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Abstract Enolase-o (ENO-1) is a key glycolytic enzyme
that has been used as a diagnostic marker to identify human
lung cancers. To investigate the role of ENO-1 in breast
cancer diagnosis and therapy, the mRNA levels of ENO-1
in 244 tumor and normal paired tissue samples and 20 laser
capture-microdissected cell clusters were examined by
quantitative real-time PCR analysis. Increased ENO-I
mRNA expression was preferentially detected in estrogen
receptor-positive (ER+) tumors (tumor/normal ratio >90-
fold) when compared to ER-negative (tumor/normal ratio
>20-fold) tumor tissues. The data presented here demon-
strate that those patients whose tumors highly expressed
ENO-1 had a poor prognosis with greater tumor size
(>2 cm, *P = .017), poor nodal status (N > 3, *P = .018),
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and a shorter disease-free interval (<1 year, *P < .009).
We also found that higher-expressing ENO-1 tumors confer
longer distance relapse (tumor/normal ratio = 82.8-92.4-
fold) when compared to locoregional relapse (tumor/
normal ratio = 43.4-fold) in postsurgical 4-hydroxy-
tamoxifen (4-OHT)-treated ER-+ patients (*P = .014).
These data imply that changes in tumor ENO-I levels are
related to clinical 4-OHT therapeutic outcome. In vitro
studies demonstrated that decreasing ENO-1 expression
using small interfering RNA (siRNA) significantly aug-
mented 4-OHT (100 nM)-induced cytotoxicity in tamoxi-
fen-resistant (Tam-R) breast cancer cells. These results
suggest that downregulation of ENO-1 could be utilized as
a novel pharmacological approach for overcoming 4-OHT
resistance in breast cancer therapy.
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Abbreviations

ChIP Chromatin immunoprecipitation

DMEM  Dulbecco’s modified Eagle’s medium

DMSO  Dimethylsulfoxide

E Estrogens

DOX Doxorubicin

ENO-1 Enolase o

ENO-2  Enolase f§

ENO-3 Enolase y

ER Estrogen receptor

FACS Fluorescence-activated cell sorter

FAS Fetal calf serum

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase

GF Griseofulvin

GUS p-Glucuronidase

IHC Immunohistochemistry

LCM Laser capture microdissection

MBP-1 c-Myc promoter-binding protein

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium

NFxB Nuclear factor kappa B

4-OHT  4-Hydroxytamoxifen

PBS Phosphate-buffered saline

PDTC Pyrrolidine dithiocarbamate

PR Progesterone receptor

PTX Paclitaxel

RT-PCR Reverse transcriptase polymerase chain reaction

siRNA Small interfering RNA

TBP TATA-box-binding protein

Introduction

Breast cancer is the second leading cause of cancer deaths
among women in the United States. In 2005, approximately
215,000 cases of invasive breast cancer (IBC) and 50,000
cases of ductal carcinoma in situ were diagnosed, and
40,000 women died of IBC [1]. The antiestrogen tamoxifen
and its active metabolite 4-hydroxytamoxifen (4-OHT) are
selective estrogen receptor (ER) modulators that can be
used as first-line treatments for ER-positive metastatic
breast cancer [2]. However, approximately 40% of patients
with ER-positive breast cancer do not respond to tamoxifen
treatment [3]. In addition, tamoxifen is usually only
effective for a short duration, and most tumors eventually
acquire resistance to tamoxifen in 2 to 5 years [4]. Many
studies have provided evidence for several different
mechanisms that could be involved in the development of
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tamoxifen resistance in breast cancer, including HER2
overexpression [5], altered expression of its co-regulators
[5-7], and increased growth factor signaling [6]. However,
the precise mechanism of tamoxifen action, especially, in
estrogen-dependent cells remains unclear. Therefore, it is
important to establish effective techniques for enhancing
the efficacy of tamoxifen in the treatment of breast cancer.

Previous studies have demonstrated that human neuro-
endocrine neuron-specific enolase (ENO) can be used as a
marker for in vitro screening of novel anticancer agents
[8-11]. ENOs are highly conserved cytoplasmic glycolytic
enzymes that catalyze the formation of phosphoenolpyr-
uvate from 2-phosphoglycerate, which generates ATP dur-
ing glycolysis [8]. Three isoforms of ENO have been
identified: ENO-o (ENO-1), ENO-f (ENO-2), and ENO-y
(ENO-3). ENO-1 expression has been detected in nearly all
adult human tissues. However, ENO-2 is expressed pre-
dominantly in the muscle, and ENO-3 is only expressed in
nerve tissues [8]. These three isoforms may exist either as
homo- or as heterodimers [12]. ENO-1 is a key glycolytic
enzyme that plays a functional role in several physiological
processes depending on its cellular localization; it mainly
localizes to the cytoplasm, while an alternatively translated
form is predominantly localizes to the nuclear region. The
nuclear form has been characterized as a c-Myc promoter-
binding protein (MBP-1), and it negatively controls tran-
scription [13]. Exogenous expression of MBP-1 inhibits
c-Myc transcription [14], while another study demonstrated
that both ENO-1 and MBP-1 can bind to the P2 element in the
c-Myc promoter and compete with the TATA-box-binding
protein (TBP) to suppress transcription of c-Myc [15].

In the present study, ENO-I mRNA levels were dramat-
ically increased in surgically dissected (>48-fold, n = 224)
and laser capture-microdissected (>80-fold, n = 20) cell
clusters isolated from breast tumor tissues compared to
normal cells. In addition, we also demonstrated that nuclear
factor kappa B (NFkB) is involved in the transcriptional
activation of ENO-1. Inhibition of ENO-I mRNA expres-
sion via siRNA knockdown or with the NFxB pathway
inhibitor pyrrolidine dithiocarbamate (PDTC) significantly
sensitized tamoxifen-induced cytotoxicity in tamoxifen-
resistant (Tam-R) cells. Our results suggest manipulation of
ENO-1 as a novel approach for overcoming tamoxifen
resistance in breast cancer.

