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Activation of mTOR/S6K But Not MAPK
Pathways Might Be Associated With High Ki-67,
ER™, and HER2 ™ Breast Cancer

Ayako Yanai,! Natsuko Inoue,' Tomoko Yagi,1 Arisa Nishimukai,’
Yoshimasa Miyagawa,' Keiko Murase,’ Michiko Imamura,’ Yukie Enomoto,’
Yuichi Takatsuka,' Takahiro Watanabe,” Seiichi Hirota,” Mitsunori Sasa,’
Toyomasa Katagiri,4 Yasuo Miyoshi'

Abstract

We determined the activation of the pkosphoinositide 3-kinase (PI3K) and mitogen-activated protein kinase
{(MAPK) signaling pathways in 108 cases of estrogen receptor-positive and human epidermal growth factor
receptor 2-negative breast cancer with high and low Ki-67 expression. The expression levels of Ki-67, p53,
phosphorylated MAPK (pMAPK], and protein S6 (pS6; downstream molecule of PI3K/Akt/mammalian target of
rapamycin/S6 kinase pathway) were determined immunohistochemically. pS6 positivity, but not pMAPK pos-
itivity, was significantly associated with the high Ki-67 expression subset.

Background: Evaluation of [uminal A and luminal B characteristics of estrogen receptor (ER)-positive and human
epidermal growth factor receptor 2 (HER2)-negative breast cancer is considered important. Although the phosphoi-
nositide 3 kinase (PI3K) and mitogen-activated protein kinase (MAPK) signaling pathways are thought to be involved in
the luminal B subtype, the details of their contribution to breast cancer remain unclear. Materials and Methods: We
determined the activation of these pathways (phosphorylated MAPK [pMAPK] and protein S6 [pS6; a downstream
molecule of PI3K/Akt/mammalian target of rapamycin (mTOR)/S6 kinase (S6K)]) in 108 ER', HER2™ breast cancer
cases with high and low Ki-67 expression. The ER, progesterone receptor (PgR), Ki-67, p53 expression levels were
also determined immunohistochemically. The cutoff value for Ki-67 was set at 15%. Results: A significantly greater
percentage of cancer cases with high Ki-67 expression showed pS6 positivity than did those with low Ki-67
expression (63.2% vs. 19.7%; P = .0003). No significant differences were found between the cases with high and
low expression levels were detected for p53 (23.4% vs. 11.5%; P = .12) or pMAPK (36.2% vs. 34.4%; P = .85)
positivity. Multivariate analysis showed that pS6 positivity (odds ratio 5.16, 95% confidence interval 1.95-13.63; P =
.0009), nuclear grade 2 and 3, and low PgR expression (< 20%) were independently associated with the high Ki-67
subset. Conclusion: From our findings, we have concluded that the pS6 expression level is associated with the
characteristics of breast cancer with high Ki-67 expression. Because these associations were observed, irrespective
of menopausal status, the biologic difference seems to be less affected by estrogen signaling than by activation of S6
protein, especially in terms of proliferation. Our findings have also indicated that targeting the mTOR/S6K pathway
might be a useful strategy for the treatment of ERT/HER2™ breast cancer with high Ki-67 expression.
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Activation of mTOR/S6K in Ki-67-high, ER"/HER2" Breast Cancer

introduction

The evaluation of biologic differences between estrogen receptor
(ER)-positive and human epidermal growth factor receptor 2
(HER2)-negative breast cancers is considered important, not only
for predicting the effectiveness of endocrine therapy, but also for
indications for chemotherapy. It is well known that ER"/HER2 ™
breast cancers can be divided into luminal A and luminal B subtypes
according to the gene expression profiling findings." Because it is
not always feasible to use gene expression data, luminal A and
luminal B breast cancers are often classified according to the Ki-67
expression level,” which can also be used in daily clinical practice for
determining the usefulness and indications for chemotherapy.”
Although the luminal B subtype designation could be considered
to indicate low progesterone receptor (PgR) expression, high grade,
high proliferation, and less sensitivity to endocrine therapy, the
mechanisms accounting for the biologic differences between luminal
A and luminal B subtypes have not yet been disclosed.

