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ABSTRACT

Purpose: Phosphorylated AKT1 (p-AKT1) at Ser473 is a functional isoform of AKT and a key
component of the PI3BK/mTOR/AKT pathway. This study aimed to evaluate the prognostic
significance of p-AKT1 (Ser473) based on the molecular subtypes of breast cancer.

Methods: To investigate the prognostic value of p-AKT1 (Ser473), we performed a
retrospective chart review of patients with breast cancer. Data on p-AKT1 (Ser473) positivity,
hormone receptor (HR) status, human epidermal growth factor receptor 2 (HER2)
expression status, and other clinicopathological factors were obtained. Furthermore, the
therapeutic effect of blocking p-AKT1 (Ser473) in breast cancer cells was evaluated using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, cell apoptosis
assay, apoptosis protein array, and western blot analysis.

Results: A total of 3,044 patients were evaluated, and the median follow-up time was 43
(range: 0-125) months. In patients with HR-positive and HER2-positive disease, the p-AKT1
(Ser473)-positive group had worse disease-free survival (DFS) than the p-AKT1 (Ser473)-
negative group (hazard ratio, 1.9; 95% confidence interval, 1.1-3.5; p = 0.024). In the
multivariate analysis, p-AKT1 (Ser473) remained a significantly worse prognostic factor in
patients with HR-positive/HER2-positive breast cancer (p = 0.03). There was no difference in
DFS according to p-AKT1 (Ser473) status among patients with other breast cancer subgroups.
In vitro analysis showed that blocking p-AKT1 (Ser473) levels enhanced trastuzumab-induced
cell death in HR-positive/HER2-positive and p-AKT1 (Ser473)-positive breast cancer cells.
Conclusion: p-AKT1 (Ser473) is a prognostic marker for poor outcomes in patients with HR-
positive/HER2-positive breast cancer and may have a potential value as a therapeutic target.
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INTRODUCTION

Since the introduction of endocrine therapy, breast cancer treatment has been a leading
field in precision medicine. Studies to determine the prognostic and predictive markers
have aimed to attain more specific treatment strategies for individual patients. The standard
treatment strategies for each patient with breast cancer vary according to clinical or
pathologic factors, such as menopausal status, tumor size, status of lymph node metastasis,
expression of hormone receptors (HRs) and human epidermal growth factor receptor 2
(HER2), and gene expression assays. Because of these tailored therapies, patient outcomes
have improved, and the likelihood of adverse events has been reduced. New targeted agents
are typically tested based on the following four subtypes of breast cancer: HR-positive/
HER2-negative (HR'/HER2"), HR-positive/HER2-positive, HR-negative/HER2-positive, and
HR-negative/HER2-negative. In clinical trials, adding a new drug to the standard backbone
therapy according to the breast cancer subtype has been a standard scheme for evaluating the
efficacy of the drug.

In recent decades, many biological molecules in the PI3K/mTOR/AKT pathway have been
investigated in preclinical and clinical settings. AKT is a key component of the PI3K/
mTOR/AKT pathway and plays an important role in tumor growth, metastasis, apoptosis,
and angiogenesis in breast cancer [1]. Few AKT inhibitors have been tested in phase I and

II clinical trials in patients with breast cancer. The phase II FAKTION trial demonstrated
that the addition of the pan-AKT inhibitor capivasertib to fulvestrant therapy significantly
improved the outcomes of postmenopausal patients with aromatase inhibitor-resistant, HR-
positive/HER2-negative advanced or metastatic breast cancer [2]. The median progression-
free survival time was 10.3 months in the capivasertib group and 4.8 months in the placebo
group (hazard ratio, 0.58; 95% confidence interval [CI], 0.39-0.84; p = 0.0044). In the
LOTUS trial, a phase II study of the AKT inhibitor ipatasertib versus placebo in combination
with paclitaxel was conducted in patients with previously untreated metastatic triple-
negative breast cancer. The median progression-free survival time of the ipatasertib arm
was 6.2 months, which was significantly better than that of the placebo arm at 4.9 months
(stratified hazard ratio, 0.60; 95% CI, 0.37-0.98; log-rank p = 0.037) [3]. The PAKT trial
investigated capivasertib in combination with paclitaxel as the first-line treatment for
metastatic triple-negative breast cancer. The median progression-free survival time was 5.9
months in the capivasertib arm and 4.2 months in the placebo arm (hazard ratio, 0.74; 95%
CI, 0.37-0.99; p = 0.04) [4].

