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Figure 1. The Manhattan plot for GWAS of breast cancer in the Japanese population. This plot is based on -log;, (P-value) from GWAS
and imputation analysis against chromosome position, each color represents different chromosome. Blue line indicate suggestive association
threshold, P=1x107" while red line indicate genome-wide significant threshold P<5x107%.

doi:10.1371/journal.pone.0076463.g001

Imputation analysis

To increase the power and coverage of the genome-wide
association scan, we performed whole genome imputation using
1000G of East Asian population (Japanese in Tokyo JPT, Chinese
in Beijing CHB and Chinese in Denver CHD) Phase I Integrated
Release Version 2 dataset as reference panel to infer missing
genotypes. Briefly, we prepared the input files after quality control,
which excluded SNPs with genotyping rate of <98%, those that
deviated from HWE (HWE P=1.0x10"°) and those with MAF of
<0.01. We then confirmed that the allele frequencies of the
reference allele are comparable between the GWAS dataset and
the reference panel with differences of <0.15. By using MACH]1.0
(http://www.sph.umich.edu/ csg/abecasis/ MACH/index.html), we
performed haplotype phasing with the samples’ genotypes referring
1000G reference panel, estimated the map crossover and error rates
using 20 iterations of the Markov chain. Subsequently, we imputed
the missing genotypes using Minimac (http://genome.sph.umich.
edu/wiki/Minimac). We utilized stringent imputation quality control
by excluding SNPs with r? value of <0.9.

Validation study

After evaluating the associations from GWAS and whole
genome imputation, we selected a total of 13 candidate loci that
showed suggestive association (P<1.0x107°) with breast cancer
risk for further validation by an independent set of 2,885 cases and
3,395 controls. We genotyped the cases with the multiplex-PCR
Invader assay [36] and the control samples with either Illumina
OmniExpress BeadChip Kits or by imputation. To verify the
accuracy of the imputation analysis, we also included surrogate
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SNPs that showed close link (+*>0.8 and D’ = 1.00) to the imputed
SNPs and were included in the genotype platform. Considering
multiple testing at this validation stage, we applied Bonferroni
significance threshold at P<8.85x107° (0.05/13 independent
tests).

Evaluation of previously reported loci

To verify previously-reported loci showing the association with
breast cancer in the European and East Asian populations, we
evaluated 67 loci in the current Japanese GWAS dataset [18-34].
Among the 67 SNPs examined, 6 SNPs are not polymorphic in the
Japanese population, 26 SNPs are same as the previously-reported
SNPs, 33 and 2 SNPs are SNPs having r*-value of more than 0.8
and 0.7 to the previously-reported SNPs, respectively (Table S4).

Statistical Analysis

The case-control associations of the GWAS discovery set and
validation set were evaluated using logistic regression analysis after
considering age as confounding factor from PLINK software
(http://pngu.mgh.harvard.edu/~purcell/plink/). The associa-
tions of the imputed SNPs were generated with mach2dat software
which utilized the output results from Minimac (dosage of the
imputed SNP). To have an overview of the association of SNPs
with breast cancer, a Manhattan plot of the study was plotted
using Haploview 4.1. Meta-analysis for the combined analysis of
the discovery and validation phase was performed using inverse-
variance method and heterogeneity between the two phases was
evaluated using Cochran’s Q) test. Regional association plots were
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5 generated using Locus Zoom (http://csg.sph.umich.edu/
=2 locuszoom/).
gls o o
B X = Weighted genetic risk score (WGRS)
o ln 3 g To evaluate the cumulative effects of genetic variants associated
é < 8 S with breast cancer risk, we conducted weighted genetic risk score
= = = (WGRS) analysis on the basis of genotypes of five SNPs, three
ol - _ _ significant SNPs (rs2981578 of 10q26/FGFR2, rs3803662 and
g1 I 2 N rs12922061 of 16ql2/70X3) from this study and two SNPs
:n | E \E 3 (rs6557161 of 6q25/ESRI and rs10509168 of 10q21/ZNF365)
: ‘ B that were reported to be associated with breast cancer risk in East
w | g s 53 Asian population and indicated suggestive association in this study.
S |- - = e The wGRS model was developed by logistic regression analysis by
- N N W incorporating five associated-SNPs and age (as covariates) using
3 = = K = GWAS dataset to obtain the estimates (weight) of each