Materials and methods
Cell culture and patient samples
Human breast tumor samples (n = 244) were obtained as

anonymous specimens from the Taipei Medical University
Hospital and from Cathay General Hospital, Taipei,
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following a protocol approved by the Institutional Review
Board (P950012). ENO-1 immunohistochemical (IHC)
analysis was performed using frozen sections from human
primary breast tumors. Human mammary gland adenocar-
cinomas of different ER status (ER—+ cells: MCF-7, BT-483;
ER— cells: MDA-MB-231, MDA-MB-453, AU-565 cells)
and ER— normal human mammary epithelial cell lines
(MCF-10A and HBL-100) were purchased from the Amer-
ican Type Culture Collection (Middlesex TW110LY, UK).
The cells were grown in the recommended medium (Me-
diatech, Carlsbad, CA, USA) containing 10% fetal calf
serum (FCS; Invitrogen, Carlsbad, CA, USA) and penicillin—
streptomycin antibiotics (Mediatech). Tam-R cells derived
from MCF-7 cells that were continuously cultured in med-
ium containing 10~7 mol/l 4-hydroxytamoxifen (4-OHT,
Sigma—Aldrich, Dorset, UK) [16]. The medium for matched
control cells contained 0.1% ethanol. Cell proliferation and
viability were determined by the 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium (MTT) assay. An aqueous stock
solution of 10 mM doxorubicin (DOX, Chemsyn, Lenexa,
KS, USA) and paclitaxel (PTX, Sigma—Aldrich) was pre-
pared in dimethyl sulfoxide (DMSO).

RNA isolation, reverse transcriptase polymerase chain
reaction (RT-PCR), and quantitative PCR analysis

Total RNA was isolated from human cell lines and breast
tumor tissue samples using TRIzol reagent (Invitrogen).
cDNA was amplified from 1 pg of total RNA by SuperScript
one-step RT-PCR using the platinum Taq system (Life
Technologies, Inc.). The specific primers were synthesized
as follows: ENO-1-sense: 5'-CGTACCGCTTCCTTAGA
AC-3’; ENO-1-antisense: 5-GATGACACGAGGCTCAC
A-3'; p-glucuronidase (GUS)-sense: 5'-AAACAGCCCG
TTTACTTGAG-3'; and GUS-antisense: 5'-AGTGTTCCC
TGCTAGAATAGATG-3'. A LightCycler thermocycler
(Roche Molecular Biochemicals, Mannheim, Germany) was
used for real-time PCR. Because real-time RT-PCR is a
powerful tool for gene expression analysis, our data were
analyzed using GUS that was reported as an ideal control
gene with the lowest variability [17] as a control to nor-
malize the expression of the ENO-1 gene. The ENO-I
mRNA fluorescence intensity was measured using built-in
Roche LightCycler Software Version 4.

Protein extraction, western blotting, and antibodies

Proteins (50 pg) isolated from breast cancer cells were
resolved by 12% SDS—polyacrylamide gel electrophoresis,
transferred, and analyzed by western blotting. The following
monoclonal antibodies were obtained from various sources
as indicated: antiglyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and antiENO-1 antibodies (Abcam Inc.,

Cambridge, MA, USA); antiNFxB (p65), antiER«, and an-
tiER« (p118) antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA); and anticMyc antibody (Dako Corporation,
Denmark). Alkaline phosphatase-coupled antimouse and
antirabbit secondary antibodies were purchased from Santa
Cruz Biotechnology.

Preparation of nuclear and cytoplasmic fractions

The NFkB-specific inhibitor PTDC (Sigma Chemical Co.,
St. Louis, MO) [17] was added 2 h before 4-OHT treat-
ment. After 24 h of drug treatment, the nuclear and cyto-
plasmic fractions from control (ethanol-treated) and
4-OHT-treated Tam-R cells were prepared as described
previously [18]. The blot was then stripped and reprobed
with f-actin or PCNA antibody to ensure equal protein
loading and to rule out cross-contamination of cytoplasmic
and nuclear fractions (data not shown).

Laser capture microdissection (LCM)

LCM and sample preparation were carried out as described
previously [18, 19]. Sections stained using hematoxylin and
eosin were subjected to LCM using a PixCell Ile system
(Arcturus Engineering, Mountain View, CA). The param-
eters used for LCM included a laser diameter of 7.5 pm and
a laser power of 48—-65 mW. For each specimen, 15,000
laser pulse discharges were used to capture 10,000 mor-
phologically normal epithelial cells or malignant cells. The
population of cells was visualized under a microscope to
ensure that the captured cells were homogeneous. From this
group, 20 tumor tissue samples were obtained. In all cases,
we were able to obtain individual-matched normal cells.
After the cells were captured, total RNA was isolated
according to the manufacturer’s protocol.

Chromatin immunoprecipitation analysis (ChIP)

ChIP assays from cultured cells were performed as
described previously [20]. The NFxB and ERo antibodies
were used for the immunoprecipitation reactions. Primers
specific for the detection of transcription factor-binding
regions from —694 to —242 of the ENO-I gene were
designed. The sense primer was 5'-AAGAATTATGTC-
CAAACTTCATTCACTA-3/, and the antisense primer was
5'-AGTATTCCATTACTGGAACGCT-3'.

ENO-1 gene promoter plasmid construction
The ENO-1 gene promoter region (—1,036 and —1) plas-
mid was synthesized with PCR primers and linked to a

basic luciferase reporter gene in the pGL3 vector (Pro-
mega, Madison, WI, USA) with Kpn I and Xho I restriction
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sites. This plasmid was designated as PGL3(ENO-1). The
pRL-TK vector encodes the Renilla luciferase gene, which
was used as an internal control to normalize for pGL3
firefly luciferase expression.