To date, three isoforms of AKT have been identified: AKT1, AKT2, and AKT3 [5]. Although
all three isoforms share over 85% homology in their catalytic domains, they perform different
functions in cancer cells [1]. Of these, AKT1 is a key molecule in the pathway associated with
cancer, especially breast cancer [6,7]. AKT1 is activated by phosphorylation of Thr308 and
Ser473 residues, and full activation of AKT1 activity occurs through serine phosphorylation
by mTORC2 at residue Ser473 [7]. In a study using proximity ligation assays, high levels of
phosphorylated AKT1 (p-AKT1, Ser473) were significantly associated with poor prognosis [8-
11]. Therefore, we hypothesized that p-AKT1 at residue Ser473 might be a prognostic marker
in breast cancer patients, and because of its crosstalk with the estrogen receptor (ER) and/

or HER?2, the potential value of p-AKT1 (Ser473) as a prognostic marker might be different
based on the subtypes. In addition, p-AKT1 (Ser473) may be a predictive marker of AKT
inhibition in a specific subtype of breast cancer.
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In this study, we evaluated the prognostic significance of p-AKT1 (Ser473) based on breast
cancer subtypes. Additionally, the importance of p-AKT1 (Ser473) as a therapeutic target was
investigated in a preclinical setting.

Prognostic Value of p-AKT1 in Breast Cancer

METHODS

Study design and patient selection

As shown in Figure 1, 3,612 patients who were newly diagnosed with primary invasive breast
cancer between January 2010 and December 2018 and underwent curative surgery were
analyzed in this study. Clinicopathological characteristics and survival data were obtained
through a retrospective chart review. A total of 538 patients with bilateral breast cancer,
history of other primary organ malignancies, occult breast cancer, malignant phyllodes
tumor, sarcoma, or lymphoma were excluded. Thirty patients with incomplete data on

HR, HER2, or p-AKTI1 (Ser473) status were also excluded from this analysis. In total,

3,044 patients were included in the study. The TNM stage was classified according to the
American Joint Committee on Cancer (AJCC) 8th edition anatomical staging. This study was
approved by the Institutional Review Board (IRB number:2020-10-010) and was conducted
in accordance with the Declaration of Helsinki. The requirement for informed consent was
waived because of the retrospective nature of the study.

Immunohistochemistry

Positivity for ER, progesterone receptor (PR), HER2, Ki67, phosphorylated-S6K1 (p-S6K1),
and p-AKT1 (Ser473) was evaluated by immunohistochemistry. All slides were reviewed

by more than three pathologists at our institute, and a pathologist specializing in breast
pathology confirmed the reading. ER or PR positivity was defined as the expression of ER
or PR in > 1% of tumor cells. In cases where HER2 expression was classified as 2+, FISH or
SISH was performed and reported according to the American Society of Clinical Oncology
(ASCO) guidelines at the time of reporting after each surgery [12,13]. Cases where HER2

Patients diagnosed with primary invasive breast cancer treated
by curative surgery: 3,612 patients

- Bilateral breast cancer

- History of primary other primary malignancy

- Occult breast cancer

- Malignant phyllodes tumor, sarcoma, or lymphoma:
538 patients

Patients without data of hormone receptor, HER2,
and p-AKT1 (Ser473): 30 patients

HR positive/HER2 negative: HR positive/HER2 positive: HR negative/HER2 positive: HR negative/HER2 negative:
1,893 patients 406 patients 323 patients 422 patients

Figure 1. Patient selection.
HR = hormone receptor; HER2 = human epidermal growth factor receptor 2; p-AKT1 = phosphorylated AKT1.
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Figure 3. DFS of all patients according to p-AKT1 (Ser473) status.
DFS = disease-free survival; p-AKT1 = phosphorylated AKT1; CI = confidence interval.

expression was equivocal on FISH or SISH were classified as negative. Because of the update
in the ASCO guidelines, there was a correction in the interpretation of HER2 expression;
however, it was confirmed by a pathologist that there was no difference in the data before
and after the update. Negative p-S6K1 expression was assigned a score of O and positive
expression a score of 1+ to 3+. Details of the procedures have been described in our previous
report on the immunochemistry of p-S6K1 [14]. For p-AKT1 (Ser473) staining in the primary
tumors, the sections were incubated with a primary antibody against p-AKT1(Ser473)
(Invitrogen™, dilution 1:50; Thermo Fisher Scientific, Waltham, MA, USA), followed by
anti-mouse immunoglobulin G (IgG) secondary antibody. The slides were then incubated

