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Figure 4. The ubiquitylation activity of Rad18 and Rnf8 is essential for cellular tolerance to camptothecin, olaparib and ionizing radiation.
(a-c) Cellular sensitivity to camptothecin (a), olaparib (b) and ionizing radiation {(¢) is shown as in Figure 1. Error bars represent the s.e. of the
mean in at least three independent experiments. (d) The average number of Rad51 foci at 1 h after y-ray irradiation. More than 100 cells were
counted in each experiment and the data represent the mean and s.e. from at least three independent experiments. *P < 0.01, **P < 0.05 and

NS (not significant).

tolerance to camptothecin and olaparib. The rationale for this is
because 53BP1 and Ku80 could repress an initial step of HR,
whereas Rad18 and Rnf8 inhibit the toxic effect of NHEJ on HR
without affecting Rad51 focus formation (Figure 3d). Future studies
are required to identify substrates for ubiquitylation as well as the
structure of ubiquitylation at various DNA lesions.

MATERIALS AND METHODS .
Plasmid construction

For disrupting the RNF8 gene, RNF8-puro, RNF8-bsr and RNF8-neo were
generated from genomic PCR products using the primers 5-GTA

© 2014 Macmillan Publishers Limited

ACTGTAGGCCGGGGATTAGATCTCACG-3'  and  5'-CGGCTCAGTTCTTCC
ATCAGAGCATGATGC-3". Amplified PCR products were cloned into the
pCRI-TOPO vector (Invitrogen, Carlsbad, CA, USA). The 5.3-kb Xbal
fragment from the cloned PCR amplified region was further subcloned
into the Xbal site of the pBluescriptll KS (+) vector. Each marker gene
cassette was ligated into the BamHl site that corresponds to the 86th
amino-acid residue of the RNF8 coding sequence. The 1.2-kb fragment
from genomic DNA amplified using the primers 5-GCATCATGCTCT
GATGGAAGAACTGAGCCG-3’ and 5'-GCAATAATGGTGGGAACTGCACATG
TGGAG-3" was used as a probe for Southern blot analysis. The expression
of RNF8 mRNA was detected by reverse transcription-PCR using the
primers  5-GGCGGCATGGCAGCGTGCGGTGCCTCGAG-3"  and  5'-TTA
CACTGTTTAGATAACGCAGTAGCTTCC-3'. Each RAD18 C29F and RNF8

Oncogene (2014), 1-9

~



Functional relationship between RAD18 and RNF8 in HR
S Kobayashi et al

o)

C398F knock-in vector was generated from genomic PCR using the
following primers.

For RAD18 C29F,

5'-AGTCAGAAATAAGCGTGGGTGGATATCCGT-3/

5'-GCTGAAGTAATCGAAGAAAATCCCACAGC-3 for left arm,

5-GCTGTGGGATTTTCTTCGATTACTTCAGC-3'
5-CTGGCAGAACTGAAGCTCTTCACTAGCTC-3” for right arm.

Amplified PCR products were cloned into pCR-Blunt II-TOPO vector
(Invitrogen). The EcoRl fragment from this vector was further subcloned
into the Notl site of the pBluescriptll KS (+) vector. Notl site of this vector
was used to clone a marker gene (puro) cassette.

For RNF8 C398F,

5'-GGAGTAAAATGGAAAGATGGGGAAGAGAAT-3'

5/-GCTCAGAACAGATTGTGAACTGCAGCTC-3 for left arm,

5-GAGCTGCAGTTCACAATCTGTTCTGAGC-3'
5-TTAGATAACGCAGTAGCTTCCATTAT-3’ for right arm.

Amplified PCR products were cloned inte pCR-Blunt II-TOPO vector
(Invitrogen). Scal site was used to clone a marker gene (puro) cassette.

To detect full-length RNF8 and RAD18 mRNAs, following primers
were used.

For RNFS,

5'-ATGGCAGCGTGCGGTGCCTCGAGGCC-3'

5"-TTAGATAACGCAGTAGCTTCCATTAT-3".

For RAD18,

5'-ATGGCCCTGGCGCTGCCCGAACCGE-3!

5'-TCAGCTCTTCTTCCTCTTGCTCCTG-3'.