In a previous study, we demonstrated that the biologic charac-
teristics of luminal A cancers (defined by the Ki-67 level) are
influenced by the estrogen environment. However, its influence on
luminal B cancers (defined by the Ki-67 level) seems to be less
important than cross-talk with growth factor signaling.” It is thought
that activation of the phosphatidylinositol 3-kinase (PI3K)/Akt/
mammalian target of the rapamycin (mTOR) pathway, the result of
well-characterized downstream signaling mediated through mem-
brane growth factor receptors, plays a critical role in the progression
of breast cancer.” Creighton et al® used both protein and mRNA to
investigate PI3K signature scores and found that the scores were
significantly greater in luminal B than in luminal A cancers.
Furthermore, it has been reported that activation of mitogen-
activated protein kinase (MAPK) signaling resulted in estrogen-
independent growth in ER™ breast cancer cells.” This inverse

correlation between MAPK activation and resistance to endocrine
therapy has also been identified in human ER™ breast cancer.*'’
However, although it has been demonstrated that activation of
both PI3K and MAPK pathways in ER* and HER2™ human breast
cancers is related to an intrinsic subtype or endocrine sensitivity,
little is known about how the 2 signaling pathways contribute to
ER" and HER2™ breast cancer. Because these signaling pathways
can contribute, not only to biologic (including proliferative) actions,
but also to endocrine resistance mediated through various mecha-
nisms, the identification of activating signaling, especially in luminal
B breast cancer, is of major importance. Thus, we subjected
phospho-ribosomal protein S6 (pS6; downstream molecule of the
PI3K/Akt/mTOR/S6K pathway and phosphorylated by S6 kinase
[S6K]) and phosphorylated p44/42 MAPK (pMAPK) to immu-
nohistochemical examinations to determine their role as biomarkers
of PI3K/Akt/mTOR and MAPK activation, respectively, in luminal
A and luminal B breast cancer, as defined by the Ki-67 level.
Because ER™ and HER2™ breast cancers are affected by differences
in the estrogen milieu between pre- and postmenopausal women,
we determined the differences in the activating pathways, taking
menopausal status into consideration. In addition, luminal B breast
cancers reportedly feature a high frequency of p53 alterations'';
thus, we also conducted immunohistochemical investigations of p53

protein expression.

Materials and Methods
Tumor Samples

A total of 108 patients with invasive ER™ and HER2™ breast
cancer who were treated with mastectomy or breast-conserving
surgery at the Hyogo College of Medicine (79 cases, from
February 2005 to August 2011) or Tokushima Breast Clinic
(29 cases, from July 2003 to April 2011) were eligible for

Figure 1 Representative Immunostaining for p53 (A}, Phosphorylated Mitogen-Activated Protein Kinase (pMAPK) (B), and Protein S6
{pS6) (C) Positivity to Determine the Percentage of Positive Cancer Cells in the Nuclei {p53), Cytoplasm and Nuclei (pMAPK),

and Cytoplasm (pS6)

p53 B
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enrollment in the present study. Formalin-fixed and paraffin-
embedded tissues from these patients’ cancers were examined.
The patients with noninvasive carcinoma or those who had received
chemotherapy or endocrine therapy before surgery were excluded.
The histologic classification and nuclear grade were determined
using the Japanese Breast Cancer Society classification.'* The cutoff
value for ER was set at 1% of nuclear staining, and an immuno-
histochemical score of 0 or 1 or 2 with negative fluorescence in situ
hybridization findings was considered to indicate HER2™ cancer.
During the median follow-up period of 41.0 months (range, 1-116
months), 10 patients developed distant or local recurrence. For
adjuvant chemotherapy, anthracycline-containing regimens were
administered to 5 and anthracycline followed by taxanes and taxane-
based regimens to 7 patients each. A total of 96 patients were treated
with endocrine therapy, including aromatase inhibitors (n = 57),

a luteinizing hormone-releasing hormone (LHRH) analog plus
tamoxifen (n = 29) or aromatase inhibitor (n = 1), and tamoxifen
(n = 6). Three patients received tamoxifen followed by an aroma-
tase inhibitor or LHRH analog and aromatase inhibitor followed by
LHRH analog plus tamoxifen. Four patients did not receive
endocrine therapy, and the previous treatment of 8 patients was
unknown. The Ethics Committee of Hyogo College of Medicine
and Tokushima University approved the present study.