in a tertiary antibody-horse peroxidase conjugate, followed by diaminobenzidine. After
counterstaining with Meyer’s hematoxylin, the slides were dehydrated and mounted.
p-AKTI immunoreactivity was interpreted in a semi-quantitative manner using an intensity-
proportion scoring system. The score was calculated as the sum of the intensity and
proportion scores, which provided a score between 0 and 6. The proportion score was as
follows: 0, no positive cells; +1, less than one-third positive tumor cells; +2, one-third to two-
thirds positive tumor cells; and +3, more than two-thirds positive tumor cells. The intensity
scores were assigned as follows: +1, weak staining; +2, intermediate staining; and +3, strong
staining. A score of O was categorized as O, score 2 as 1+, scores 3 and 4 as 2+, and scores 5
and 6 as 3+. The final scoring categories of 0 and 1+ were defined as negative p-AKT1 and 2+
and 3+ were defined as positive (Figure 2).

Cell culture and reagents

The breast cancer BT474 and trastuzumab-resistant BT474 (BT474-TR) cell lines were
obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and
cultured in RPMI-1640 (Welgene, Gyeongsan, Korea) containing 10% fetal bovine serum
(FBS). MDA-MB-361 cells were kindly provided by Prof. Taeg Kyu Kwon (Department of
Immunology, School of Medicine, Keimyung University, Daegu, Korea). Tamoxifen was
purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Perifosine, an AKT
inhibitor, was purchased from Selleck Chemicals (Houston, TX, USA). SB3 (Samfenet™;
Samsung Bioepis, Incheon, Korea), a trastuzumab biosimilar reagent, was provided by
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Figure 2. Representative immunohistochemical staining of p-AKT1 (Ser473).

(A) Tumor with a negative score, (B) tumor with a score of 1+, (C) tumor with a score of 2+, and (D) tumor with a
score of 3+.

p-AKT1 = phosphorylated AKT1.

Daewoong Pharmaceutical (Seoul, Korea). For treatment, the cell medium was refreshed with
RPMI-1640 supplemented with 10% charcoal-stripped FBS.

siRNA transfection

The cells were transfected with AKT1 siRNA or negative control siRNA using RNAiMax
(Invitrogen™; Thermo Fisher Scientific), according to the manufacturer’s instructions.
After transfection, the cells were incubated for 24 hours before further analysis. The siRNA
against AKTI mRNA corresponding to the coding sequence starting at position 667 (siRNA-
5'-CACCUUCCAUGUGGAGACU-3') relative to the cDNA sequence NM_005163.2 was
synthesized (Bioneer, Daejeon, Korea). The AccuTarget™ negative control siRNA (SN-1001)
was also purchased from Bioneer.

Western blot analysis

Total cell extracts were obtained using lysis buffer (Cell Signalling Technology, Beverly, MA,
USA) supplemented with a protease inhibitor cocktail (Promega, Thermo Fisher Scientific)
and phosphatase inhibitor cocktail (Thermo Fisher Scientific). Protein concentrations were
measured using the Bradford reagent (Bio-Rad Laboratories, Hercules, CA, USA). Protein
samples were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to nitrocellulose membranes. The membranes were blocked with 5%
skimmed milk in TBST (10 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.05% Tween 20) for 1 hour
at room temperature and incubated with specific primary antibodies, followed by horseradish
peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG. The stained bands were visualized
using SuperSignal West Pico chemiluminescent substrate (Thermo Fisher Scientific). The
following primary antibodies were used: AKT, p-AKT1 (Ser473), cleaved poly(ADP-ribose)

https://doi.org/10.4048/jbc.2022.25.e43 391



Prognostic Value of p-AKT1 in Breast Cancer

JBC

https://ejbc.kr

polymerase (PARP), cleaved caspase-3, survivin, Mcl-1, and p27/Kip1 obtained from Cell
Signalling Technology, and B-actin obtained from Sigma-Aldrich.

Cell apoptosis assay

Cell apoptosis was assessed using the Muse™ Annexin V & Dead Cell Kit (Millipore; Merck
KGaA), according to the manufacturer’s instructions. Briefly, a total of 1 x 10° cells were
collected via centrifugation and washed with cold PBS. The cells were then resuspended in
PBS with 1% BSA and stained with Muse™ Annexin V and Dead Cell Reagent for 20 minutes
at room temperature in the dark. Finally, the stained cells were analyzed using the Muse™
Cell Analyzer.