For the detection of PCNA mRNA,

5'-GGGATGTTTGAGGCGCGGCTTGT-3’

5"-CCTCAGTCCCAGTGCAGTTAAGA-3.

Generation of ANF&™/~, RNF8~/~ /KU70™"~, RAD18 ™/~ /RNF8 /",
RAD18 C29F and RNF8 C398F knock-in mutants

Wild-type DT40 cells were sequentially transfected with the ANF8-bsr and the
RNF8-puro targeting constructs to obtain RNF8 ™" cells. The gene-targeting
frequency of the stably transfected clones was 50% for the RNF§™"* cells and
20% for the RNF8™ clones. The RNF8-puro and the RNF8-neo targeting
constructs were sequentially transfected into KU70™ cells to obtain
RNF8™~/KU70™" cells. RAD18"cells were sequentially transfected with
the RNF8-bsr and the RNF8-puro targeting constructs to obtain
RAD18™~/RNF8™"~ cells. The establishment of each mutant was confirmed
by Southern blotting. To establish RAD78 C29F and RNF8 C398F knock-in
mutants, each construct described above was transfected into RAD18"~
(and RNF&™~/RAD18"/™) or RNF8"'™ (and RAD18™'"/ RNF8'"™), respectively,
and then gene targeting was validated by PCR. To remove the resistant
gene, cells were transfected with the Cre recombinase expression vector and
then treated with 0.2 um tamoxifen. Forty-eight hours after the treatment,
cells were subcloned and puromycin-sensitive clones were selected.

Chromosome aberration analysis

Karyotype analysis was performed as described previously.>® For the
morphological analysis of chromosome aberrations, cells were treated with
colcemid for 3 h to enrich for mitotic cells. To count camptothecin-induced
chromosomal aberrations, cells were treated with 10 or 100 nm camptoth-
cin for 8h and colcemid was added in the last 3 h.

Measurement of cellular sensitivity to DNA-damaging agents

We measured the amount of ATP in cellular lysates to determine the
number of live celis.3® Cells were treated with each DNA-damaging agent
in Tml of medium using 24-well plates and incubated at 39.5°C for 48 h
(or 72 h for olaparib). We transferred 100 pl of medium containing the cells
to 96-well plates and measured the amount of ATP using CellTiter-Glo
(Promega, Madison, WI, USA) according to the manufacturer's instructions.
Luminescence was measured by Fluoroskan Ascent FL (Thermo Fisher
Scientific Inc, Pittsburgh, PA, USA) or ARVO X5 (Perkin Elmer Inc,
Branchburg, NJ, USA).

Immunofluorescent visualization of subnuclear focus formation

The experimental conditions for the immunocytochemical analysis were
previously described.?® Briefly, 30 min for FK2 or 1h for Rad51 after
irradiation with *’Cs y-ray {4 Gy) or after exposure to camptothecin (40 nu)
for 1h, DT40 cells (7 x 10° cells/ml) were collected on a glass slide using
Cytospin3 (Shandon, Pittsburgh, PA, USA). Cells were fixed with 4%
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formaldehyde for 10 min at room temperature. After blocking with 3%
bovine serum albumin/phosphate-buffered saline with Tween-20, the fixed
cells were treated with specific antibodies. Visualization of the Rad51 and
FK2 foci was performed as previously described, using the anti-Rad51
rabbit polyclonal antibody (Bioacademia Inc., Osaka, Japan) or the mouse
FK2 antibody (Nippon Biotest Laboratories, Tokyo, Japan). At least 100
morphologically intact cells were examined.

Human HCT116 cells were grown on coverslips and then washed twice
with phosphate-buffered saline before fixation. The cells were fixed with 3%
paraformaldehyde and permeabilized with 0.5% Triton-X-100/phosphate-
buffered saline. After blocking with 3% goat serum/phosphate-buffered
saline, the cells were stained with a Rad51 rabbit polyclonal and a 53BP1
mouse monoclonal antibody (BD Bioscience, San Jose, CA, USA) at 4°C
overnight. For secondary staining, we used a goat Alexa555 anti-rabbit
(Invitrogen) and a goat Alexa488 anti-mouse antibody (Invitrogen). The DNA
was stained with 4'6-diamidino-2-phenylindole. The coverslips were
mounted with Prolong Gold mounting agent (Invitrogen).

siRNA transfection

The following siRNAs were used in this study: control (MISSION
SIC-002, Sigma Genosys, Tokyo, Japan), RNF8 (Thermo Fisher Scientific
Inc) and BRCA1 5-GGA ACC UGU CUC CAC AAA GTT-3" (Sigma Genosys).
RNA interference transfection for RNF8 and BRCA1 was performed using
Lipofectamin RNAIMAX (Invitrogen) in reverse transfection mode.