Immunobhistochemistry

Formalin-fixed, paraffin-embedded tumor tissues resected intra-
operatively were used for additional examination. The tissues were
stained immunohistochemically for ER and PgR with antibody 1D5
(Dako, Glostrup, Denmark) and PgR636 (Dako), respectively, using

automated immunostainers (BOND-MAX; Leica Microsystems,

Table 1 Correlation of p53, pMAPK, and pS6 Expression Levels With Clinicopathologic Characteristics
P53 PMAPK Ll .
Yo e Positive Negative Positive Negative Positive Negative
Characteristic (n = 18) (n = 90) (n = 38) (n = 70) (n = 37) m=7)
Age (years)
Mean 58.1 57.8 58.5 57.8 59.6 56.9
Range 37-81 33-90 35-90 33-85 37-85 33-90
Menopausat status
Premenopausal 13 (72.2) 56 (62.2) 24 (63.2) 45 (64.3) 26 (70.3) 43 (60.6)
Postmenopausal 5 (27.8) 33 (36.7) 13 (34.2) 25 (35.7) 11 (29.7) 27 (38.0)
Unknown 0(0) 1(1.1) 1(2.6) 0 (0) 0 (0) 1(1.4)
Histologic type
Invasive ductal 18 (100) 82 (91.1) 36 (94.7) 64 (91.4) 36 (97.3) 64 (90.1)
carcinoma
Invasive lobular 0 (0) 33.3) 1(2.6) 229 0 (0) 342
carcinoma
Other 0(0) 5 (5.6) 1(2.6) 4 (5.7) 12.7) 4 (5.6)
Tumor size (cm)
<2 11 (61.1) 59 (65.6) 24 (63.2) 46 (65.7) 26 (70.3) 44 (62.0)
>2 6 (33.3) 29 (32.2) 13 (34.2) 22 (31.4) 11 (29.7) 24 (33.8)
Unknown 1 (5.6) 2022 1(2.6) 2 2.9 0 (0) 342
Lymph node metastasis
Negative 11 (61.1) 56 (62.2) 23 (60.5) 44 (62.9) 24 (64.9) 43 (60.6)
Positive 6 (33.3) 31 (34.4) 13 (34.2) 24 (34.3) 11 (29.7) 26 (36.6)
Unknown 1 (5.6) 333 2 (6.3) 2 2.9 2 (5.4) 2 (2.8)
Nuclear grade
1 7 (38.9) 60 (66.7)° 22 (57.9) 45 (64.3) 20 (54.1) 47 (66.2)
2 5 (27.8) 21 (23.3) 11 (28.9) 15 (21.4) 10 (27.0) 16 (22.5)
3 6 (33.3) 9 (10.0) 5(13.2) 10 (14.3) 7 (18.9) 8 (11.3)
ER expression level
<50% 6 (33.3) 17 (18.9) 9 (23.7) 14 (20.0) 9 (24.3) 14 (19.7)
>50% 12 (66.7) 73 (81.1) 29 (76.3) 56 (80.0) 28 (75.7) 57 (80.3)
PgR expression level
<20% 9 (50.0) 32 (35.6) 11 (28.9) 30 (42.9) 16 (43.2) 25135.2)
>20% 9 (50.0) 58 (64.4) 27 (71.1) 40 (57.1) 21 (56.8) 46 (64.8)

Data presented as n (%), unless otherwise noted.
Abbreviations: ER = estrogen receptor; pMAPK = phosphorylated mitogen-activated protein kinase; PgR = progesterone receptor.
P =02
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Tokyo, Japan). HER2 (Hercep Test; Dako) and Ki-67 (MIB1;
Dako) staining was evaluated using Autostainer (Dako Japan, Tokyo,
Japan). Because the stability of phosphoproteins is a critical point, we
obtained tissue samples immediately after resection during surgery
that were fixed in buffered formalin for 24 to 48 hours. p53, pMAPK,
and pS6 expression was determined using primary antibodies DO-7
(mouse monoclonal antibody; Dako), D13.14.4E (phospho-p44/42
MAPK [Thr202/Tyr204], rabbit monoclonal antibody; Cell
Signaling Technology, Danvers, MA), D57.2.2E (phospho-S6 ri-
bosomal protein [Ser235/236], rabbit monoclonal antibody; Cell
Signaling Technology). After deparaffinization of the sections, anti-
gen was retrieved by heating at 98°C for 40 minutes in Tris/ethyl-
enediaminetetraacetic acid buffer (pH 9.0). Endogenous peroxidase
activity was blocked by treatment with 0.3% hydrogen peroxide, and
nonspecific binding was blocked with 10% normal goat serum, both
for 10 minutes. The primary antibody was then incubated at 4°C
overnight. Finally, the sections were incubated with the horseradish
peroxidase-conjugated secondary antibodies (EnVision Plus, Dako)
at room temperature for 1 hour, and the peroxidase reaction was
visualized using a 3,3-diaminobenzidine-tetrahydrochloride solution
(Dako) according to the manufacturer’s protocol, followed by
counterstaining with hematoxylin. The primary antibodies were
diluted 1:100 for p53 and 1:200 for pMAPK or pS6, followed by
determination of the percentage of positive cancer cells in the nuclei
(p53), cytoplasm (pS6), and cytoplasm and nuclei (PMAPK). The
cancer cells with moderate to intense staining were evaluated as
positive from among 500 cancer cells selected in different areas of the
stained lesions. The slides were examined by 2 of us (A.Y., Y.M.) who
were unaware of the clinicopathologic features of the patients, and the
results were rechecked when discrepant. The cutoff value of Ki-67
was set at 15%, according to the criteria defined by Cheang et al.”
The cutoff values of p53, pMAPK, and pS6 were set at 10% ac-
cording to the criteria defined previously by Millar et al,”” Gori
etal,' and Sun eral,’” respectively.