Apoptosis protein array

The detection of multiple apoptosis-related proteins in cells was performed using a Human
Apoptosis Proteome Profiler™ array (R&D Systems, Bio-Techne, Minneapolis, MN, USA),
according to the manufacturer’s protocol.

Statistical analysis

The p-AKT1 (Ser473) status and clinicopathological parameters were evaluated using the chi-
squared test. Disease-free survival (DFS) was defined as any breast cancer relapse, including
locoregional recurrence, distant metastasis, contralateral breast cancer, primary malignancy
in other organs, or death from any cause, without disease relapse. The Kaplan—Meier method
with the log-rank test was used to analyze differences in DFS between the groups. Cox
proportional hazards regression model was used to calculate hazard ratios and 95% Cls in
the univariate and multivariate analyses.

In preclinical experiments, a paired sample #test was used to compare the differences
between the two populations. Statistical significance was set at p < 0.05. Data are expressed
as mean +standard deviation (SD).

RESULTS

Patient characteristics and p-AKT1 (Ser473) positivity distribution

A total of 3,044 patients were included in this study (Figure 1). Of these, 1,218 (40.0%) were
classified into the p-AKT1 (Ser473)-positive group (Table 1). p-AKT1 (Ser473) positivity was
associated with HR- and p-S6K1 positivity (Table 1).

According to the subtypes, p-AKT1 (Ser473) was positive in 41.8%, 39.7%, 42.7%, and 30.3%
of the HR-positive/HER2-negative, HR-positive/HER2-positive, HR-negative/HER2-positive,
and HR-negative/HER2-negative patients, respectively (Table 2). Relatively high levels of
p-S6K1 in the p-AKT1 (Ser473)-positive group were observed in all subtypes.

DFS based on p-AKT1 (Ser473) positivity

The median follow-up period was 43 months (range: 0-125 months). Among all patients, those
with p-AKT1 (Ser473)-positive tumors had a significantly worse prognosis than those with
p-AKTI1 (Ser473)-negative tumors (hazard ratio, 1.3; 95% CI, 1.0-1.7; p = 0.0306) (Figure 3).

DFS was analyzed according to the subtypes (Figure 4). Among patients with HR-positive and
HER2-positive disease, the p-AKT1 (Ser473)-positive group had worse DFS than the p-AKT1
(Ser473)-negative group (hazard ratio, 1.9; 95% CI, 1.1-3.5 p = 0.024) (Table 3). Otherwise,
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Table 1. Patients’ demographics

Characteristics p-AKT1 (Ser473) negative (n = 1,826) p-AKT1 (Ser473) positive (n =1,218) p-value
Age 0.970
<50 years 1,060 (58.1) 706 (58.0)
> 50 years 766 (41.9) 512 (42.0)
T stage 0.091
T 1,128 (61.8) 772 (63.4)
T2 639 (35.0) 493 (34.7)
T3 54 (3.0) 20 (1.6)
T4 5(0.3) 2 (0.2)
Unknown 0 1(0.1)
N stage 0.807
NO 1,243 (68.0) 829 (68.1)
N1 418 (22.9) 9285 (23.4)
N2 107 (5.9) 62 (5.1)
N3 53 (2.9) 40 (3.3)
Unknown 5(0.3) 2(0.2)
Histologic grade 0.002
Grade1or2 1,092 (59.8) 756 (62.1)
Grade 3 664 (36.3) 388 (31.9)
Unknown 70 (3.8) 74 (6.1)
Histologic type 0.068
Invasive ductal carcinoma 1,621 (88.8) 1,047 (86.0)
Invasive lobular carcinoma 78 (4.3) 67 (5.5)
Others 127 (7.0) 104 (8.5)
HR 0.006
ER and PR negative 479 (26.2) 266 (21.8)
ER or PR positive 1,347 (73.8) 952 (78.2)
HER2 0.527
Negative 1,396 (76.5) 919 (75.5)
Positive 430 (23.5) 299 (24.5)
Ki67 <0.001
<90% 885 (48.5) 596 (43.2)
> 20% 601 (32.9) 376 (30.9)
Unknown 340 (18.6) 316 (25.9)
p-S6K1 <0.001
Negative 787 (43.1) 212 (17.4)
Positive 1,031 (56.5) 1,001 (82.2)
Unknown 8(0.4) 5(0.4)
Surgery 0.992
Breast conserving surgery 1,257 (68.8) 838 (68.8)
Mastectomy with or without reconstruction 570 (31.2) 380 (31.2)
Radiotherapy 0.026
Done 1,402 (76.8) 999 (75.7)
Not done 370 (20.3) 276 (22.7)
Unknown 54 (3.0) 20 (1.6)
Neoadjuvant or adjuvant chemotherapy 0.014
Taxane based 573 (31.4) 358 (29.4)
Non-taxane based 634 (34.7) 486 (39.9)
Not done or unknown 619 (33.9) 374 (29.4)
Adjuvant endocrine therapy 0.135
Aromatase inhibitor 579 (31.7) 402 (33.0)
Tamoxifen only 674 (36.9) 475 (39.0)
Not done 573 (31.4) 339 (27.8)
Adjuvant trastuzumab treatment 0.556
Done 301 (16.5) 191 (15.7)
Not done or unknown 1,525 (83.5) 1,027 (84.3)

