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Table 1 Association between Early growth responsive gene 3 (EGA3) immunareactivity and clinicopathological parameters in 180

breast carcinomas
EGR3 Immunoreactivity
+(n=199) — (n=81) P value EGR3I LI Pvalue
Age (years) 523412 544112 0.23 0.58
Menopausal status
Premenopausal 46 (24%) 38 (20%) 19.1+£23
Postmenopausal 53 (28%) 53 (28%) 0.61 19.2+22 0.96

Stags

| 18 (10%) 26 (14%) 158+28

] 56 (30%) 51 (27%) 18.8x21

n 8 (5%) 9 (5%) 16.1+5.2

1\ 16 (8%) 5 (3%) 0.07 30.6164 0.07
Tumor size (mm) 346227 30.0+34 0.28 0.20
Lymph node status

Paositive 54 (28%) 29 (15%) 246+28

Negative 45 (24%) 62 (33%) 0.002 14.9+1.7 0.003
Distant metastasis

Positive 16 (8%) 5 (3%) 30.6£6.4

Negative B3 (44%) BB (45%) 0.02 17.7+1.6 0.01
Histological grade

1 (well) 26 (14%) 24 (13%) 19.7+£3.1

2 (moderate) 40 (21%) 31 (16%) 21.6+27

3 (poor) 33 (17%) 36 (18%) 0.60 16.3+286 048
Tubule formation

1 (>75%) 12 (6%) 22 (12%) 13.2+429

2 (10-75%) 23 (12%) 20 (15%) 14,9+25

3 (<10%) B4 (34%) 40 (21%) 0.01 232424 0.20
ER=x status

Positive 78 (41%) 57 (30%) 22.0+2.0

Negative 21 (11%) 34 (18%) 0.01 12.2+23 0.01
ERz LI (%) 479134 37.3+£3.7 0.02 (r=0.23) 0.001
ERp LI (%) 162423 152421 0.82 0.37
PR LI (%) 429433 36,9+3.6 0.23 0.33
HER2 status

Positive 20 (15%) 28 (15%) 15.4+25

Negative 70 (37%) 63 (33%) 0.82 20.8+2.0 0.23
Ki-67 LI (%) 248+£1.8 244+19 0.89 0.93
EGR3 immunoreac- (r=0.85) 0.02

tivity in recurrent

leslons (n=13)

Positive 9 (69%) 1 (B8%)

Negative 1 (8%) 2 (15%) 0.03

Data are presented as mean +85% confidence interval (95% CI) or the number of cases with percentage. P values <0.05 wera

considered significant, and described as boldface.

and these cases were ERw-positive breast cancers,
The disease-free and overall survival curves in these
patients were summarized in Fig. 2E and F respectively.
EGR3 immunoreactivity was also associated with an
increased risk of recurrence and worse prognosis in the
group of breast cancer patients who received tamoxifen
therapy (P=0.01 and 0.03 in the log-rank test
respectively). An association between EGR3 immunor-
eactivity and clinical outcome of the patients was not
significantly changed regardless of the status of adjuvant
chemotherapy after surgery in this study (data not
shown).

284

Estrogen-mediated expression of EGR3 in MCF-7
breast carcinoma cells

As shown in Fig. 3A, EGR3 mRNA expression was
induced by estradiol in a dose-dependent manner in
MCF-7 cells. This induction became significant from
1 nM estradiol (P<0.001 versus control (non-treat-
ment with estradiol)), and EGR3 mRNA level of MCF-
7 cells treated with 10 nM estradiol (100.0£2.0%) was
14-fold increased when compared with the control
level (7.2+2.0%). The estradiol-mediated mRNA
expression of EGR3 was suppressed by addition of
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Table 2 Uni- and multivariale analyses of disease-free survival
in stages Il breast cancer patients examined (n=169)

Owerall swrvival (%)
¥ & 2 B

0 20 40 60 RO 100 120140160
Months afler operation

D ERa-negative cases
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0 20 40 60 EO 100120140160
Manths after operation