Statistical Analysis

The relationships between the clinicopathologic characteristics
and p53, pMAPK, or pSG positivity were evaluated using the > or
Fisher’s exact test, as appropriate, and the Mann-Whitney U test.
The expression levels of p53, pMAPK, or pS6 in the low and high
Ki-67 subsets were calculated using the Mann-Whitney U test. The
relationships between the findings from univariate and multivariate
analyses of the Ki-67 expression levels with various factors and the
relevant odds ratios (ORs) and 95% confidence intervals (95% Cls)
were calculated using the logistic regression method. The log-rank
test was used to compare the relapse-free survival (RES) of
different groups on Kaplan-Meier plots. JMP Pro, version 10,
software (SAS Institute Inc, Cary, NC) was used for all statistical
analyses, and the differences were considered statistically significant
at P < .05.

Results
Relationships of p53, pMAPK, and pS6 Expression With
Clinicopathologic Characteristics

Representative displays of p53, pMAPK, and pS6 immuno-
staining are shown in Figure 1. The results of an analysis of the
correlations between the positivity of these proteins and the
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clinicopathologic characteristics are listed in Table 1. Significantly
more cancers with a high nuclear grade were recognized in the p53™
subset (P = .02). No significant differences were found between
p53 positivity and the other clinicopathologic factors, including
menopausal status, tumor size, lymph node metastasis, or ER and
PgR expression level. Nor were any significant associations detected
between any of the clinicopathologic factors and either pMAPK or
pS6 expression level.

P53, pMAPK, and pS6 Expression Levels in High and Low
Ki-67 Breast Cancer

Of the 108 patients enrolled in the present study, 61 had low and
47 high Ki-67 expression cancer. As listed in Table 2, p53 and
pMAPK positivity was not associated with the Ki-67 expression
level, irrespective of menopausal status. In contrast, pS6 positivity in

Table 2 p53, pS6, and pMAPK Expression Level in Low and

High Ki-67 Breast Cancer Stratified by Menopausal

Status
Low Ki-67 | Highki-67 | P
Characteristic (n=617 | (n=47" | Value
p53 12
All patients
p53* 7 (11.5) 11 (23.4)
p53~ 54 (88.5) 36 (76.6)
Premenopausal women 33
p53* 2 (8.3 3(21.9
p53~ 22 (91.7) 11 (78.6)
Postmenopausal women .35
p53* 5 (13.9) 8 (24.2)
p53~ 31 (86.1) 25 (75.8)
pMAPK .85
All patients
pMAPK™ 21 (34.4) 17 (36.2)
pMAPK ™ 40 (65.6) 30 (63.8)
Premenopausal women 48
pMAPK™ 7(29.2) 6 (42.9)
pMAPK™ 17 (70.8) )
Postmenopausal women .80
pMAPK™ 13 (36.1) 11 (33.3)
pMAPK™ 23 (63.9) 22 (66.7)
pSé .0003
All patients
pS6* 12 (19.7) 25 (63.2)
pS6~ 49 (80.3) 22 (46.8)
Premenopausal women .06
pS6* 4 (16.7) 7 (50.0)
pS6~ 20 (83.3) 7 (50.0)
Postmenopausal women .005
pS6™ 8 (22.2) 18 (54.5)
pS6~ 28 (77.8) 15 (45.5)

Data presented as n (%).