Cell culture and dual luciferase reporter assays

MCE-7 (1.5 x 10°) cells were washed twice with PBS and
mixed with 2 pg of pGL3(ENO-1) and 500 ng of pRL-TK
plasmid. Two pulses of 30 ms duration were applied under
a fixed voltage of 900 V on a pipette-type microporator,
MP-100 (Digital Bio, Seoul, Korea). After 24 h, the cells
were transfected in a 6-well plate (5 x 10°/well), and then
treated with 4-OHT (10-50 nM). After 24 h of drug
treatment, the cells were lysed in passive lysis buffer
(Promega). Cell lysates were then added to the luciferase
substrate (Dual-Glo luciferase reporter system, Promega),
and at the same time, firefly and Renilla luciferase activi-
ties were measured with a 96-well luminometer (Hidex
Chameleon, Finland).

RNA interference

ENO-1 expression was ablated in MCF-7 breast cancer
cells using at least two independent small interfering RNAs
(siRNAs). siRNAs were chemically synthesized and
inserted into a retroviral vector purchased from GenDis-
covery Biotechnology, Inc (catalog number: RMM1766-
96879192, Taipei, Taiwan). The antisense strand of the
siRNA was targeted against ENO-/ using a 21-nucleotide
sequence indicated as Si-1: 5-GCTGTTGAGCACATCA
ATAAA-3" and Si-2: 5- CAGAAACCTTCAAGAGA
GGTT-3'. siENO-1 and scrambled sequence (scENO-I)
vector constructs were confirmed by DNA sequencing, and
BLAST analysis was performed to verify that there was no
significant sequence homology with other human genes.

Generation of stable ENO-1-knockdown cell lines

The pSUPER-Si-ENO-1 and the pSUPER-scramble (Sc)
vectors were transfected into MCF-7 and Tam-R cells,
and stable integrants were selected 72 h later with G418
(4 mg/ml). After 30 days in selective medium, two G418-
resistant clones, designated as pSUPER-Si-ENO-1 (Si-1 and
Si-2), were isolated. These clones demonstrated a > 80%
reduction in ENO-1 mRNA and protein levels when com-
pared with the pSUPER-scramble control clones (Sc).

Statistical methods
All data are expressed as means with 95% confidence

intervals (CIs) of at least three determinations, unless stated
otherwise. A paired t-test was used to compare ENO-1
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mRNA expression in normal vs. tumor paired tissues from
breast cancer patients, 4-OHT-induced ENO-1 promoter
activities in MCF-7 cells, and 4-OHT-induced cytotoxic
effects in Tam-R cells. The ENO-1 mRNA expression fold
ratios detected in tumor and normal paired samples from
surgical or LCM-dissected cells with different clinical
staging criteria were compared using the Kruskal-Wallis
(nonparametric) test, and each pairwise comparison was
made with the Scheffe test. Significant differences in ENO-
1-knockdown-affected tumor cell proliferation were
observed. The expression of ENO-I mRNA with clinical
factor (ER, PR, HER) parameters was analyzed by the
Kruskal-Wallis (nonparametric) test, and each pairwise
comparison was made with the Mann—Whitney test. All
statistical comparisons were performed using SigmaPlot
graphing software (San Jose, CA), and the Statistical
Package for the Social Sciences v.11.0.0 (SPSS, Chicago,
IL). A P-value of < 0.05 was considered to be statistically
significant, and all statistical tests were two-sided.

Results

Increased mRNA expression of ENO-1 in human
breast tumor tissues

ENO-1 is a key glycolytic enzyme and has been used as a
diagnostic marker to identify human lung cancers [21-23].
To investigate the role of ENO-1 in breast cancer carcino-
genesis, the mRNA levels of ENO-1 in 244 breast tumor and
normal paired tissue samples were examined by quantita-
tive PCR (Fig. 1a—d) and RT-PCR (Supplementary Fig. S1)
analyses. The ENO-1 PCR amplification curves in tumor
tissues (Fig. la, red lines) were significantly “left-shifted”
compared to the profiles of normal tissues (Fig. 1a, green
lines). Real-time PCR results were calculated, and tissues
were divided into two groups according to their level of
ENO-1 mRNA expression. More than two-thirds (n = 165)
of the tissues fell into group 1 (tumor > normal), for which
the average ENO-1 expression level in tumor cells
was >48-fold higher than that of normal cells (Fig. 1b,
*P < 0.001). In contrast, the expression level of ENO-1 in
most normal tissues (55/79) in group 2 (normal > tumor)
was less profound than in tumor tissues (Fig. 1b, bars 3 vs.
4, #P = <0.05; Fig. lc, bars 5-7). ENO-1 expression in
human breast tumors was not correlated with their diag-
nostic stage (Fig. 1d). A significant increase in ENO-1
protein expression was detected by IHC staining of tumor
tissues that were diagnosed as invasive ductal and lobular
carcinomas (IDC) (Fig. le, upper panel, red square frame,
indicated by yellow arrows). In contrast, normal tissues did
not express significant levels of ENO-1 (Fig. le, upper
panel, green square frame, indicated by the green arrows).
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Fig. 1 ENO-1 overexpression in human breast tumor tissues. a Real-
time PCR amplification curves showing ENO-1 mRNA expression
profiles in human breast tumor (red lines) and normal (green lines)
tissues (n = 244). b The average ENO-1 mRNA expression level in
paired human breast tissues was calculated by real-time PCR. T,
tumor; N, normal. Data are presented as the mean of the ENO-1
mRNA expression level, which is presented as copy number (x 10°
per pug RNA); error bars are 95% confidence intervals. * represents
normal vs. tumor tissue in group 1, P < 0.001; # represents normal vs.
tumor tissue in group 2, P < 0.05. Data were analyzed using paired #-
tests, and all P-values are two-sided. ¢ The ENO-1 mRNA levels
calculated in Fig. 1b were subdivided into four groups (< 2, 2-5, 6-9,
and >10-fold). The case numbers are presented. d ENO-1 mRNA
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levels in breast tumor and normal tissues were divided into four
subgroups according to their clinical staging criteria as suggested by
the American Journal of Critical Care (AJCC). Data were analyzed
using paired t-tests, and all P-values are two-sided. * represents
normal vs. tumor tissue in group 1, P < 0.001; data are presented as
the mean fold ratio for the comparison of paired tumor and normal
tissues; error bars are 95% confidence intervals. The comparisons
were carried out as follows: stage 0—1 vs. stage 2, P = 0.76; stage 0-1
vs. stage 3, P = 0.47; stage 0-1 vs. stage 4, P = 0.76. Data were
analyzed by an overall nonparametric test (Kruskal-Wallis test), and
multiple comparisons were assessed by the Scheffe test; all P-values
are two-sided. e Immunolocalization of ENO-1 protein expression in
human IDC breast tumor tissues
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The morphology of the tumor cells was confirmed by
hematoxylin and eosin staining and defined according to
clinical criteria (Fig. le, lower panels).