corresponding SNP. This model was subsequently validated in

$88¢8¢8 g 8 g an independent samples dataset drawn from the validation phase
$12328238 38 3 s 3 3 of this study. The cumulative genetic risk scores were determined
. : by multiplying the number of risk alleles (0/1/2) of an individual
QT M s GO e 0 My M . . .
& STENE NI S S BN by its corresponding weight, and subsequently the sum across the
= e S total number of SNPs were taken into consideration. We then
o b - classified the genetic risk score into five different categories created
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F|8EEL20 LIz rom the mean and standard deviation (SD); group 1, < mean-
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_ = group 4, mean+1SD to mean+2SD, group 5, > mean+2SD. Odds
_ - o ratio and 95% confidence interval were calculated using group 1
& - . as a reference.
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€ o o ‘o c o o o oo Resu“s
o In this study, we genotyped a total of 2,725 cases and 2,311
a - controls with IHMlumina OmniExpress BeadChip Kits that con-
:; 2 @ N o . tained 733,202 SNPs to identify genetic variants associated with
g g & 3 ,’ » a the susceptibility to breast cancer in the Japanese population. After

quality check of the SNP genotyping data, a total of 550,026
autosomal SNPs were examined for the association by logistic
regression analysis. Quantile-quantile (O-Q) plot and the genomic
inflation factor (A) of the test statistic of this GWAS based on 550,
026 SNPs with all samples was 1.183 suggesting the existence of
some population substructure (Figure S2a). To exclude the
possibility of population substructure for our sample population,
we performed principal component analysis (PCA). Although all
the subjects participating in this study were clustered in the Asian
population, there was a small portion of samples that were
separated from the major Japanese (Hondo) cluster when PCA
analysis was performed using only the genotype information of the
case and control in the study (Figure Sla and S1b). We then used
samples from the major Japanese (Hondo) cluster consisting of
2,642 cases and 2,099 controls, and found that the A-value
improved to 1.027 (Figure S2b). Hence, subsequent analysis was
carried out using only samples from the major Japanese cluster.
Whole genome imputation utilizing 1000G database as reference
panel successfully estimated 7,791,127 SNPs. After stringent
quality control by excluding SNPs with r*-value of <0.9, the total
number of SNPs that were taken into account was 5,335,291. The
Manhattan plot, plotting —logg (P-value) from the GWAS and
imputation analysis against the chromosome position, showed that
there were no genetic loci achieving genome-wide significance
with the threshold P-value of <5x107% (Figure 1).

To identify additional susceptible loci associated with breast
cancer, we conducted a validation study of 13 genetic loci showing
suggestive association (P<Ix107°) with breast cancer after
excluding SNPs that showed linkage disequilibrium (LD) coeffi-
cient (r¥) of >0.8 within each LD block by examining an
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CHR: chromosome, SNP: single nucleotide polymorphism, BP: SNP genomic location, RA: Risk allele, NRA: Non-risk aliele, NCASES: Number of cases, NCONTROLS: Number of controls, RAF: risk allele frequency, P_value: P-value from
logistic regression analysis after age adjustment, OR: odds ratio, L95: lower 95% confidence interval, U95: upper 95% confidence interval, P_hetero: heterogeneity test with Cochran Q-test, rel.loci: distance of the SNP from the gene,

GWAS: genome-wide association study, Rep: validation study.

Table 2. Association study of SNPs on chromosome 10g26.13 and 16g12.1.
doi:10.1371/journal.pone.0076463.t002
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Figure 2. Regional association plots for two significantly associated loci with breast cancer in Japanese population, (a)
chromosome 10q26.13 (FGFR2) and (b) chromosome 16q21.1 (TOX3-LOC643714). SNPs from the GWAS are plotted as circles; imputed SNPs
are plotted as crosses. The color intensity reflects the extent of LD with the marker SNP: red, (r*= 0.8), orange (0.6=r*=0.8), green (0.4=r*=0.6), light
blue (0.2=r*=0.4) and dark blue (r*<0.2). Purplish blue lines represent local recombination rates. The SNP position is based on NCBI build 37.

doi:10.1371/journal.pone.0076463.g002

independent set of 2,885 breast cancer cases and 3,395 controls.
Among the 13 loci tested, three SNPs (rs2981578 on chromosome
10g26.13 and rs3803662 along with rs12922061 on chromosome
16q12.1) were successfully validated with Bonferroni-corrected -
value of <3.85x107% (0.05/13 independent tests) as shown in
Table 2 and Table S1. Inverse variance meta-analysis indicated
that these three SNPs surpass genome-wide significance level (£~
value<<5x107% after combining the GWAS and the validation
study with no significant heterogeneity (P-value >0.05) between
the two stages (Table 2).

