB2) and HA-ERAP, HA-scrERAP or HA-mtERAP for 1h. Then, His-PHB2 was captured with Ni-NTA agarose, and the bound fractions were
immunoblotted as indicated. (d) In vitro direct interaction of ERAP and PHB2 was evaluated by BlAcore.

depletion caused a significant reduction in the canonical ERE and
non-canonical AP-1 ERa transcriptional activities in ERa-
positive MCF-7 cells but did not affect ERa-negative MDA-
MB-231 cells (Supplementary Fig. S3g). Taken together, these
findings indicated that nuclear-translocated PHB2 following
ERAP treatment directly bound to ERo and acted as a corepressor
by recruiting HDAC1 and NcoR, thereby leading to an almost
complete suppression of the ERo target gene expression.

ERAP suppresses E2-dependent non-genomic ERa signalling.
In addition to ERo acting as a nuclear transcription factor, E2
rapidly induces IGF-1RP tyrosine phosphorylation followed by
the formation of a ternary complex of IGF-1Rp, ERo and Shc in
the cell membrane’, even though the abundance of membrane-
bound and cytoplasmic ERa is low in primary breast cancers,
Indeed, we observed that a portion of PHB2 released from
BIG3 by ERAP interacted with ERa in the cytoplasmic/plasma
membrane cell fraction, regardless of the presence of E2 (Fig. 3a,b
and Supplementary Fig. S3a,b). Therefore, we hypothesized that
ERAP could also affect these non-genomic actions of ERa. First,
we detected E2-induced tyrosine phosphorylation of IGF-1Rf
and co-immunoprecipitated IGF-1RB, ERo and Shc in both
MCF-7 and KLP-3C cells (Fig. 4a), which highly expressed IGF-
1RB and PI3K (Supplementary Fig. S4a), as described previously®.
In contrast, ERAP treatment removed Shc from this complex and
formed a new ternary complex consisting of IGF-1Rf, ERa and
PHB2, and thereby suppressed E2-induced tyrosine phospho-
rylation of IGF-1RPB (Fig. 4a). We then examined the effects
of ERAP on the phosphorylation of membrane-associated

4

ERa (S118), because its phosphorylation has been associated
with invasive breast cancer in clinical specimens®®. ERAP
treatment clearly suppressed the E2-induced phosphorylation
(S118) of membrane-associated ERx in the IGF-1RpB-precipitated
membrane fraction of MCF-7 cells (Supplementary Fig. S4b).
Moreover, ERAP also interfered with the E2-induced interactions
of ERo and PI3K in both MCF-7 and KLP-3C cells (Fig. 4b).
Next, we examined the effects of ERAP on the phosphorylation
status of Akt and p42/44 MAPK, which are the downstream
signalling molecules of IGF-1RB and PI3K, respectively. As
expected, we observed that Akt (S473) and p42/44 MAPK
(T202/Y204) phosphorylation levels were clearly increased in a
time-dependent manner after E2 stimulation in both cell lines,
whereas treatment with ERAP, but not scrERAP, completely
suppressed the E2-induced phosphorylation levels of both pro-
teins (Fig. 4c and Supplementary Fig. S4c). However, the PHB2
released from BIG3 following ERAP treatment did not directly
interact with Akt or p42/44 MAPK (Supplementary Fig. S4d).
Taken together, these results strongly suggested that ERAP
interfered with E2-induced non-genomic ERa activation path-
ways, such as those mediated by IGF-1Rp.

ERAP represses E2-dependent ERa phosphorylation. Accu-
mulating evidence suggests that phosphorylation of ERa is
an important regulator of E2-induced ERo transcriptional
activity, DNA-binding, co-activator binding, and protein stabilit;l
and cell proliferation in ERo-positive breast cancer cells®6~%,
Thus, we examined the effects of ERAP on ERo phosphorylation
at sites, including S104/S106, S118, S167, S305 and Y537.
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Figure 3 | ERAP promotes PHB2 nuclear translocation and suppresses E2-induced gene expression. (a) Upper, representative immunofluorescence
images of the subcellular localization of PHB2 are shown; PHB2 (red), 4',6-diamidino-2-phenylindole (blue). The arrows indicate PHB2 nuclear
translocation. Lower, statistical analyses of the nuclear intensity of translocated PHB2. The data are expressed as the fold increase over untreated cells set
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no significance in two-sided Student's t-test).

Phosphorylation at these five sites within ERa was clearly
increased in response to E2 stimulation and continued for at
least 24 h in MCF-7 and KPL-3C cells. In contrast, treatment with
ERAP completely abrogated these responses in both cell lines
(Fig. 4d and Supplementary Fig. S4e). Collectively, these results
clearly showed that PHB2 released from BIG3 following ERAP
treatment reduced E2-dependent ERa phosphorylation, leading
to ERal inactivation.