Figure 2 Disease-free and overall survival of 169 patients with
breast carcinoma according to EGR3 immunoreactivity
(Kaplan—Meler method). (A and B) EGR3 immunoreactivity was
significantly associaled with an increased risk of recurrence
(P=0.0038, log-rank test) (A) and worse prognoesis (P=0.0090,
log-rank test) (B). (C and D) EGR3 immunoreactivity was
significantly correlated with a risk of recurrence regardless

of the ER« status (F=0.0154 in ER«-positive cases (C), and
P=0.0348 In ERa-negative cases (D)). (E and F) EGR3
immunoreactivity was significantly associated with an
increased risk of recurrence (P=0.0123) (E) and worse
prognosis (P=0.0316) (F) in the 48 patients recelved lamoxilfen
therapy.

tamoxifen in a dose-dependent manner (Fig. 3B).
EGR3 mRNA level in MCF-7 cells treated with 10 nM
estradiol and 10 uM tamoxifen (21.8+6.2%) was
decreased into 22% of that treated with 10 nM estradiol
alone (100.0+2.0%), but its level remained
significantly higher (P<0.001 and threefold) than
the control level (neither estradiol nor tamoxifen;
7.2+2.0%). Tamoxifen (10 uM) alone did not signi-
ficantly change the EGR3 mRNA level in MCF-7 cells.

Estradiol also induced EGR3 mRNA expression in
LY-2 cells, a tamoxifen-resistant MCF-7 cell variant,
in a dose-dependent manner (Fig. 3C), which was
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Unk- Multivariate
variate ——
Relative risk
Variable P P (95% CI)
Lymph node status <0,0001 0.0002 3.8 (1.8-7.7)
(positive/negative)
EGR3 immunoreactivity 0.01  0.01 25(1.3438)
(positive/negative)
HER2 status 0,01 008
(positive/negative)
Tumor size 004 048
(=20 mm/<20 mm)
Ki-67 LI (210/<10) 0.15
Adjuvant chemotherapy 0.34
(nolyes)
ERu status 0.44
(negative/positive)
Tamoxifen therapy (no/yes) 0.46
Histological grade (3/1, 2) 0.78

Data considered significant (P<0.05) In the univariate analyses
were described as boldface, and were examined In the
multivariate analyses.

significant from 10 pM estradiol (P<<0.05 versus the
control level). The level of EGR3 mRNA in LY-2 cells
treated with 10nM estradiol (1245+222%) was
31-fold higher than the control level (39.7+14.2%),
and was 12-fold higher than that in MCF-7 cells reated

Table 3 Uni- and multivariate analyses of overall survival in
stages |-l breast cancer patients examined (n=169)

Unl- Multivariate
variate
. Relative risk
Variable P P (95% Cl)
Lymph node status <0.0001 0.001 £.0(2.2-18.5)
(positive/negative)
Histological grade (3/1,2)  0.003 0.03 25(1.147)
HER2 status (positive/ 0,004 038
negative)
EGR3 Immunoreaactivity 0.01 001 30(1.3-7.0)
(positive/negative)
Tumor size (=20 mm/ 0.02 0.28
<20 mm)
KI-67 LI (210/<10) 0.11
Adjuvant chemotharapy 0.21
(nolyes)
Tamoexifen therapy 0.37
(nolyes)
ERa status (negative/ 0.42
positive)

Data considered significant (P<0.05) in the univariate analyses
were described as boldface and were examined in the
multivariate analyses.
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Figure 3 Induction of EGR3 expression by estradiol In MCF-7
cells. (A and C) MCF-7 (A) or LY-2 (C) calls were treated with
indicated concentrations of estradiol for 3 days, and the EGR3
mANA was evaluated as the ratio of RPL13A mANA level (%).
(B and D) MCF-7 (B) or LY-2 (D) cells were treated with
estradiol (10 nM) with indicated concentrations of tamoxifen for
3 days, and the EGR3 mRNA was evaluated as the ratio of
RPL13A mRNA level (%). Dala are presenled as mean+s.c.
(n=4). *P<0.05 and ***P<0.001 versus conlrol (no treatment
with estradiol or tamoxifen for 3 days; left column) respectively.
The slatistical analyses were performed using a one-way
ANOVA and Bonferroni lesl. (E and F) Immuncblotting for
EGR3 In MCF-7 (E) and LY-2 (F) cells. Cells ware trealed with
astradiol (10 nM) and/or tamoxifan (10 pM) for 3 days. Amount
of protein loaded in each lane was 25 ug (immunoblotting for
EGR3) or 5 ug (immunoblotting for f-actin). Immunointensity of
EGR3 in each sample was nommalized to that of B-actin, and
relative immunocintensity ratio of EGR3 was summarized as a
ratio compared with that of MCF-7 cells treated withou! estradiol
or tamoxifen (left lane in E).