Increased mRNA expression of ENO-1 in ER+ tumor
tissues

To ascertain ENO-1 expression levels in human breast
tumor tissues and their implications for clinical diagnostic
purposes, patients were categorized according to their ER,
progesterone receptor (PR), and HER-specific staining
results. In groups 1 and 2, ENO-1 expression was prefer-
entially detected in ER+ patients compared to ER—
patients (Fig. 2a, **P < 0.01). In contrast, ENO-1
expression in PR+ vs. PR— tumor tissues was less pro-
found (Fig. 2a, *P < 0.05). We further determined whether
higher ENO-1 mRNA expression levels were correlated
with ER+ tumor tissues. Increased ENO-1 mRNA
expression was detected in ER+ (>90-fold) tumors when
compared to ER— (>20-fold) tumors (Fig. 2b, bars 1 vs. 2,
*#*P < 0.01). Thus, higher ENO-1 expression was closely
related to ER+ human breast tumor tissues. To confirm
these observations, LCM was performed, and tumor and
normal cell clusters were harvested separately from 20
different tumor samples (Fig. 2¢). Increased expression of
ENO-1 was detected in LCM-dissected ER+ tumor cells
(Fig. 2d, bar 2 vs. 4, *P < 0.01 and #P = 0.001).

To further evaluate whether the higher expression levels
of ENO-1 detected in ER+ tumors were related to clinical
therapeutic outcome, 51 cases of ER+ patients treated with
postsurgical 4-OHT chemotherapy were selected, and the
clinical status of each was determined. The data presented
here demonstrate that those patients whose tumors highly
expressed ENO-1 had a poor prognosis with greater tumor
size (>2 cm, *P = 0.017), poor nodal status (N > 3,
*P = 0.018), and a shorter disease-free interval (=1 year,
*P < 0.009) (Table 1). We also found that a higher
expression level of ENO-1 (7/N ratio = 82.8-92.4 fold)
conferred longer distance relapse when compared to loco-
regional relapse (7/N ratio = 43.4-fold) in 4-OHT-treated
ER-positive patients (*P = 0.014) (Table 1). Such results
imply that higher expression levels of ENO-1 in breast
tumor tissues are related to the clinical outcome of 4-OHT
therapeutic resistance.

ENO-1 expression was inducible in the 4-OHT-treated
MCEF-7 (ER %) cells

To further investigate the carcinogenic role of ENO-1
expression involved in the proliferation of human breast
cancer cells, the ENO-1 protein expression profile was
evaluated in human breast cancer (BT-483, MDA-MB-453,
MDA-MB-231, AU-565, and MCF-7) and normal mammary
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Fig. 2 ENO-1 gene expression is associated with ER-positivity in p
breast tumor tissues. a The case numbers for ENO-1 mRNA
expression detected in human breast tumor tissues were correlated
with staining for ER, PR, and HER. Data were analyzed using paired
t-tests; all P-values are two-sided. ** represents ER+ vs. ER— and
HER+ vs. HER— , P < 0.01; * represents PR+ vs. PR— , P < 0.05.
b ENO-1 mRNA expression levels detected by real-time PCR were
correlated with clinical diagnostic markers in these tumor tissues.
Data were analyzed using paired t-tests; all P-values are two-sided.
The data are presented as the mean fold ratios for the comparisons of
ER + vs. ER— , PR + vs. PR— , and HER = vs. HER— tissues;
error bars are 95% confidence intervals (*P < 0.05, **P < 0.01).
Comparisons were further performed in ER +/ER— vs. PR +/PR— ,
#P = 0.01; and ER +/ER— vs. HER +/HER— , #P = 0.02. Data
were analyzed using a nonparametric test (Kruskal-Wallis and Mann—
Whitney test); all P-values are two-sided. ¢ Hematoxylin and eosin-
stained tumor tissue sections from representative cases with normal
(upper) and tumor (lower) cells prior to microdissection (left panels).
The cells shown here were selectively captured and transferred to the
film on the LCM cap (right panels). Green arrowheads: laser imprint
showing captured normal cells; yellow arrowheads: tumor cells.
Magnification, 20x . d The ENO-1 mRNA expression level in the
LCM-captured cells was detected by real-time PCR analysis. The
ER+ group was significantly different from the ER— group. Data
were analyzed using paired r-tests; all P-values are two-sided.
(*P < 0.01). Data are presented as the mean fold ratios for the
comparison of paired normal vs. tumor tissues; error bars are 95%
confidence intervals. The comparison was carried out as follows:
ER+ group vs. ER— group, #P = 0.001. Data were analyzed by an
overall nonparametric test (Kruskal-Wallis test); all P-values are two-
sided