Abbreviations: pMAPK = phosphorylated mitogen-activated protein kinase; pS6 = protein S6.
Low (<15%).

PHigh (>15%).



the high Ki-67 subset (53.2%) was significantly greater than that in
the low Ki-67 subset (19.7%; P = .0003). This difference in pS6
positivity tended to be consistent for both premenopausal (2 = .06)
and postmenopausal (” = .005) women.

The univariate analysis indicated that nuclear grade 2 (OR, 3.45;
95% ClI, 1.34-8.84; P = .01), nuclear grade 3 (OR, 16.42; 95% CI,
3.38-79.79; P = .0005), low PgR expression (< 20%; OR, 3.20;
95% CI, 1.42-7.17; P = .004), and pSG" (OR, 4.64; 95% CI,
1.98-10.89; P = .0004) were significantly associated with high Ki-
67 cancer (Table 3). Multivariate analysis of these factors indicated
that nuclear grade 2 (OR, 2.84; 95% CI, 1.01-8.00; P = .04),
nuclear grade 3 (OR, 16.90; 95% ClI, 3.11-91.83; P = .001), low
PgR expression (< 20%; OR, 2.80; 95% CI, 1.07-7.30; P = .03),
and pS6 positivity (OR, 5.16; 95% CI, 1.95-13.63; P = .0009)
were significant independent risk factors for high Ki-67 cancer.

Relationship of Ki-67, p53, pMAPK, and pS6 Expression
Levels With Patient Qutcomes

The RES of patients with high Ki-67 cancer was significantly
worse than the RES of those with low Ki-67 tumors (P = .04;
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Figure 2A). In contrast, no statistically significant differences were
found in the RES between patients with positive and negative
subsets for p53, pMAPK, and pS6 (Figure 2B-D). Next, Kaplan-
Meier plots for combined Ki-67 and pS6 expressions levels were
analyzed. The RFS of those with high pS6 cancer was not signifi-
cantly different from the RES of those with low pS6 cancer in the
low Ki-67 subset (P = .25; Figure 3A) or high Ki-67 subset
(P = .17; Figure 3B).

Discussion

The findings of the present study demonstrated that pS6 posi-
tivity, but not pMAPK positivity or p53 positivity, was associated
with high Ki-67 status of ER" and HER2™ breast cancer, irre-
spective of menopausal status. This suggests that the biologic
characteristics of luminal B cancers are influenced, not by activation
of the MAPK pathway, but rather by that of the mTOR/S6
pathway. Because this relationship was consistent for both pre- and
postmenopausal patients, the estrogen environment seems to be less
important for the luminal B subtype. This result, in addition to the
previously reported finding that the gene expression signature of

Table 3 Univariate and Multivariate Analyses of Associations of Various Factors With High Ki-67 Subset

Variable

Menopausal status
Premenopausal
Postmenopausal

Tumor size (cm)
<20
>2.0

Lymph node metastasis
Negative
Positive

Nuclear grade
1
2
3

ER expression level
High (>50%)
Low (<50%)

PgR expression level
High (>20%)
Low (<20%)

p53 expression
Negative
Positive

pMAPK expression
Negative
Positive

pS6 expression
Negative
Positive

Univariate Analysis

1.00
1.67 (0.70-3.54)

1.00
1.59 (0.70-3.60)

1.00
1.32 (0.59-2.96)

1.00
3.45 (1.34-8.84)
16.42 (3.38-79.79)

1.00
1.56 (0.62-3.93)

1.00
3.20 (1.42-7.17)

1.00
2.36 (0.84-6.65)

1.00
1.08 (0.49-2.39)

1.00
4.64 (1.98-10.89)

P Value
o7

.26

45

1.00
.01
.0005
.34

1.00
.004
10

.85

1.00
.0004

Multivariate Analysis

2.84 (1.01-8.00)
16.90 (3.11-91.83)

2.80 (1.07-7.30)

5.16 (1.95-13.63)

2 Valilg

.04
.001

.0009

Data presented as odds ratio (95% confidence interval).

Abbreviations: ER = estrogen receptor; pMAPK = phosphorylated mitogen-activated protein kinase; PgR = progesterone receptor; pS6 = protein S6.
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