Western blot analysis of monoubiquitylation of PCNA

For the detection of PCNA monoubiquitylation, 1 107 cells were irradiated
with 30 J/m? UV and lysed 1.5 h post treatment with Laemli sample buffer
and 5% 2-ME and then boiled for 5min followed by ice incubation. The
sample (10ul) was run in an SDS-polyacrylamide electrophoresis gel
and then proteins were electroblotted onto a polyvinylidene fluoride
membrane. The following antibodies were used: mouse monoclonal PCNA
PC10 (Santa Cruz, Santa Cruz, CA, USA) and anti-mouse {gG HRP liked
(Santa Cruz). Proteins were visualized by Chemi-Lumi One Super (Nacalai
Tesque, Inc,, Kyoto, Japan).
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The acquisition of estrogen-deprivation resistance and estrogen receptor (ER) signal-independence in
ER-positive breast cancer is one of the crucial steps in advancing the aggressiveness of breast cancer;
however, this has not yet been elucidated in detail. To address this issue, we established several estrogen-
deprivation-resistant (EDR) breast cancer cell lines from our unique MCF-7 cells, which had been stably
transfected with an ERE-GFP reporter plasmid. Three cell lines with high ER activity and another 3 cell
lines with no ER activity were established from cell cloning by monitoring GFP expression in living cells.
The former three ERE-GFP-positive EDR cell lines showed the overexpression of ER and high expression
of several ER-target genes. Further analysis of intracellular signaling factors revealed a marked change
in the phosphorylation status of ERa on Ser167 and Akt on Thr308 by similar mechanisms reported
previously; however, we could not find any changes in MAP-kinase factors. Comprehensive phospho-
proteomic analysis also indicated the possible contribution of the Akt pathway to the phosphorylation
of ERa.

On the other hand, constitutive activation of c-Jun N-terminal kinase (JNK) was observed in ERE-GFP-
negative EDR cells, and the growth of these cells was inhibited by a JNK inhibitor. An IGF1R-specific
inhibitor diminished the phosphorylation of JNK, which suggested that a novel signaling pathway, IGF1R-
JNK, may be important for the proliferation of ER-independent MCF-7 cells. These results indicate that ER-
positive breast cancer cells can acquire resistance by more than two mechanisms at a time, which suggests
that multiple mechanisms may occur simultaneously. This finding also implies that breast cancers with
different resistance mechanisms can concomitantly occur and mingle in an individual patient, and may
be a cause of the recurrence of cancer.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

element (ERE) and regulates the transcription of target genes con-
trolling proliferation and cell survival. Therefore, blockade of the

Estrogen plays a pivotal role in the development and progression
of breast cancers. It exerts its effects by binding to estrogen recep-
tor o (ERa). This complex then interacts with estrogen response

Abbreviations: EDR, estrogen-deprivation-resistant; LTED, long-term estrogen-
depleted.
* Corresponding author at: Department of Molecular and Functional Dynamics,
Tohoku University Graduate School of Medicine, Aoba-ku, Sendai 980-8575, Japan.
E-mail address: shin@med.tohoku.ac.jp (S.-i. Hayashi).
1 These authors contributed equally to this work.