Values are presented as number (%).
p-AKT1 = phosphorylated-AKT1; ER = estrogen receptor; PR = progesterone receptor; HER2 = human epidermal growth factor receptor 2; p-S6K1 = phosphorylated-S6K1.
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Table 2. Demographics based on subtype

Characteristics HR-positive/HER2-negative HR-positive/HER2-positive HR-negative/HER2-positive HR-negative/HER2-negative
(n=1,893) (n=406) (n=323) (n=429)
P-AKT1 p-AKT1  p-value  p-AKTI p-AKT1  p-value  p-AKTI p-AKT1  p-value  p-AKTI p-AKT1  p-value
(Ser473)  (Ser473) (Ser473)  (Ser473) (Ser473)  (Ser473) (Ser473)  (Ser473)
negative  positive negative  positive negative  positive negative  positive
(n=102) (n=791) (n=245) (n=161) (n=185) (n=138) (n=294) (n=128)
Age 0.321 0.071 0.544 0.880
<50 years 499 (45.3) 340 (43.0) 95(38.8) 77 (47.8) 48(25.9) 40 (29.0) 124 (42.9) 55 (43.0)
> 50 years 603 (54.7) 451 (57.0) 150 (61.2) 84 (52.2) 137 (741)  98(71.0) 170 (57.8) 73 (57.0)
T stage 0.452 0.355 0.834 0.020
T 735 (66.7) 538 (68.0) 142 (58.0) 95 (59.0) 101 (54.6) 76 (55.1) 150 (51.0) 63 (49.9)
T2 345(31.3)  241(30.5) 92 (37.6) 63 (39.1) 74 (40.0) 57 (41.3) 198 (43.5) 62 (48.4)
T3 20 (1.8) 12 (1.5) 9(37)  3(1.9) 9(4.9)  4(2.9) 16 (5.4)  1(0.8)
T4 2(0.2) 0 2(0.8) - 1(0.5)  1(0.7) - 1(0.8)
Unknown - - - - - - - 1(0.8)
N stage 0.197 0.507 0.200 0.074
NO 749 (68.0) 557 (70.4) 151 (61.6) 95 (59.0) 126 (68.1)  81(58.7) 217 (73.8) 96 (75.0)
N1 261(237) 183 (231) 67(27.3) 51(317) 33(17.8) 36 (26.1) 57(19.4) 15 (1.7)
N2 60 (5.4)  927(3.4) 21(8.6) 10 (6.2) 15(81)  15(10.9) n@E7)  10(7.8)
N3 28(2.5)  23(2.9) 6(24) 4(2.5) NG9  6(43) 8(27)  7(5.5)
Unknown 4(0.4) 1(0.7) - 1(0.6) - - 1(0.3) 0
Histologic grade 0.097 0.598 0.155 0.272
Gradeor? 863(78.3) 611(77.2) 117 (47.8) 69 (42.9) 47(95.4) 43(31.9) 65(22.1) 33 (25.8)
Grade 3 199 (18.1) 135 (17.1) 109 (44.5) 77 (47.8) 132 (71.4) 86 (62.3) 294 (76.2) 90 (70.3)
Unknown 40(3.6)  45(5.) 19(7.8)  15(9.3) 632 9(6.5) 5(17) 5(3.9)
Histologic type 0.053 0.944 0.327 0.630
Invasive ductal carcinoma 958 (86.9) 656 (82.9) 299 (90.6) 146 (90.6) 179 (96.8) 135 (97.8) 262 (89.1) 110 (85.9)
Invasive lobular carcinoma 66 (6.0) 61(7.7) 4(1.6) 2(1.2) 2 (1) 0 6 (2.0) 4(30)
Others 78 (71) 74 (9.4) 19(7.8)  13(81) 429  3(29) 26(8.8) 14 (10.9)
Ki67 <0.001 <0.001 0.856 0.925
<920% 704 (63.9) 437 (55.2) 84 (34.3) 33(20.5) 46(24.9) 32(23.9) 51(17.3) 24 (18.8)
>90% 187 (17.0) 150 (19.0) 91(371) 50 (31.1) 17 (63.2) 87 (63.0) 206 (70.1) 89 (69.5)
Unknown 211 (19.1) 204 (25.8) 70 (28.6) 78 (48.4) 29(1.9) 19 (13.8) 37(12.6) 15 (11.7)
p-S6K1 <0.001 <0.001 <0.001 <0.001