under the same condition. Tamoxifen dose-depen-
dently suppressed the estradiol-mediated mRNA
expression of EGR3 in LY-2 cells (Fig. 3D). EGR3
mRNA level in LY-2 cells treated with 10 nM estradiol
and 10 pM tamoxifen (278 +35.0%) was decreased
into 22% of that treated with 10noM estradiol
alone (1,245 +222%), but was still significantly higher
{P<0.001 and sevenfold) than the control level
(39.7+14.2%). Tamoxifen (10 uM) did not signi-
ficantly change the EGR3 mRNA level also in LY-2
cells. Similar tendency was detected at EGR3 protein
levels both in MCF-7 and LY-2 cells by immuno-
blotting analyses (Fig. 2E and F).
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Pure anti-estrogen, ICI 182780, alone did not
significantly change EGR3 mRNA level in MCF-7
cells (Fizg. 4A). EGR3 mRNA level was slightly
increased by addition of estradiol in MCF-7 cells
under the treatment with 10nM ICI 182 780, but
no significant association was detected (2.3-fold and
P=0.06, 10nM estradiol versus control (Fig. 4B;
non-treatment with estradiol).

On the other hand, as shown in Fig. 4C, ICI 182 780
alone significantly inhibited the EGR3 mRNA level of
LY-2 cells in a dose-dependent manner, and the EGR3
mRNA level of LY-2 cells treated with 10 uM
ICI 182780 was decreased into 21% (7.8+3.6%,
P<0.001) of the basal level (non-treatment with ICI
182 780; 37.8 £-11.8%). When LY-2 cells were treated
with 10 nM ICT 182 780, the EGR3 mRNA level was
significantly induced by estradiol in a dose-dependent
manner (43-fold and P<0.001, 10 nM estradiol versus
control (Fig. 4D; non-treatment with estradiol).

Estradiol (10 nM) did not significantly induce the
EGR3 mRNA expression when MCF-7 or LY-2
cells were treated with 10 pM ICI 182 780 (0.9-fold
and P=0.83 in MCF-7, and 1.2-fold and P=0.77
in LY-2).
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Figure 4 Eflects of IC] 182 780 on EGR3 mRNA expression in
MCF-7 cells, (A and C) MCF-7 (A) or LY-2 (C) cells were treated
with indicated concentrations of ICI 182 780 for 3 days in the
absence of exogenous estradiol. (B and D) MCF-7 (B) or LY-2
(D) cells wera treated with indicated concentrations of estradiol
and ICI 182 780 (10 nM) for 3 days. Data are presented as
mean+s.o. (n=4). *P<0.05, **P<0.01, and *"*P<0.001
versus control (non-treatment with IC] 182 780 (A and C) or
10 nM ICI 182 780 in the absence of estradiol (B and D) for

3 days (left column in each figure)). The statistical

wera performed using a one-way ANOVA and Bonferroni fest,
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Increased invasion properties in Egr3-expressing
MCF-7 Tet-Off cells

In order to further characterize the biological functions
of EGR3 in breast carcinoma cells, we then employed
Eg-10 and Eg-11 Egr3-expressing transformants
derived from MCF-7 Tet-Off cells (Inoue er al.
2004). EGR3 mRNA levels of these transformants
were 57 and 540% in Eg-10 and Eg-11 respectively.
As a control, we used Cu-7, which was stably