(MCF-10A and HBL-100) cells with varying ER status
(Fig. 3a). Surprisingly, the ENO-1 protein expression was
less profound in ER £+ (MCF-7 and BT-483) cells when
compared to ER— (MDA-MB-231) cells. These results were
inverse to the results obtained from tumor tissues as descri-
bed earlier (Fig. 2a and b). Therefore, we wondered whether
ENO-1 expression in the ER =+ cells could be induced in
response to chemotherapeutic agents. To test this hypothesis,
MCEF-7 (ER =) cells were treated with various concentra-
tions of anticancer agents (4-OHT, PTX and DOX). The
doses for 4-OHT, DOX, and PTX (IC50 = 10, 0.42, and
0.83 uM, respectively) used in MCF-7 cells were selected
according to previous studies [24-26]. In the present study,
we reduced the concentrations of these agents proportionally
by 1,000-fold, which caused noncytotoxic effects on MCF-7
cells. We also treated the MCF-7 cells with griseofulvin
(GF), an antifungal agent that acts on microtubules in a
similar mechanism to PTX [27]. The results demonstrate that
only 4-OHT-induced ENO-1 protein expression was detec-
ted in MCF-7 cells (Fig. 3b). To further investigate whether
ENO-1 induction by 4-OHT treatment was cell type-specific,
the MCF-7 (ER +) and MDA-MB-231 (ER—) cells were
treated with 4-OHT at varying doses. We found that ENO-1
protein expression was easily induced by 4-OHT (> 50 nM)
treatment in MCF-7 cells but not in MDA-MB-231 cells
(Fig. 3c).
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ENO-1 upregulation confers 4-OHT resistance
to human breast cancer cells

We next tested whether ENO-1 induction in MCF-7 cells
treated with lower concentrations (< 100 nM) of 4-OHT
conferred drug-induced resistance. In support of this

[
.i.
R-

hypothesis, long-term (> 12 month) treatment with 4-OHT
(100 nM) resulted in the selection of proliferating resistant
colonies, and a tamoxifen-resistant MCF-7 (designed as
Tam-R) cell line was generated [16]. The ENO-1 protein
level in MCF-7 and Tam-R cells exposed to 4-OHT
was determined by immunoblotting assays. The ENO-1
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Table 1 ENO-1 levels and correlation of clinical outcomes after first-line 4-OHT treatment of patients with estrogen receptor-positive primary

breast tumors

Characteristics (n) Tumor > normal Normal > tumor
(n) Fold Tumor vs. (n) Fold Normal vs.

normal (P) tumor (P)
Patients (total number) 244 165 444 £ 35 P < 0.001* 79 16.8 +£ 2.7 P < 0.01*
4-OHT therapy 51! 45 804 £ 1.5 P < 0.001* 6 19.3 + 3.8 P <0.01*
Age at start of therapy n (%) n (%)
<40 5(11.1) 51.8 £ 4.5 P < 0.001% 2 (33.3) 19.2 ND
41-55 14 (31.1) 714 + 6.1 P < 0.001% 3 (50) 18.2 ND
56-70° 24 (53.3) 934 +£9.2 P < 0.001* 1(16.6) 22.3 ND
>70 2 (4.4) 63.4 + 4.8 ND 0 0 ND
Disease-free interval (years) n (%) n (%)
<1’ 9 (20) 119.4 + 6.8 P <0.0015* 1 (7.6) 18.5 £ 2.1 ND
1-3 28 (62.2) 80.1 = 2.2 P < 0.001* 2 (33.3) 225+ 1.8 ND
>3 8 (17.7) 377+ 35 P <0.018* 3 (50) 172 £ 1.7 ND
Dominant site of relapse 17 n (%)
Locoregional4 3 (17.6) 434 +£ 56 P <0.013* ND
Bone 8 (47) 82.8 £ 2.8 P < 0.001* ND
Viscera 6 (35) 924 £ 5.1 P < 0.001% ND
Nodal status n (%) n (%)
NO 22 (48.8) 60.9 + 2.1 P < 0.001° 5(83.3) 21.1 £ 7.1 P < 0.001*
N 1-3 11 (24.4) 91.8 £ 3.8 P < 0.001° 1 (16.6) 10.1 ND
N> 3° 11 (24.4) 98.4 £+ 5.1 P < 0.001* ND ND
Unknown 1(22) 188 ND ND
Tumor size n (%) n (%)
<2 cm® 25 (55.5) 69.8 + 5.3 P < 0.001* 5 (83.3) 18.9 £ 4.1 ND
>2 cm 20 (44.4) 93.65 +£3.7 P <0.001* 1 (16.6) 213+ 1.3 ND
Tumor grade n (%) n (%)
Poor 14 (31.1) 789 + 7.2 P < 0.001% 2 (33.3) 17.2 £ 3.3 ND
Unknown 18 (40) 88.2 + 3.1 P <0.001° 4 (66.6) 2035 £33 ND
Good/moderate 13 (28.8) 712 £ 5.8 P <0.001° ND

ND not determined
1

3

4

Paired r-test
Mann—Whitney test

expression level was higher in Tam-R cells when compared
to MCF-7 cells in the presence of 4-OHT treatment (Fig. 4a,
lane 2). These results imply that ENO-1 induction is closely
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<1 year vs. > 3 year, P < 0.009"
Locoregional vs. bone, P = 0.014"
>N>3vs.NO, P=0018

6 <2cmvs.>2cm, P = 0.017°

Tumor > Normal vs. Normal > Tumor, P = 0.013°
2 56-70 vs. <40, P = 0.019°

related to 4-OHT resistance in Tam-R cells. Although the
cellular proto-oncogene c-Myc was originally reported to be
involved in cellular transformation, it has also been
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Fig. 3 Protein and mRNA expression of ENO-1 is induced in 4-
OHT-treated MCF-7 cells. a The basic ENO-1 protein and mRNA
expression profiles of normal and malignant mammary cell lines were
detected by immunoblot (upper panel) and real-time PCR (lower
panel) assays. The ENO-1 mRNA level in BT-483 cells (bar 1) is
shown as the baseline level. Data shown here are indicated as fold of
control by comparison between BT-483 and all other cell lines. b
MCF-7 cells were treated with different anticancer agents in a
concentration-dependent manner. After 24 h of drug treatment, ENO-
1 protein and mRNA expression levels were assessed by immunoblot
and real-time PCR analysis. The ENO-1 mRNA level in cells treated
with vehicle alone (bar 1, in each group) is shown as the baseline

implicated in antitumor drug-induced apoptosis [28].
Therefore, we hypothesized that ENO-1 (or MBP-1)-medi-
ated c-Myc downregulation [15, 29, 30] may be a mecha-
nism by which breast cancer cells acquire resistance
to 4-OHT-induced apoptosis. To test this hypothesis, c-Myc
protein levels were measured and found to be downregulated
in Tam-R and MCF-7 cells upon treatment with a lower dose
of 4-OHT (100 nM) (Fig. 4a, lanes 2 and 4).