Negative 501(47.3) 149 (18.8) 91(371)  28(17.4) 65(351) 19(13.8) 110 (37.4) 16 (12.5)
Positive 579 (52.5) 638 (80.7) 152 (62.0) 133 (82.6) 17(63.2) 118 (85.5) 183 (62.2) 112 (87.5)
Unknown 2(0.9) 4(0.5) 2(0.8) 0 3(1.6) 1(0.7) 1(0.3) 0
Surgery 0.585 0.346 0.144 0.071
Breast conserving surgery 804 (73.0) 586 (74.1) 144 (58.8) 87 (54.0) 101 (54.6) 64 (46.4) 207 (70.4) 101(78.9)
Mastectomy 298 (27.0) 205 (25.9) 101 (41.2) 74 (46.0) 84 (45.4) 74 (53.6) 87(29.6) 27 (211)
Radiotherapy 0.021 0.068 0.385 0.056
Done 879 (79.8) 622 (78.6) 168 (68.6) 103 (64.0) 129 (69.7) 87 (63.3) 296 (76.9) 110 (85.9)
Not done 187 (17.0) 157 (19.8) 64 (261)  55(34.9) 54(29.2) 48 (34.8) 65(22.1) 16 (12.5)
Unknown 36(33)  12(1.5) 133  3(1.9) 2(11) 3(2.9) 3(1.0)  2(1.6)
Neoadjuvant or adjuvant 0.001 0.625 0.128 0.157
chemotherapy
Taxane based 283(25.7) 186 (23.5) 81(331) 57 (35.4) 59 (31.9) 59 (42.8) 150 (51.0) 56 (43.8)
Non-taxane based 301(27.3) 279 (35.3) 127 (51.8) 85 (52.8) 95 (51.4) 61 (44.2) m(37.8)  61(47.7)
Not done or unknown 518 (47.0) 326 (41.2) 37(151) 19 (11.8) 31(16.8) 18 (13.0) 33(1.2) 11(8.6)
Adjuvant endocrine therapy 0177 0.059 0.484 -
Aromatase inhibitor 476 (43.2) 348 (44.0) 102 (41.6) 52 (31.3) 1005  2(1.4) - -
Tamoxifen only 570 (51.7) 388 (49.1) 103 (42.0) 87 (54.0) 1(0.5) 0 - -
Not done or unknown 56 (51)  55(7.0) 40(16.3) 22(13.7) 183 (99.0) 136 (98.6) - -
Adjuvant trastuzumab treatment 0.267 0.345 0.451 0.599
Done 16 (1.5) 7(0.9) 153 (62.4) 93 (57.8) 198 (69.2) 90 (65.2) 4(1.4) 1(0.8)
Not done or unknown 1,086 (98.5) 784 (99.1) 92 (37.6) 68 (42.2) 57(30.8) 48 (34.8) 290 (98.6) 127 (99.2)
HR = hormone receptor; HER2 = human epidermal growth factor receptor 2; p-AKT1 = phosphorylated-AKT1; p-S6K1 = phosphorylated-S6K1.
Values are presented as number (%).
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Figure 4. DFS of patients based on subtypes.
Prognostic significance of p-AKT1 (Ser473) status for (A) HR-positive/HER2-negative patients, (B) HR-positive/HER2-positive patients, (C) HR-negative/HER2-
positive patients, and (D) HR-negative/HER2-negative patients.
DFS = disease-free survival; p-AKT1 = phosphorylated AKT1; HR = hormone receptor; HER2 = human epidermal growth factor receptor 2.
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Months from diagnosis

there was no difference in DFS according to p-AKT1 (Ser473) positivity among other subgroups
of breast cancer. In multivariate analysis, p-AKT1 (Ser473) positivity remained a significantly
worse prognostic factor for patients with HR*/HER2" breast cancer (p = 0.03; Table 3).