Endocrine-Related Cancer (2007) 14 279-292

transfected with empty vector in the MCF-7 Tet-Off
cells (Tnoue er al. 2004), and the EGR3 mRNA level
was negligible (22X 107°%), In the immunohisto-
chemistry, EGR3 immunoreactivity was detected in
the nuclei of Eg-10 and Eg-11 cells (Fig. 5A), but
not in Cu-7 cells (Fig. 5B). The EGR3 mRNA
levels decreased into negligible levels in both Eg-10
(5.0X107%%) and Eg-11 (1.4X107?%) cells, when
these cells were treated with doxycyclin (50 ng/ml)
for 3 days.
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Figure 5 (A and B) Immunochistochemistry for EGR3 in Egr3-expressing MCF-7 Tet-Off cells. Inmunoreactivity of EGR3 was detected
inthe nuclei of Eg-11 cells (A), but notin Ctl-7 cells (B). Inmunohistochemistry was performed using cell blocks from formalin-fixed and
paraffin-embedded specimens. Bar=100 pm. (C—F) Migration assay (C), Invasion assay (D), cell proliferation assay (E), and
apoptosis analysis (F) in Egr3-expressing cells. Eg-10, Eg-11, and Ctl-7 cells ware incubated with € h, 24 h, 3days, and 3days at 37 °C
respectively, without or with the treatment of doxycyelin (50 ng/mi). A total number of cells on the lower surface of membrane of
Chempotaxicell was counted In the migration and invasion assays (C and D). While, the cell number and apoptosis index ware
calculated and evaluated as a ratio (%) compared with that at 0 day after the ireatment In the cell proliferation assay and apoptosis
analysis (E and F). Data are presented as mean - s.0. (n=4). An open bar represents the value of cells treated without doxycyclin, and
a closed bar shows that under the treatment with doxycyclin. The statistical analyses were performed betwaen the values in the
absence and presence of doxycyclin using a one-way ANOVA and Bonferroni test, and **P<0.01 and ***P<0.001 respectively.
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Figure 5C shows the result of migration assay in
Egri-expressing MCF-T cells. The number of migrated
cells was significantly higher in Eg-10 (P <0.001) and
Eg-11 (P<0.01) when compared with that in the
treatment with doxycyclin. However, a number of
migrated Ctl-7 cells were not significantly altered
between the absence and presence of doxycyclin.
Moreover, the number of invaded cells was signi-
ficantly higher in Eg-10 and Eg-11 (P<0.001) than
that under the treatment with doxycyclin, and it was
3.3-fold higher in Eg-10 and 3.7-fold in Eg-11
(Fig. 5D). Invasion property was not significantly
altered in Ctl-7 cells according to the treatment with
doxycyclin.

Cell proliferation (Fig. 5E) and apoptosis index
(Fig. 5F) of these three cells were not significantly
altered between the absence and presence of doxycy-
clin for 3 days.

Morphological features of Egr3-expressing
MCF-7 cells in athymic mice xenograft model

In order to study the biological roles of EGR3 in breast
carcinoma cells in vive, we injected Eg-11 and Ctl-7
cells into female nude mice, and the tumor tissues were
resected after 2 months. As shown in Fig. 6A and B,

¥

Cil-7 showed a well-circumscribed tumor, and tubule
formation was remarkable in the carcinoma tissue.
Invasion into the surrounding tissue was not detected in
any of the cases examined. On the other hand, Eg-11
cells arranged in clusters and trabeculae with focal
glandular formation, and irregularly invaded into the
adjacent peritumoral tissue such as adipose tissue in all
of the cases examined (Fig. 6C and D). As shown in
Table 4, Eg-11 carcinoma tissues significantly demon-
strated invasion (P=0.01) and less tubule formation
(P=0.03) when compared with the Ctl-7 carcinoma
tissues. However, tumor volume, largest dimension
histologically determined, and Ki-67 LI of the tumor
were not significantly different between these two
types of carcinoma. The tumor volumes of Eg-11 and
Ctl-7 were monitored weekly, but no significant
changes were detected when compared with the
original volume (data not shown).

Discussion

In this study, EGR3 immunoreactivity was closely
correlated with the mRNA level, and was significantly
associated with the ERa status, but not with ERf, in the
breast carcinoma tissues. In the previous studies using
cDNA microarray, EGR3 mRNA was significantly

Figure 6 Histological features of Egr3-expressing MCF-7 cells in athymic mouse xenograft model, (A and 8) Tubule lormation was
remarkable In the Ctl-7 carcinoma and no Invasive components were detected. (C and D) Eg-11 carcinoma cells mainly arranged
In clusters and trabeculae, and frequently invaded into a tissue which surrounded the primary carcinoma lesion (arrows). (D)

shows invasive components of Eg-11 calls in the adipose tissus adjacent to the primary carcinoma site, Hematoxylin and eosin
stain. Tumor tissues were rasacted al 2 months after the Injection, and were fixed in 10% formalin and embedded in parafiin wax.