0960-0760/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jsbmb.2013.08.012

estrogen signal is an important strategy for ERa-positive breast
cancers. Aromatase inhibitors (Al) that inhibit the biosynthesis of
estrogen and antiestrogens that compete for binding to ER have
improved the prognosis of patients. Approximately 70% of breast
cancer cases have ERa-expressing tumors; therefore, they can be
candidates for hormonal therapy targeting ERa. Since hormonal
therapy is very effective for ER-positive breast cancer patients with-
out severe adverse events, it is widely used not only in advanced
cancer, but also in an adjuvant setting [1]. However, more than
a few patients relapse. Therefore, numerous studies on hormonal
therapy resistance have been undertaken, especially on tamoxifen
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resistance [2]. Aromatase inhibitors have recently replaced antie-
strogens as a more appropriate hormonal therapy for advanced
breast cancer and also in an adjuvant setting [3]. Although estro-
gen ablation is another effective strategy for ER-positive breast
cancer, the acquisition of estrogen-deprivation resistance is one
of the crucial steps in the progression to hormonal therapy resis-
tance and more aggressive tumors in ERa-expressing breast cancer.
The mechanisms for the estrogen-deprivation resistance of ERa-
expressing breast cancer cells have also been explored by several
laboratories [4-6] using whole cells cultured for a long-term period
in estrogen-deprivation medium. These reports suggested that
resistant cells acquired estrogen hypersensitivity by crosstalk with
the MAP-kinase or PI3K-Akt pathway and the involvement of
membrane-associated ER [7]. However, the precise mechanisms
are not fully understood, and several questions remain unanswered
in terms of whether any other mechanisms are associated with
this resistance. To address these issues, we here established several
MCF-7 cell sub-lines by isolating single colonies under long-term
estrogen-deprivation conditions. MCF-7 cells stably transfected
with the ERE-GFP reporter gene were used as parental cells for
this cell cloning. These cells expressed GFP on ER activation, and
ER activity was assessed in living cells by fluorescence [8,9]. Using
this system, we eventually established the two types of clones as
long-term estrogen depletion resistant (EDR) cell lines and char-
acterized them. Our study indicated that more than two clearly
distinct mechanisms exist in estrogen-deprivation resistance.

2. Materials and methods
2.1. Reagents

Estradiol (E2) and 4-hydroxytamoxifen were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Fulvestrant (Ful) and
toremifene (TOR) were kindly provided by AstraZeneca Pharma-
ceuticals (London, UK) and Nippon Kayaku Co. Ltd. (Tokyo, Japan),
respectively. The sources of antibodies for Western blotting were
as follows: total ERa (H-184) from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA), HER2 from DakoCytomation (Glostrup,
Denmark), EGFR, phospho-ERa (Ser167), phospho-ER«a (Ser118),
total and phospho-p44/42 MAPK (Erk1/2), total and phospho-Akt
(Thr308), total and phospho-]NK, 3-tubulin, and the PI3K inhibitor,
LY294002 from Cell Signaling Technology Inc. (Danvers, MA, USA).
Secondary antibodies conjugated with alkaline phosphatase were
purchased from Bio-Rad Laboratories Inc. (Hercules, CA, USA).
The JNK inhibitor, SP600125, IGF-1R inhibitor, AG1024, and EGFR
inhibitor, AG1478, were purchased from Cayman Chemical Com-
pany (Ann Arbor, MI, USA) or EMD Biosciences, Inc. (La Jolla, CA,
USA).

2.2. Cells and cell culture

MCF-7-E10 cells were established from human breast cancer
MCF-7 cells, into which the ERE-GFP reporter gene had been stably
introduced. These cells expressed GFP in the presence of estro-
gen under fluorescence. MCF-7-E10 cells were routinely cultured
in RPMI1640 medium (Sigma-Aldrich) containing 10% fetal calf
serum (FCS; Tissue Culture Biologicals, Turale, CA, USA) and 1%
penicillin/streptomycin (Sigma-Aldrich).

MCF-7-E10 cells were cultured in estrogen-deprived medium
for 3 months. Among the surviving cells, ERE-GFP-expressing
colonies and ERE-GFP-negative colonies were picked up separately
and established as long-term estrogen-deprivation-resistant (EDR)
cell lines. EDR cells were maintained in phenol red-free RPMI1640
medium (GIBCO BRL, Grand Island, NY, USA) supplemented
with 10% dextran-coated charcoal-treated FCS (DCC-FCS) and 1%

penicillin/streptomycin. All cells were incubated at 37°C in a
humidified atmosphere of 5% CO; in air. The characteristics of these
cells did not change with the number of passages and cells that had
gone through as low a number of passages as possible were used
in the experiments of this study.

2.3. ERE-GFP assay

We assessed ERE activation by estimating GFP expression levels
as reported previously [8-10]. Briefly, the number of cells express-
ing GFP was counted under fluorescence microscopy after the cells
had been harvested by treatment with trypsin. Cells expressing
strong levels of GFP were counted. ERE activity were expressed as
the percentage of cells expressing GFP.