Perifosine, an AKT inhibitor, enhances trastuzumab-induced cell death in HR-
and HER2-positive breast cancer cells

As p-AKT1 (Ser473) is a poor prognostic marker in patients with HR-positive/HER2-positive
disease, we investigated whether inhibition of p-AKT1 (Ser473) would have a therapeutic effect
when combined with tamoxifen and/or trastuzumab in the HR-positive/HER2-positive and
p-AKTI (Ser473)-positive breast cancer cell lines, BT474 and MDA-MB-361. First, we evaluated
the effects of tamoxifen and trastuzumab on the growth of BT474 cells and MDA-MB-361. Cells
were exposed to either tamoxifen or trastuzumab at different concentrations for 24 or 48 h, and
cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Figure 5A and B, Supplementary Figure 1A and B). The ICs, values of
tamoxifen in BT474 and MDA-MB-361 cells were approximately 16 and 17 uM, respectively,
after 24 hours exposure. The ICs, values of tamoxifen in BT474 and MDA-MB-361 cells

were approximately 18 and 12 uM, respectively, after 48 hours treatment. The ICs, value of
trastuzumab in both BT474 and MDA-MB-361 cells at 48 hours was approximately 50 pg/mL.
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Table 3. Univariate and multivariate analyses of DFS based on p-AKT1 (Ser473) in patients with HR positive/HER2-positive breast cancer

Variables Univariate analysis Multivariate analysis
Hazard ratio (95% CI) p-value Hazard ratio (95% CI) p-value

Age (> 50 years vs. < 50 years) 0.8 (0.4-1.4) 0.394
T stage (vs. T1)

T2 5.1(2.6-9.9) 3.7 (1.8-7.7)

T3 5.8 (1.6-20.7) 6.4 (1.6-25.1)

T4 61.1 (7.4-503.6) <0.001 113.3 (11.2-1,143.5) <0.001
N stage (vs. NO)

N1 2.2 (1.2-4.3) 1.8 (0.7-4.5)

N2 4.4 (2.0-9.8) 4.8 (1.5-15.1)

N3 11.5 (3.3-39.7) <0.001 8.0 (1.9-33.1) 0.016
Histologic grade (Grade 3 vs. Grade 1 or 2)

Grade 3 1.8 (1.0-3.4) 0.052
Ki67 (> 20% vs. < 20%) 1.7 (0.7-4.2) 0.266
p-AKT1 (Ser473) (Positive vs. Negative) 1.9 (1.1-3.5) 0.024 2.0 (1.1-3.6) 0.030
Surgery (Mastectomy vs. Breast conserving surgery) 2.0 (1.1-3.6) 0.019 0.7 (0.3-1.6) 0.364
Radiotherapy (Not done vs. Done) 2.1(1.2-3.7) 0.014 3.3(1.3-8.5) 0.015
Neoadjuvant or Adjuvant chemotherapy (vs. Taxane based)

Non-taxane based 0.8 (0.4-2.0) 1.4 (0.4-4.5)

Not done or unknown 0.5 (0.2-0.8) 0.037 1.4 (0.6-3.5) 0.709
Adjuvant endocrine therapy (vs. Aromatase inhibitor)

Tamoxifen only 1.2 (0.6-2.2)

Not done 1.3 (0.5-3.0) 0.844
Adjuvant trastuzumab treatment (Not done or unknown vs. Done) 1.4 (0.8-2.6) 0.226

DFS = disease-free survival; p-AKT1 = phosphorylated-AKT1; HR = hormone receptor; HER2 = human epidermal growth factor receptor 2; CI = confidence interval.

Next, we investigated the effects of p-AKT1 (Ser473) inhibition on tamoxifen-and/or
trastuzumab-induced cell death in BT474 and MDA-MB-361 cells. Perifosine is an orally
available alkyl phospholipid that inhibits AKT1 phosphorylation [15,16]. Western blot analysis
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Figure 5. AKT inhibitor enhanced trastuzumab-induced cell death in BT474 and BT474-TR cells.