To further explore whether c-Myc expression correlated
with ENO-1 protein changes that confer 4-OHT resistance to
breast cancer cells, we generated a stable Tam-R cell line in
which ENO-1 was knocked down using RNA interference
(siRNA, designated as Tam-R-Si cells). In the present study,
the data shown in Fig. 4b, lanes 3—4, were selected from two
different ENO-1 siRNA clones (designed as Si-1, and Si-2)

level. Data shown here are shown as fold of control by comparison
between drug- vs. vehicle-treated groups. Data were analyzed using
paired r-tests; all P-values are two-sided. (*P < 0.01). ¢ MCE-7
(ER +) and MDA-MB-231 (ER—) cells were treated with 4-OHT at
varying concentrations. Protein and mRNA expression levels were
detected by immunoblot (upper panel) and real-time PCR (lower
panel) assays. The ENO-1 mRNA level in cells treated with vehicle
alone (bars 1 and 2) is shown as the baseline level. Data shown here
are shown as fold of control by comparison between 4-OHT- vs.
vehicle-treated groups. Data were analyzed using paired t-tests; all
P-values are two-sided. (*P < 0.01). PTX: paclitaxel, DOX: doxo-
rubicin, GF: griseofulvin

targeted to independent parts of the enolase mRNA.
Reduced levels of ENO-1 protein and mRNA were detected
in the stable cell lines (Fig. 4b, lanes 3 and 4). The Tam-R-Si
and Tam-R-Sc cells were treated with or without 4-OHT
(100 nM) for 24 h. (Fig. 4c). In the 4-OHT-treated Tam-R-
Si cells, c-Myc expression was significantly induced com-
pared to the Tam-R-Sc control cells (Fig. 4c, lanes 1 vs. 2).
In contrast, c-Myc protein induction in the vehicle control
cells was less profound (Fig. 4c, lanes 3 and 4). Such results
indicate that c-Myc expression is inversely related to ENO-1
expression in Tam-R cells in response to 4-OHT treatment.
The c-Myc signaling proteins have been demonstrated to be
involved in 4-OHT-induced apoptosis in human breast
cancer cells [30-32]. Accordingly, to test whether the
upregulation of c-Myc protein sensitized Tam-R-Si cells to
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Fig. 4 ENO-1 protein is upregulated for 4-OHT-resistance in human
breast cancer cells. a Human MCF-7 and Tam-R cells were treated
with 4-OHT (100 nM) for 24 h to determine the changes in ENO-1 and
c-Myc protein expression. Cells treated with vehicle alone were used
as a control (indicated as c). b Stable ENO-1-knockdown (Tam-R-Si)
and scramble sequence control (Tam-R-Sc) cell lines were generated
by G418 (4 mg/ml) medium selection. Protein and mRNA expression
levels were detected by immunoblot and RT-PCR analysis. ¢ Tam-R
cells with stable ENO-1 knockdown (Tam-R-Si) were treated in the
presence or absence of 4-OHT (100 nM) for 24 h. Cells transfected
with the scramble (Tam-R-Sc) sequence plasmid were used as a
control. Protein expression levels of ENO-1 and c-Myc were detected

4-OHT treatment, a cell growth proliferation assay was
performed. Surprisingly, the antiproliferative effect of
4-OHT was significantly augmented in Tam-R-Si (presented
as a “¥” symbol) cells when compared to Tam-R-Sc (pre-
sented as a “O” symbol) cells (Fig. 4d, *P = 0.009).

4-OHT-induced ENO-1 transcriptional upregulation
through activation of ERo or NFxB in MCF-7 cells

There are many putative transcription factor-responsive
elements located in the promoter of ENO-1 (Fig. 5a). To
evaluate ENO-1 promoter activity, which is regulated by
4-OHT-induced transcription factors, the ENO-1 gene
promoter was cloned into the luciferase reporter plasmid
pGL3(ENO-1). Experiments utilizing this construct dem-
onstrated that ENO-1 promoter activity was significantly
induced by 4-OHT (10-50 nM, for 6 h.) in MCF-7 cells
(Fig. 5b, *P < .05). We first determined the changes in
ERoa, which is activated by specific phosphorylation of a
serine residue (Ser-118) in Tam-R cells [33-35]. Our
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by immunoblot analysis. d Established Tam-R cell lines with stable
ENO-1-knockdown (Tam-R-Si) and scramble control (Tam-R-Sc)
were cultured in G418 medium (4 mg/ml) with 4-OHT (100 nM) for
1-6 days. The Tam-R cells treated with 4-OHT alone and MCF-7 cells
treated with G418 plus 4-OHT were used as controls. Cell growth in
each group was measured using an MTT assay. Data are presented as
means; error bars are 95% confidence intervals. For statistical analysis,
Tam-R-Si cells with G418 selection (V) were compared to either Tam-
R-Sc cells with G418 selection (O), Tam-R cells without G418
selection (@), or wild type MCF-7 cells with G418 selection (A),
*P = 0.009. The data were analyzed by nonparametric tests (Kruskal—
Wallis and Mann—Whitney tests); all P-values are two-sided

results demonstrated that ENO-1, ERa, and P-Ser(118)-
ERa were consistently induced in MCF-7 cells following 4-
OHT treatment (Fig. 5c). We also demonstrated that NF-
kB was responsible for ENO-1 induction based on exami-
nation of nuclear and cytosolic extracts prepared from 4-
OHT-treated MCF-7 cells. Increased nuclear translocation
of NF-kB from the cytosol was detected by immunoblot-
ting (Fig. 5c, lanes 3—4), and direct evidence of increased
DNA binding either by ERx or by NFxB to the ENO-1
promoter was demonstrated by ChIP analysis in 4-OHT-
treated MCF-7 cells (Fig. 5d, lane 2). These results imply
that either P-Ser(118)-ERac or NFxB was activated to
act as a transcriptional factor in 4-OHT-induced ENO-1
upregulation.