2.4. Cell growth assay

MCF-7-E10 cells (which had previously been stripped of steroids
for 3 days by DCC-FCS-containing medium) and EDR cells were
seeded ata density of 5 x 103 cells per well in a 24-well culture plate
treated with the indicated concentrations of E2 for 4 days. Cells
were counted using a CDA-500 Sysmex automated cell counter
(Sysmex Corp., Kobe, Japan). Data are indicated as values relative
to the cell numbers of the vehicle-treated control.

2.5. Real-time PCR

Total RNA was extracted from whole cells using Isogen (Nip-
pon Gene Co., Ltd., Toyama, Japan) according to the manufacturer’s
instructions. Extracted RNA (1 j.g) was converted to first-strand
cDNA primed with a random hexamer in a 10 .l reaction volume
using an RNA PCR kit (Takara Bio Inc., Otsu, Japan) and a 2 .l aliquot
was used as a template for real-time PCR. All RNA quantification
was carried out according to the standard protocol on an Applied
Biosystems Step One real-time PCR system (Applied Biosystems
Inc., Foster City, CA, USA). Target gene expression was normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All PCRs were
performed at least twice and the results shown were from samples
analyzed in triplicate in one experiment. These results confirmed
the reproducibility of the data obtained. The sequences of the
primer sets were as follows: EGR3-forward, 5'-GAG CAG TTT GCT
AAA CCA AC-3'; reverse, 5'-AGA CCG ATG TCC ATT ACATT-3'; pS2-
forward, 5’-TCC CCT GGT GCT TCT ATC CTA A-3’; reverse, 5'-ACT
AAT CAC CGT GCT GGG GA-3'; PgR-forward, 5'-AGC TCA CAG CGT
TTC TAT CA-3'; reverse, 5'-CGG GAC TGG ATA AAT GTA TTC-3’; Bcl-
2-forward, 5'-GTG GAT GAC TGA GTA CCT GAA C-3’; reverse, 5'-GCC
AGG AGA AAT CAA ACA-3'; CyclinD1-forward, 5'-GGA GCC CGT GAA
AAA GAG-3'; reverse, 5'-CAG GTT CCA CTT GAG CTT GT-3’; GAPDH-
forward, 5'-~ACATCG CTC AGA CAC CAT GG-3'; reverse, 5'-GTA GTT
GAG GTC AAT GAA GGG-3'.

2.6. Western blot analysis

Cell lysates were prepared using Lysis-M Reagent (Roche
Diagnostics GmbH, Mannheim, Germany) supplemented with
phosphatase inhibitor cocktails, Phos STOP (Roche Diagnostics),
according to the manufacturer’s instructions. Total proteins were
run on SDS-PAGE using 10% acrylamide gels (SuperSep™ ace;
Wako Pure Chemical Industries, Ltd., Osaka, Japan) and proteins
were transferred to PVDF, Amersham Hybond™-P (GE Health-
care UK, Ltd., UK). The expression of proteins was determined by
Western blotting with specific antibodies listed in Reagents, and
expression signals using Immun-star AP substrate (Bio-Rad) were
obtained by enhanced chemiluminescence. Densitometry was per-
formed on three blots (two blots only in Fig. 4A) and these results
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Fig. 1. Establishment of E10-EDR (estrogen-deprivation-resistant) cells. (A) MCF-7-E10 cells were cultured in RPMI1640 with 10% DCC-FCS for at least 3 months. Among the
surviving cells, GFP-positive and GFP-negative colonies were isolated and established as long-term estrogen-deprivation-resistant (EDR) cell lines. (B) E10 and the isolated
clones were treated with or without a pure antiestrogen (1 wM fulvestrant) in estrogen-deprived medium (E2—) and screened by counting the number of GFP-expressing
cells. For comparison, E10 was performed with the same treatment in estrogen condition medium (E2+). As representative clones, three clones (A1, A2, C5) with high
GFP expression and another three clones (A4, C7, K2) that did not show GFP expression were used for the following experiments. All data shown are means+ SD of these
independent experiments. (C) Pictures of EDR cells under fluorescence microscopy. Examples of GFP-positive cells, A1 and treated with fulvestrant (1 wM) and GFP-negative
cells A4 in the absence of estrogen. (D) EDR cells exhibited estrogen-independent growth. After 3 days of culture in RPMI1640 with 10% DCC-FCS, MCF-E10 and EDR cells
were plated at 5 x 10% cells/well into 24-well plates and cultured in estrogen-deprived medium including a series of estrogen concentrations for 4 days. The number of cells
was counted using a Coulter Counter. Data are indicated as values relative to the cell numbers with vehicle because the condition in which each cell can exhibit stationary
proliferation is better as the control. All data are shown as means + SD of three independent experiments.
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Fig. 2. Characterization of EDR cells. (A) Western blot analysis using whole-cell lysates from MCF-7-E10 and EDR cells was performed using antibodies against ERa, HER2,
EGFR, and B-tubulin as described in Section 2. (B) Densitometry results on ERa blots. Densitometry was performed on three blots and the results were indicated as values
relative to the intensity with E10 (E2-). Statistical analysis of the indicated averages was performed using the Student’s t-test, p<0.01 and p < 0.05. (C) Effect of antiestrogens
on EDR cells. EDR cells (plated 1 x 10* cells/well into 24-well plate) were cultured in RPMI1640 with 10% DCC-FCS. The cells were incubated with the antiestrogen drugs,
1 wM fulvestrant (Ful), 1 uM 4-hydroxytamoxifen (4-OHT), and 3 M toremifene (Tor) with ethanol (EtOH) as a control. The concentrations of antiestrogens were based on
the concentration in the blood or tissue using a clinical dose. The number of cells was estimated after 4 days as described in Section 2. Data are indicated as values relative
to the cell numbers with vehicle. All data are shown as means =+ SD of three independent experiments.