Bar=100 ym,
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Table 4 Histological features of Early growth responsive gene 3 (Egr3)-expressing MCF-7 cells injected Inte athymic mice

Eg-11 (n=4) Ctl-7 (n=4) Pvalue

Tumeor volume® (mm?) 329+101 357+74 0.75
Histologically determined larges! 48406 5.1+04 0.61

dimension® (mm)
Tubule formation

1(>75%) 0 (7%) 1(13%)

2 (10-75%) 0 (11%) 3 (15%)

3 (<10%) 4 (31%) 0 (23%) 0.03
Invasive lesions

Present 4 (100%) 0 (0%)

Absent 0 (0%) 4 (100%) 0.01

Ki-67 LI of the tumor® (%) 54.5+46 49.5+71 0.58

Tumor tissues were resected at 2 months after the injection, and were subsequently fixed in 10% formalin and embedded in paraffin
wax, Tumor volume was evaluated by a formula for a semiellipsoid (4/3=r/2). Pvalues <0.05 were considered significant and

described as boldface.

®Dala are presented as mean+s.o. All other values represent the number of cases and percentage.

(the relative value of more than 2.0) induced by
estradiol in various carcinoma cell lines derived from
breast (MCF-7 and MCF-7 ¢9), endometrium (Ishi-
kawa), ovary (SK-OV-3), and stomach (MKN-28;
Inove et al. 2002, 2004, Hayashi er al. 2003). Induction
of EGR3 mRNA was detected at 6 h after estradiol
treatment (10 nM) and reached the maximal level at
24-72h in MCF-7 cells by northern blot analysis
(Incue er al. 2004), and ERE sequence was identified at
2.3 kb from the most upstream mRNA 5’ end of Egr3
(Bourdeau er al. 2004), The biological estrogenic
actions are mainly mediated through ERa (Korach
1994, Hayashi ef al. 2003), and MCF-7 cells highly
express ERa but low level of ERB (Vladusic er al.
2000). Therefore, results from our present study
suggest that EGR3 is expressed in the breast carcinoma
cells, mainly through ERe, as a result of estrogenic
action. )

We also found that 21 out of 55 cases were
immunopositive for EGR3 in breast carcinoma tissues
negative for ERa (LI of <10%). This is partly because
EGR3 expression was induced by a low or undetect-
able level of ERa. However, EGR3 was also reported
to be induced by various factors, including mitogenic
stimulation (Patwardhan er al. 1991, O'Donovan ef al.
1998, Mercier er al. 2001, Jouvert et al. 2002).
Therefore, factors other than estrogen may also be
partly involved in the regulation of EGR3 expression in
some breast carcinomas.

In our study, EGR3 immunoreactivity was
inversely associated with tubule formation, and
positively correlated with metastatic lesions of
lymph nodes or other organs in the breast carci-
nomas. Moreover, overexpression of Egr3 signi-
ficantly enhanced invasion properties in MCF-7

www.endocrinology-journals. org

cells in both in vitre study and nude mouse xenograft
model. Therefore, EGR3 is postulated to play a
pivotal role in carcinoma cell invasion mediated by
estrogens in breast carcinomas. Metastasis is the
major cause of treatment failure and death of
carcinoma patients, and it is a multi-step process
that involves not only invasion of carcinoma cells but
also lymphogenous and/or hematogenous spread and
cell proliferation in the metastatic sites. In our
present study, EGR3 immunoreactivity was not
associated with tumor size or Ki-67 LI in the breast
carcinoma tissues, and overexpression of Egr3 was
not necessarily involved in the cell proliferation or
apoptosis status in MCF-7 cells, Therefore, co-
operation with EGR3 and other factors may be
required for the metastasis of ER-positive breast
carcinoma, It awaits further examinations for the
detailed clarification of estrogen-mediated metastatic
process, because biological function of a great
majority of esirogen-responsive genes currently
remains unclear. However, for instance, cyclin D
(Steeg & Zhou 199%) and estrogen-responsive finger
protein (Efp; Urano er al. 2002, Suzuki er al. 2003h)
were shown to induce the estrogen-mediated prolifer-
ation in breast carcinoma cells, and histone deacetyl-
ase (HDAC) 6 were reported as a regulator of cell
motility in ER-positive breast carcinoma cells (Saji
et al. 2005),