ERAP suppresses E2-dependent breast cancer cell growth. We
elucidated the inhibitory effect of ERAP on the E2-dependent
growth of MCF-7 or KPL-3C cells. Treatment with ERAP, but
not scrERAP or mtERAP, significantly reduced E2-stimulated
cell growth in a dose-dependent manner (ICso=2.2puM and
1.9uM in MCF-7 and KPL-3C cells, respectively; Fig. 5a).
Notably, ERAP doses greater than 5uM completely abolished
the proliferative response for up to 3h after E2 stimulation
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Figure 4 | ERAP regulates the E2-induced non-genomic pathway via IGF-1Rp. (a,b) The inhibitory effects of ERAP on the interactions of ERa with IGF-1RB
and Shc (a), and the interaction of ERe and PI3K (b) in MCF-7 and KPL-3C cells. (¢) Immunoblot analyses were performed to evaluate the inhibitory
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S118, S167, S305 and Y537) in MCF-7 cells. The data are expressed as the fold increase over untreated cells at O h and represent the mean+s.e.m.

of three independent experiments (*P<0.05, **P<0.01 in two-sided Student’s t-test).

(Supplementary Fig. S5a). The inhibition of both cell growth
(Supplementary Fig. S5b, left panel) and ERa transcriptional
activity (Supplementary Fig. S5b, right panel) was maintained
for 24h after ERAP treatment. We confirmed similar growth
inhibitory effects of ERAP in other breast cancer cell lines
expressing ERo, BIG3 and PHB2 (that is, ZR-75-1, HCC1500,

6

BT-474, YMB-1, T47D, KPL-1 and HBC4; Supplementary
Fig. S5¢). In contrast, ERAP had no effect on the growth of
normal mammary epithelial MCF-10 A cells (Fig. 5b) that did not
express ERo or BIG3 (Supplementary Fig. S2). These findings
suggested that ERAP specifically inhibited the growth of breast
cancer cells without affecting normal mammary cells.
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Figure 5 | ERAP suppresses growth of ERx-dependent breast cancer cell lines in vitro. (ab) An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay was performed to evaluate the inhibitory effect of ERAP on E2-dependent growth of the BIG3-positive MCF-7 and

KPL-3C (a), and the BIG3-negative mammary epithelial cell line MCF-10A
(***P<0.001 in two-sided Student's t-test). (¢,d) The combined inhibitory

(b). The data represent the mean * s.e.m. of three independent experiments
actions of ERAP and tamoxifen were evaluated using MTT assays (¢) and

luciferase assays (d). MCF-7 cells were treated for 24 h with E2 £ ERAP, tamoxifen, or a combination of ERAP and tamoxifen. The data of all panels
represent the mean £ s.e.m. of three independent experiments (**P<0.01, ***P<0.001 in two-sided Student's t-test). (e) Flow cytometric analyses were
performed to evaluate the effect of ERAP treatment on the cell cycle. MCF-7 cells were treated for 24 h with E2 £ ERAP, tamoxifen, or a combination

of ERAP and tamoxifen.

Furthermore, treatment with a combination of ERAP and
tamoxifen significantly suppressed E2-induced cell growth
(Fig. 5¢) and ERo transcriptional activity (Fig. 5d) in MCEF-7
cells as compared with ERAP or tamoxifen alone. Next, we
examined the effects of ERAP on the cell cycle distribution of
MCEF-7 cells using flow cytometry. The population of cells in the
G2/M phase increased after a 24h E2 stimulation, whereas the
population in the G1 phase increased after ERAP or tamoxifen
treatment, suggesting that ERAP suppressed cell growth by
inducing a Gl arrest, similar to tamoxifen** (Fig. 5e). Impor-
tantly, a remarkable increase in the apoptotic (sub-G1) cell
population was observed after treatment with a combination of
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ERAP and tamoxifen (18.47%), although no phenotypic altera-
tions or increases in the sub-G1 population were observed after
treatment with ERAP, tamoxifen or E2 alone (0.29%, 0.91% or
0.17%, respectively; Fig. 5e). Taken together, our data strongly
suggest that ERAP enhanced the responsiveness of ERo-positive
breast cancer cells to tamoxifen.

Anti-tumour efficacy of ERAP in xenograft models. To deter-
mine whether ERAP could affect the growth of ERo-positive
breast cancer tumours in vivo, we developed KPL-3C (Fig. 6a)
and MCEF-7 (Supplementary Fig. S6a) orthotopic breast cancer
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