are shownin figures, whichindicated values as relative to the inten-
sity obtained with E10 (E2—) or the controls as one.

2.7. AP-1 luciferase assay

AP-1 activity in MCF-7-E10 cells and EDR-E10 cells was mea-
sured using plasmids containing the AP-1 responsive element

(TAAAAAAGCATGAGTCAGACACCTGAGCT) upstream of the colla-
genase gene in the pGL-2-promoter vector (Promega, Madison, W1,
USA) and Dual-Luciferase Reporter System (Promega, Madison, WI,
USA). MCF-7-E10 cells and EDR cells were seeded at a density of
5 x 10% cells per 6-cm dish in estrogen-deprived medium and cul-
tured for 24 h. The AP-1-Luci plasmid (0.5 pg) and pRL-Luci plasmid
(0.05 p.g) were mixed with 5 pl of TransIT LT-1 reagent (Takara Bio
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Fig. 3. The expression of ER-target genes. pS2, EGR3, cyclinD1, progesterone receptor (PgR), and Bcl-2 were measured by real-time PCR normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) in MCF-7-E10 and EDR cells. Total RNA extracted from MCF-7-E10 was cultured in normal RPMI1640 with 10% FCS (normal) or RPMI1640
with 10% DCC-FCS (E2—), and EDR cells was cultured in RPMI1640 with 10% DCC-FCS (E2-). Statistical analysis of the indicated averages was performed using the Student’s
t-test where p <0.05 (#) or p<0.01 (*) indicated a significant difference from E10 (E2-).

Inc.) in 300 pl of serum-free medium and subjected to transfection
for 24 h. Luciferase activity was measured according to the man-
ufacturer’s instructions using the Dual-Luciferase Reporter Assay
System (Promega).

2.8. GAL-4 reporter assay

The transcriptional activity of the A/B and E domains in ER
was analyzed by luciferase assays using pCMX-GAL4-N-ER.A/B