Both uni- and multivariate analyses in our study
have demonstrated that EGR3 immunoreactivity is a
potent prognostic factor for both the recurrence and
overall survival in breast carcinoma patients, and
similar tendency was also detected in the patients who
received tamoxifen therapy. Estradiol is well known to
be locally produced and act in breast carcinomas
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regardless of the menopausal status (Suzuki er al
2003¢g). In the present in vitro experiments, tamox-
ifen suppressed estradiol-mediated expression of
EGR3 mRNA in a dose-dependent manner, but the
EGR3 mRNA level in MCF-7 cells treated with
estradiol and 10 pM tamoxifen was significantly higher
than the control level. Optimal concentrations of
tamoxifen were generally considered 10nM to
10 uM in in vitro studies (Vendrell er al. 2005), and
serum concentration of tamoxifen was reported at
1.8 uM in patients who received high-dose tamoxifen
(320 mg), nevertheless 20 mg tamoxifen is usually
administrated in breast carcinoma patients, Therefore,
tamoxifen may not completely block the estradiol-
mediated EGR3 expression in the breast carcinoma
patients.

Regarding the molecular mechanism leading to
tamoxifen resistance, recent studies demonstrated that
breast carcinoma cells adapt by changing their
response to estradiol and developing an increased
sensitivity to the growth-stimulating action (Martin
et al. 2003, Berstein et al. 2004, Santen et al. 2004).
These processes are called ‘hypersensitivity to estra-
diol’, and the potential association with increased
concentrations of ERa and ER-mediated events is
proposed (Santen er al. 2001, Chan er al. 2002,
Vendrell er al. 2005). In this study, EGR3 mRNA
level in LY-2 cells was 5.5-fold higher than that in
MCF-7 cells in the absence of exogenous estradiol, but
it was dose-dependently decreased by ICI 182 780. In
addition, LY-2 cells showed marked amplitude of
estradiol-mediated EGR3 mRNA expression when
compared with MCF-7 cells. Therefore, it is suggested
that EGR3 expression is mainly mediated through ER
in LY-2 cells, and these findings of our present study
are possibly explained by the hypersensitivity to
estradiol in tamoxifen-resistant state of MCF-7 cells.
Considering that the EGR3 mRNA level in LY-2 cells
treated with estradiol and 10 pM tamoxifen was 2.8-
fold higher than that in MCF-7 cells treated with
estradiol alone, EGR3 may play an important role also
in the tamoxifen-resistant breast carcinoma patients.
Therefore, residual carcinoma cells following surgical
treatment in EGR3-positive breast carcinomas could
rapidly invade in the presence of local estrogens
regardless of the tamoxifen therapy, thereby resulting
in an increased recurrence and poor prognosis in these
patients.

In summary, EGR3 immunoreactivity was detected
in carcinoma cells in 52% of breast carcinoma tissues
in this study, and it was associated with its mRNA
level. EGR3 immunoreactivity was positively associ-
ated with lymph node status, distant metastasis into
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other organs, ERez, or EGR3 immunoreactivity in the
recurrent lesions, and negatively correlated with tubule
formation. EGR3 immunoreactivity was significantly
associated with an increased risk of recurrence or
worse prognosis, regardless of the tamoxifen therapy.
Estradiol significantly induced EGR3 mRNA
expression in a dose-dependent manner in MCF-7
cells, which was markedly amplified in a tamoxifen-
resistant MCF-7 cell variant (LY-2). Tamoxifen
suppressed the estradiol-meditated induction of
EGR3 mRNA in a dose-dependent manner in these
cells, but tamoxifen could not inhibit its expression
completely. Egr3-expressing MCF-7 cells significantly
increased the invasion property, but not cell prolifer-
ation, both in virre and in vive experiments.
These results from our present study suggest that
EGR3 plays an important role in estrogen-meditated
invasion and is a potent prognostic factor in human
breast carcinoma.
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