Inhibition of ENO-1 expression sensitizes Tam-R cells
to 4-OHT treatment

In the present study, inhibition of ENO-1 protein expression
by siRNA knockdown in Tam-R cells significantly
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Fig. 5 ERa and NFkB are involved in 4-OHT-induced ENO-1
transcriptional regulation. a Schematic representation of the ENO-1
promoter region (—1,036/—1) illustrating the putative ERz and NFxB
transcription factors binding sites. b MCF-7 cells were transiently
transfected with 2 pg of pGL3(ENO-I) and 500 ng of pRL-TK
plasmid for 24 h and then treated with 4-OHT for an additional 24 h.
Cell lysates were harvested, and firefly and Renilla luciferase
activities were measured with a 96-well luminometer (Hidex
Chameleon, Finland). Relative luciferase units were normalized to
renilla luciferase from the same cell lysates. Luciferase activity
obtained from the PGL3(ENO-1) reporter plasmid-transfected cells
without 4-OHT treatment was defined as 100%. Data indicate the
mean fold ratios of ENO-1 promoter activity compared between
vehicle (0.1% ethanol)- and 4-OHT-treated cells; error bars are 95%
confidence intervals. Data were analyzed using paired #-tests; all P-
values are two-sided. The comparisons were carried out as follows:
vehicle vs. 4-OHT (10 nM), *P = 0.032; vehicle vs. 4-OHT (25 nM),
*P = 0.025; vehicle vs. 4-OHT (50 nM), *P = 0.011. (n = 3 per
group). ¢ MCF-7 cells were treated with the indicated concentrations
of 4-OHT for 24 h. ENO-1, ERq, the activated form of ERa (ERa-
p118), and nuclear and cytosolic NFxB (p65) protein levels were
detected by immunoblot analysis with antigen-specific antibodies.
Cells were treated with ethanol (0.1%, v/v) as a vehicle control
(indicated as c¢). d ChIP assays were performed for MCF-7 cells

potentiated  4-OHT-induced antiproliferative  effects
(Fig. 4d). We wondered whether blocking ENO-1 transcrip-
tional regulation could sensitize Tam-R cells to 4-OHT
treatment (Fig. 6b). To test this hypothesis, we pretreated
Tam-R cells with an NF«xB nuclear translocation inhibitor
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treated with 4-OHT (100 nM) for 24 h. The data shown are
representative of three independent experiments with similar results.
The genomic DNA isolated from MCF-7 was used as a positive input
control to ascertain the PCR conditions. Neg, negative control. e
Tam-R cells were pretreated with PDTC for 2 h. and then treated in
the presence or absence of 4-OHT for an additional 24 h. Immuno-
blotting analysis was performed, and the protein levels of ENO-1 and
NFxB (p65, nuclear and cytosolic forms) were detected. f Protein
interactions between NFxB and ERu in the cytosolic fraction of 4-
OHT (100 nM for 24 h)-treated and 4-OHT + PDTC (10 puM)-
treated Tam-R cells were detected by co-immunoprecipitation
analysis. NFkB (p65) and ERa were immunoprecipitated (IP) using
specific antibodies, as indicated. Precipitated proteins were further
visualized by immunoblot analysis (IB) using the indicated antibod-
ies. C, cytosolic fraction of untreated Tam-R cell lysates was used as a
control. g Tam-R cells were pretreated with PDTC for 2 h and then
treated in the presence or absence of 4-OHT for an additional 24 h.
Cell viability was assessed by MTT, as described in the “Materials
and methods” section. Data are presented as means of at least three
samples in each group; error bars are 95% confidence intervals. Data
were analyzed using paired r-tests; all P-values are two-sided. The
comparison was performed in Tam-R cells exposed to: ethanol vs.
PDTC, *P = 0.73, ethanol vs. 4-OHT + PDTC, *P = 0.012, ethanol
vs. 4-OHT, P = 0.89, or PDTC vs. 4-OHT + PDTC, #P = 0.013

(PDTC), and then exposed these cells to 4-OHT for an addi-
tional 24 h, after which immunoblotting was performed.
Increased retention of NFxB (p65) in the cytosolic fractions
was detected in cells with PDTC plus 4-OHT treatment
(Fig. Se, lane 4). Interestingly, 4-OHT-induced ENO-1

@ Springer



550

Breast Cancer Res Treat (2010) 121:539-553

Fig. 6 Schematic diagram of the signaling pathways involved inp

4-OHT-induced ENO-1 overexpression, which results in endocrine
resistance in human breast cancer (MCF-7) cells. a ENO-1 was
induced by 4-OHT treatment through transcriptional upregulation of
ERa and NFxB. The excess expression of ENO-1 and its translated
form (MBP-1) exert a negative regulatory effect on c-Myc transcrip-
tion that counteracts the 4-OHT-induced apoptosis of breast cancer
cells [15, 29, 30]. Therefore, we hypothesize that downregulation of
c-Myc by either ENO-1 or MBP-1 may be a mechanism by which
breast cancer cells acquire resistance to tamoxifen therapy. b In
contrast, inhibition of ENO-1 transcriptional regulation either by
blocking the NFxB signal pathway or by siRNA knockdown
significantly sensitized human breast cancer cells to 4-OHT-induced
cytotoxicity. These results suggest that ENO-1 may facilitate
resistance to 4-OHT-induced cell death and that the combined use
of 4-OHT and an NFkB pathway inhibitor (PDTC) may provide a
novel approach to overcome tamoxifen resistance in breast cancer