and pCMX-GAL4-N-ER.E expression plasmids, which contained
a sequence encoding either the ER.A/B or ER.E region of ERa
fused to the GAL4 DNA binding domain [11]. MCF-7-E10 cells
and EDR cells were seeded at a density of 5x 10* cells per 6-
cm dish in estrogen-deprived medium and cultured for 24 h. After
co-transfection with 0.05 g of pPCMX-GAL4-N-ER.A/B, 0.5 jLg of tk-
GALpx3-Luc, or 0.05 pg of the pRL-TK-Luc control plasmid with
5wl of TransIT LT-1 reagent in DCC-FCS medium for 1 h, cells were
treated with LY294002 (5 M) and cultured for 24 h. Luciferase
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Fig.4. The mechanisms of constitutive ER activation in GFP-positive EDR cells. (A) Western blot analysis using whole-cell lysates from MCF-7-E10 cells, which were cultured
with RPMI11640 with 10% FCS (normal; n) or RPM11640 with 10% DCC-FCS (E2—), as well as EDR cells, was performed using antibodies against total Erk1/2, p-Erk1/2, total Akt,
p-Akt (Thr308), p-ERa (Ser167), p-ERa (Ser118), and B-tubulin as described in Section 2. (B) Densitometry results on p-Akt (Thr308) and p-ERa (Ser167) blots. Densitometry
was performed on blots and the results were indicated as average values relative to the intensity with E10 (E2—). (C) The growth of GFP-positive cells was inhibited by
the PI3K inhibitor. MCF-7-E10 cells were plated at 1.0 x 10* cells/well into a 24-well plate and were cultured in RPMI1640 with 10% FCS (normal). EDR cells (A1, A2, C5)
were also plated at 1.0 x 10* cells/well into a 24-well plate and were cultured in RPMI1640 with 10% DCC-FCS. We set each medium so that E10 and EDR cells could proliferate
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activity was measured twice and normalized with pRL-TK-Luc
activity.

2.9. Mass spectrometry-based phosphoproteome analysis and
KeyMolnet analysis

MCF-7-E10 cells and EDR cells (A1) were cultured in RPMI1640
with 10% FCS or phenol red-free RPMI1640 with 10% DCC-FCS,
respectively, and cell lysates were harvested. Sample preparation
for mass spectrometric analyses (i.e., cell lysate, protein extraction,
protein digestion, phosphopeptide enrichment) was performed as
described elsewhere [12]. Purified samples were then analyzed
using an LTQ-Orbitrap mass spectrometer (Thermo Fisher Scien-
tific, Waltham, MA, USA) [ 13]. Peptides and proteins were identified
by means of an automated database search using Mascot version
2.2 (Matrix Science, London, UK) against UniProt/SwissProt release
56.0 with a precursor mass tolerance of 3 ppm, fragment ion mass
tolerance of 0.8 Da, and strict trypsin specificity allowing for up to
two missed cleavages. Cysteine carbamidomethylation was set as
a fixed modification, and methionine oxidation and the phospho-
rylation of serine, threonine, and tyrosine were allowed as variable
modifications. Peptides were considered to be identical if the Mas-
cot score was over the 95% confidence limit based on the “identity”
score of each peptide, and at least three successive y or b ions with
two and more y, b, and/or precursor origin neutral loss ions were
observed. Phosphorylated sites were unambiguously determined
when y or b ions, between which the phosphorylated residue was
located, were observed in the peak lists of the fragment ions. Phos-
phorylated peptides were measured and identified by LC-MS/MS.
We extracted phosphorylated peptides that exceeded 10,000 in the
peak area value of A1 (ERE-GFP-positive cell) and picked up those
that were 5-fold over the A1/MCF-7-E10 cell value (Supplemen-
tal Table 1). Phosphoproteomic data were analyzed by KeyMolnet
software, which is a new approach to mechanistic analysis and
was developed by the Institute of Medicinal Molecular Design, Inc.
(IMMD) [14]. Known molecular data and our phosphoproteomic
data were combined with this software and shown as a molec-
ular network. We performed a “start point to end point search”
by selecting phosphorylated peptides identified by proteomics as
starting points and estrogen receptor alpha as an end point.

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.jsbmb.
2013.08.012.

2.10. Statistical analyses
The Student’s t-test was used to assess the significance of dif-

ferences between two groups performed in triplicate. Data were
expressed as means + SD. p <0.05 was considered significant.