The most significantly associated SNP, rs2981578 (combined -
value of 1.31x107'2, OR=1.23; 95% CI=1.16-.30), is located
within the second intron of the FGFRZ2 gene on chromosome
10g26.13 (Table 2 and Figure 2a). Variants on this gene have been
the most frequently validated to be associated with breast cancer in
multiple populations. For chromosome 16q21.1, we successfully
validated 1512922061 (combined P-value of 3.97x107'°,
OR =1.23; 95% CI=1.15-.31) to be significantly associated with
breast cancer (Table 2 and Figure 2b). After conditioning the effect
of 1512922061, rs3803662 remained suggestively associated and
was successfully validated after additional samples with a
combined P-value of 2.79x107"" (OR=1.21; 95% CI=1.14-
25). Two of these SNPs remained significant (P-value<<0.0001)
after performing condition analysis by using one of the SNP as
covariate, suggesting the independency of association with breast
cancer (Table S2). Additionally, the r* value between these two
SNPs is only 0.17, indicating they are not closely linked with each
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other. Haplotype analysis of the two SNPs did not reveal stronger
association than a single SNP association after 100,000 permuta-
tion analysis (Table S3). The SNP, rs3803662, is located in the last
exon of LOC643714 and near to the 5’ end of TOX3; whilst
rs12922061 is located in the first intron of LOC643714.

In addition to perform GWAS for breast cancer in Japanese
population, we also evaluated the association of previously-
reported breast cancer risk loci in the European and East Asian
populations. We evaluated a total of 61 SNPs after excluding 6
SNPs that are not polymorphic in Japanese population (Table S4).
Among the 61 SNPs, eight SNPs (rs4415084 of 5p12/MRPS30,
rs6557161 of 6q25/ESRI, rs7465364 of 8p2l/RPLI7p33,
rs672888 of 8q24/MYC, 1s10509168 of 10q21/ZNF365,
rs1219648 of 10q26/FGFR2, rs17221259 of 12p13/ATF7IP and
rs3803662 of 16q12/70X3) showed suggestive association (/-
value<<0.05) with breast cancer in Japanese population (Table 3).
All of these suggestively-associated SNPs possessed the same risk
allele and showed the same direction of association that was
indicated in the previous reports.

After developing wGRS model using five SNPs from the GWAS
dataset, the model was subsequently validated in an independent
sample set represented by the validation samples. The cumulative
effect of five SNPs evaluated by the wGRS analysis indicated that
odds ratio of each category increased according to the level of risk
score, and individuals who are in category five carrying the most
risk alleles have 2.2 times higher risk to develop breast cancer
when utilizing category 1 as a reference (T'able 4).
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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

[32]
118202325271

G
o
o
)
o
itk
ONG
o
oo

321
[28]

£ £ £ successfully validated the association of chromosome 10¢26.13
2y 2o 3n Eg (FGFR2), and 16q12.1 (TOX3-LOC643714). In addition to the two
83 89 RN aforementioned loci, we validated a total of 67 loci that were
N|°| % : jé ﬁﬁé previously reported the association with breast cancer and

identified six additional loci (rs4415084 of 5pl2/MRPS30,
rs6557161 of 6q25/ESRI, rs7465364 of 8p21/RPLI7p33,

m -

E . § rs672888 of 8q24/MYC, rs10509168 of 10q21/INF365 and
rs17221259 of 12pl3/ATF7IP) to have suggestive association
g (P<0.05) with breast cancer in Japanese population. Further fine
- mapping of these loci might identify msightful findings for future

3 o § analysis.
s 8 = Hunter DJ et al. first reported the association of FGFR2 with
. o breast cancer in 2007 [19]. Since then, this locus has been
8§ 8 4 § successfully validated in various populations throughout the world
- e including those of European ancestry, Asian, Ashkenazi Jewish
. - and Israeli populations [18,37-39]. FGFRZ encodes fibroblast
N e e a growth factor receptor type 2, which is a receptor tyrosine kinase
§ g ; § playing a critical role in the growth signaling pathway that is
& 28 & 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
° g a, the gene; the risk allele of rs2981578, a SNP that was identified in
c s < 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
intron 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 16ql2.1 (7T0X3-LOC643714). LOC643714 is an
uncharacterized gene of unknown function; 70X3, also known
as TNRC9 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
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CHR: chromosome, SNP: single nucleotide polymorphism, Chr.loci/Gene: Chromosome location/Gene, BP: SNP genomic location, Ref: reference, Case_N: Number of cases, Ctrl_N: Number of controls, RAF: risk allele frequency,

P_value: P-value from logistic regression analysis after age adjustment, OR: odds ratio, L95: lower 95% confidence interval, US5: upper 95% confidence interval.

Table 3. Association of previously reported to be breast cancer susceptibility loci in current Japanese GWAS dataset.