protein expression was almost completely attenuated by
PDTC pretreatment (Fig. Se, lanes 2 vs. 4). One possible
explanation has been described in previous studies demon-
strating that increased retention of NFxB in the cytoplasm
antagonizes ERx-mediated biological functions through the
formation of a protein complex [36, 37]. Protein interactions
between NFxB and ERa in the cytosolic fraction of
4-OHT + PDTC-treated Tam-R cells were detected by co-
immunoprecipitation, while increased levels of the cytosolic
NFxB/ERa protein complex were found in Tam-R cells
treated with 4-OHT + PDTC compared to those treated with
4-OHT alone (Fig. 5f,lanes 2 vs. 3). Under the same treatment
conditions, pretreatment with PDTC significantly enhanced
the cytotoxic effects of 4-OHT in Tam-R cells, as determined
by cell proliferation assays (Fig. 5g, lane 4, *P = 0.012).
These results may explain previous findings that therapeutic
inhibition of NFxB activation improves endocrine respon-
siveness in high-risk ER-positive breast cancers [38, 39].

Discussion

Estrogens and the ER are implicated in breast cancer pro-
gression and are thus targets of hormonal therapies such as
aromatase inhibitors (AI), which block estrogen production,
and antiestrogens like tamoxifen, which target the ER [40].
Thus, targeting the estrogen receptor pathway is a valid,
effective, biologically based therapy for breast cancer.
However, a significant proportion of patients with ER-
positive tumors do not have sustained objective responses,
and many who possess these responses initially relapse
subsequently due to the acquisition of endocrine resistance
[41]. On the other hand, it is widely recognized that HER-2-
positive tumors generally have a more aggressive phenotype
than HER-2-negative tumors as reflected by the patients’
poor response to 4-OHT therapy [42]. It has been reported
previously that, in those patients who have ER-positive and
HER-2-positive cancers, the mean concentration of ER in
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the tumor is lower than in those tumors that are HER-2-
negative [43]. This finding is particularly significant for this
study, because we found that high expression of ENO-1 was
preferentially detected in ER-positive/HER-2-negative
tumors. Thus, it is important to consider the possibility that
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ENO-1 overexpression may be associated with higher ER
values rather than HER-2 negativity per se.

In this study, we have attempted to minimize these
problems by (a) selecting an entirely ER-positive group of
patients; (b) conducting LCM plus real-time PCR analysis
to confirm any detected ENO-1 mRNA overexpression in
tumor lesions; and (c) conducting the study in primary
disease in which the 4-OHT therapeutic response can be
assessed in the same patients as the ENO-1 measurement.
A novel aspect of the study was the assessment of the
biological response, including the disease-free interval,
dominant site of relapse, nodal status, tumor size, and
tumor grade (Table 1). In addition, no other study provides
molecular evidence to explain such observations. Our in
vitro results indicate that ENO-1 mRNA overexpression
was significantly induced by long-term, noncytotoxic
concentrations of 4-OHT (100 nM) treatment, after which
4-OHT therapeutic resistant (Tam-R) cells were estab-
lished [44]. Inhibition of ENO-1 mRNA expression sig-
nificantly enhanced the 4-OHT-induced cytotoxic effect on
Tam-R cell growth. Our in vivo and in vitro observations
imply that overexpression of ENO-1 conferred 4-OHT-
induced drug resistance.

ENO-1 is a key glycolytic enzyme that has been used as
a diagnostic marker to identify human lung cancers [22-
24]. Recent research has shown that specific inhibitors of
key glycolytic enzymes may enhance the activity of anti-
cancer drugs [45, 46]. Furthermore, extensive trials have
indicated that cancer cells with high glycolytic activity
exhibit decreased sensitivity to anticancer agents [47]. In
the present study, the mRNA levels of ENO-1 were higher
in tumor cells than in normal clustered cells dissected from
either surgical or LCM samples. We found an intimate
relationship between ENO-1 and ERa expression and
demonstrated for the first time that ENO-1 is transcrip-
tionally upregulated by NFxB and ERo at lower concen-
trations (10-50 nM) of 4-OHT (Fig. 5). Similar results
were also found in another proteomic study, in which the
ENO-1 protein was induced by E2 treatment in MCF-7
cells [48]. However, the role of increased ENO-1 expres-
sion induced by E2- or 4-OHT treatment in tumor cells was
not clearly investigated. One possible hypothesis suggests
that ENO-1 stimulates tumor growth by supporting an
increased metabolic rate in tumor cells. Such effects play
an important role in breast cancer dormancy, promoting the
survival of cancer cells in metastatic foci by counteracting
proapoptotic signals in the microenvironment [49]. Ele-
vated ENO-1 expression resulted in the presence of high
titer levels of antibodies in the sera of breast cancer
patients with visual impairments and electrophysiological
abnormalities that are characteristic of cancer-associated
retinopathy [50]. These data suggest that antiENO-1
antibodies could be responsible for the development of

cancer-associated symptoms, which impair the therapeutic
effects of 4-OHT in breast tumor patients. In the present
study, we hypothesized that intracellular ENO-1 could
modulate c-Myc protein expression, thereby leading to the
acquisition of resistance to 4-OHT therapy by the breast
cancer cells (Fig. 6a). Such a hypothesis has been reported
by previous studies, which have demonstrated that over-
expression of ENO-1 and its translated form (MBP-1)
inhibit c-Myc transcription [15, 30]. Therefore, we
explored here whether inhibition of ENO-1 expression,
either through the interruption of NFxB signaling pathways
by PDTC or by SiRNA knockdown, enhances the sensi-
tivity of tumor cells to 4-OHT treatment (Figs. 4d and 5g).
The results described above support our hypothesis and
may help to determine a novel technique for overcoming 4-
OHT resistance in breast cancer therapy.
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