3. Results

3.1. Establishment of estrogen-deprivation-resistant
ERE-GFP-positive and negative MCF-7 cell lines

MCF7-E10 cells that had been stably transfected with the ERE-
GFP reporter plasmid [8] were used as the parental cells to isolate

estrogen-deprivation-resistant MCF-7 cells. They were cultured
in DCC-treated FCS medium for at least 3 months. Among the
surviving cells, ERE-GFP-expressing colonies and ERE-GFP-non-
expressing colonies in the estrogen-deprivation (ED) medium were
separately picked up (37 colonies) under a fluorescent microscope
(Fig. 1A), and several cell lines (10 clones) were established by
subsequent culture and passage in ED medium. The ERE-GFP activ-
ities of these established cell lines were analyzed according to the
previously described method [8-10]. Fig. 1B shows representative
examples of the activity of each of these EDR ERE-GFP-positive and
ERE-GFP-negative MCF7-E10 cells. Three clones (A1, A2, C5) that
had higher activity than the others and another three clones (A4, C7,
K2) that showed almost no ERE-GFP activity were selected and used
for the following experiments. ERE-GFP activity was strongly inhib-
ited by the addition of the pure antiestrogen fulvestrant, which
indicated the involvement of ERa in the activity of these ERE-
GFP-expressing cells (Fig. 1B and C). In addition, the conventional
ERE-luciferase assay of these EDR-MCF-7 cells also showed high ER
activity in GFP-positive cells, but low activity in GFP-negative cells
(Supplemental Data 1). The estrogen dependence of cell growth
in these EDR-MCF7-E10 cells was then analyzed. Both ERE-GFP-
positive and -negative EDR cells showed much lower sensitivity to
estrogen than parental cells (Fig. 1D).

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.jsbmb.
2013.08.012.

3.2. Overexpression of ERa in GFP-positive EDR-MCF7-E10 cells

ERa protein expression in these cell lines revealed the signif-
icant induction of ERa expression in all three ERE-GFP-positive
cell lines (Fig. 2A and B). Previous reports showed the induc-
tion of human epidermal growth factor receptor type 2 (Her2)
and epidermal growth factor receptor (EGFR) expression in
estrogen-deprivation-resistant cells [ 15,16]. However, none of our
EDR-MCF-7-E10 cell lines showed the significant up-regulation of
Her2 or EGFR expression (Fig. 2A).

3.3. Effect of antiestrogens on EDR cells

The effect of antiestrogens on the cell growth of these EDR cells
was evaluated as shown in Fig. 2C. The growth of A1, A2, and C5
was inhibited by all antiestrogens, while that of A4, C7 and K2 was
not inhibited by 4-OHT. A4 and K2 cell growth was inhibited by
fulvestrant, which suggested that it had a stronger effect on the
proliferation of these cells than that of tamoxifen. Interestingly,
the growth of all ERE-GFP negative cells was significantly dimin-
ished by toremifene. These results indicate that ERE-GFP-positive
EDR cells were responsive to antiestrogens for hormonal therapy. In
contrast, the effect of these drugs was weaker in ERE-GFP-negative
ones than in ERE-GFP-positive EDR cells.

3.4. Expression of endogenous ER-target genes in EDR cells

The expression of the endogenous ERa target genes, pS2, PgR,
EGR3 [17], Bcl-2 and CyclinD1 was analyzed by real-time RT-PCR
in these cell lines. As shown in Fig. 3, ERE-GFP-positive cells

regularly because E10 was difficult to grow in estrogen-deprived medium. Cells were treated with the PI3K inhibitor, LY294002 (DMSO, 1 uM, 5 uM, 10 M), for 4 days.
The number of cells was counted using a Coulter Counter. All data shown as a percentage of the control are means + SD of triplicate determinations of three independent
experiments. (D) The ER activity of GFP-positive cells was inhibited by the PI3K inhibitor. Cells were cultured as mentioned above for (C), and treated with LY294002 (5 uM)
for 4 days. The number of cells expressing GFP was counted under fluorescence microscopy. Data are shown as a percentage of GFP-positive cells among 100 counted cells. (E)
ER.A/B-dependent transcriptional activities treated with LY294002 in MCF-7-E10 cells and GFP-positive EDR cells. MCF-7-E10 cells and EDR cells were seeded at a density of
5 x 10% cells per 6-cm dish in estrogen-deprived medium and cultured for 24 h. After the co-transfection of the pCMX-GAL4-N-ER.A/B, tk-GALpx3-Luc, or pRL-TK-Luc control
plasmid in DCC-FCS medium for 1 h, cells were treated with LY294002 (5 M) and cultured for 24 h. Cell lysates were assayed for luciferase activity. Statistical analysis of the
indicated averages was performed using the Student’s t-test where p<0.05 (B and D), p<0.01 (C).