. i g 38 g 3 s 8 § independently .associated SNPs, rs3803662 and rs12922061, with

qa v ¥ =~ & o .o breast cancer in the Japanese population. The minor allele of
g 1§80 g ;§ g 23 g rs3803662 is reported to cause lower mRNA expression of 70X3

- o : o - gene, and this regulatory SNP may alter the expression of a distant
. L o : gene, RBL2, in cis [46].

o ™ = 5 Although wGRS of five associated loci with breast cancer in the
= 3 “ - “':" 5 8 % o Japanese population revealed that individuals with the highest risk
2 % 5 = § &§ 25 8 g (gitegory 5) have' 2..2 ti{nes higher risk than those with the lowest
s S3 = I & §2 =2 = risk (category 1), it is believed that a complex disease such as breast
5 |88 & & ¢ 2958 @ ¥ cancer would be affected by a large number of common genetic
- . = L S variants that have very modest effects. This phenomenon was also
. . o e g supported by the six additional reported loci that showed
- § e = 28 8 2 suggestive association in this dataset, indicating that our current

o g ﬁ 8 & g 28 g £ dataset is still under statistical power. Henc'e, to increase the power
Z e % 8 v wvv 9 £ and to enlarge the sample number, there is a need for more local
o o o 5 and international institutions to collaborate with each other in
m : o § identifying more common variants associated with breast cancer,
T olwo o s 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) 9%_Case

95%_Cl

1

1.172-587

1.769-.558

doi:10.1371/journal.pone.0076463.t004

Supporting Information

Figure 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.

(TIFF)

Figure 82 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 Association study of the 13 selected loci.

(XLS)

Table 82 Conditioning analysis of SNPs on chromosome
16ql12.1.
(XLS)
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Targeting BIG3-PHB2 interacionto overcome
tamoxifen resistance in breast cancer cells

Tetsuro Yoshimaru!, Masato Komatsu', Taisuke Matsuo', Yi-An Chen?, Yoichi Murakami?, Keniji Mizuguchi?,
Eiichi Mizohata3, Tsuyoshi Inoue®, Miki Akiyama®, Rui Yamaguchi®, Seiya Imoto®, Satoru Miyano®,
Yasuo Miyoshi’, Mitsunori Sasa®, Yusuke Nakamura®® & Toyomasa Katagiri1

The acquisition of endocrine resistance is a common obstacle in endocrine therapy of patients
with oestrogen receptor-o (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 ERo-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, worldwide>. More than 70% of primary breast tumours
U= are oestrogen receptor-o. (ERa)-positive, and the inter-
actions between oestrogen (E2) and ERo 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 B (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 ERo phosphorylation®~10, Thus, ERa 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'®1°. 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'®!116, This knowledge has
led to numerous treatment strategies combining endocrine
and targeted inhibitor therapies!”™'%; 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 1prohibi‘dn 2 (PHB2) in the cyto-
plasm of breast cancer cells?>*!, PHB2 is known to function as a
corepressor of ERx?>23, 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
ERqa, and suppressed ERa. 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; 55, 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 Sltes prediction server) software?%, 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
sctERAP, 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. 2c). In addi-
tion, mtERAP exhibited modest binding to the PHB2 protein at
levels substantially lower than ERAP (Fig. 2¢). 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 ERa 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 ERo 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, BIG31_434, BIG3435-2,177, BIG31 468-2177, BIG31-100 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. SO.

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

ERo 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 MCE-7
cells. The results showed that ERAP treatment induced E2-
dependent recruitment of the endogenous ERx-PHB2 complex
on the ERo target genes, TFF1 and CCNDI, respectively, (Fig. 3¢),
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 MCEF-7
and KPL-3C cells (Supplementary Fig. S3c), but no significant
inhibition was observed with scrERAP or mtERAP. These results
indicated that ERAP suppressed ERo 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 ERa?? 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
ERo, 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 MCEF-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, HDACI1 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,
E2F] and PgR29‘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 Th. 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 ERo transcriptional activities in ERa-
positive MCEF-7 cells but did not affect ERo-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 ERa target gene expression.

ERAP suppresses E2-dependent non-genomic ERa signalling.
In addition to ERa acting as a nuclear transcription factor, E2
rapidly induces IGF-1Rp tyrosine phosphorylation followed by
the formation of a ternary complex of IGF-1RB, ERa and Shc in
the cell membrane’, even though the abundance of membrane-
bound and cytoplasmic ERa is low in primary breast cancers4.
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-1RB
and co-immunoprecipitated IGF-1RB, ERa and Shc in both
MCE-7 and KLP-3C cells (Fig. 4a), which highly expressed IGE-
1RP 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-1Rp, ERo and
PHB2, and thereby suppressed E2-induced tyrosine phospho-
rylation of IGF-1RB (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 ERa in the IGF-1RpB-precipitated
membrane fraction of MCF-7 cells (Supplementary Fig. S4b).
Moreover, ERAP also interfered with the E2-induced interactions
of ERe 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 ERa transcriptional
activity, DNA-binding, co-activator binding, and protein stabilit?f
and cell proliferation in ERo-positive breast cancer cells>6~4,
Thus, we examined the effects of ERAP on ERa phosphorylation
at sites, including S104/S106, S118, S167, S305 and Y537.
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