The effects of tamoxifen (A) and trastuzumab (B) on cell viability were analyzed using the MTT assay (n = 3). (C) Protein levels of AKT and p-AKT (Ser473) in the
perifosine-treated BT474 cells. Cells were treated with 20 or 30 pM perifosine, an AKT inhibitor, for 24 or 48 hours and then subjected to western blot analysis.
B-Actin was used as an internal control. (D) BT474 cells were treated with or without 20 pM perifosine and co-treated with 10 pM tamoxifen and/or 2 pg/mL
trastuzumab for 48 hours. Cell morphology was examined using a microscope. (E, F) Flow cytometric analysis of apoptotic cells using the Muse™ Annexin V &

Dead Cell Kit. Control- or perifosine-treated BT474 cells were cotreated with 10 pM tamoxifen and/or 2 pg/mL trastuzumab for 48 hours (E). Control- or perifosine-
treated BT474 and BT474-TR cells were cotreated with 2 ug/mL trastuzumab for 48 hours (F). All data in the graphs are presented as the mean + standard deviation
(n =3). Images represent three independent experiments.

MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; p-AKT1 = phosphorylated AKT1; n.s. = non-significant.

*p <0.05; *p < 0.01. (continued to the next page)
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Annexin V

Figure 5. (Continued) AKT inhibitor enhanced trastuzumab-induced cell death in BT474 and BT474-TR cells.

The effects of tamoxifen (A) and trastuzumab (B) on cell viability were analyzed using the MTT assay (n = 3). (C) Protein levels of AKT and p-AKT (Ser473) in the
perifosine-treated BT474 cells. Cells were treated with 20 or 30 puM perifosine, an AKT inhibitor, for 24 or 48 hours and then subjected to western blot analysis.
B-Actin was used as an internal control. (D) BT474 cells were treated with or without 20 pM perifosine and co-treated with 10 pM tamoxifen and/or 2 pg/mL
trastuzumab for 48 hours. Cell morphology was examined using a microscope. (E, F) Flow cytometric analysis of apoptotic cells using the Muse™ Annexin V &
Dead Cell Kit. Control- or perifosine-treated BT474 cells were cotreated with 10 pM tamoxifen and/or 2 ug/mL trastuzumab for 48 hours (E). Control- or perifosine-
treated BT474 and BT474-TR cells were cotreated with 2 pg/mL trastuzumab for 48 hours (F). All data in the graphs are presented as the mean + standard deviation
(n = 3). Images represent three independent experiments.

MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; p-AKT1 = phosphorylated AKT1; n.s. = non-significant.

*p < 0.05; *p < 0.01.

showed that perifosine significantly reduced p-AKT1 (Ser473) levels in BT474 and MDA-
MB-361 cells in a dose- and time-dependent manner, indicating the effective inhibition of AKT
activity (Figure 5C, Supplementary Figure 1C). The cells were then subjected to single, dual,
and triple treatments with tamoxifen, trastuzumab, and perifosine. As shown in Figure 5D,
reduced cell viability was observed in BT474 cells treated with a combination of tamoxifen
and trastuzumab when AKT1 activity was inhibited by perifosine. To clarify this result, the
percentage of apoptotic BT474 and MDA-MB-361 cells was evaluated using annexin V/AAD-7
staining (Figure 5E, Supplementary Figure 1D). Inhibition of p-AKT1 (Ser473) by perifosine
increased the number of apoptotic cells in untreated, tamoxifen-treated, and trastuzumab-
treated BT474 cells (p < 0.05, p < 0.05, and p < 0.01, respectively) and MDA-MB-361 cells
(»<0.05, p<0.05,and p < 0.05, respectively). Meanwhile, perifosine markedly enhanced
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the sensitivity of BT474 cells to trastuzumab compared with tamoxifen (Figure 5E). These
data suggest that p-AKT1 (Ser473) blocking might be more sensitive to trastuzumab than
tamoxifen in HR-positive/HER2-positive and p-AKT1 (Ser473)-positive breast cancer cells.

We further clarified the effect of blocking p-AKT1 (Ser473) on conferring sensitivity to
trastuzumab in trastuzumab-resistant HR-positive/HER2-positive and p-AKT1 (Ser473)-
positive breast cancer cells, BT474-TR (Figure 5F, Supplementary Figure 2). Indeed,
perifosine significantly enhanced sensitivity to trastuzumab in trastuzumab-treated BT474-
TR cells compared with perifosine or trastuzumab alone (p < 0.05 or p < 0.05; Figure 5F).
Taken together, these results demonstrate that p-AKT1 (Ser473) inhibition with perifosine
confers sensitivity to breast cancer therapy in HR-positive/HER2-positive and p-AKT1
(Ser473)-positive breast cancer cells. In addition, it seems that perifosine has a higher
synergistic effect with trastuzumab than with tamoxifen in HR-positive/HER2-positive and
p-AKTI1 (Ser473)-positive breast cancer cell lines.

AKT1 knockdown enhances trastuzumab-induced cell death in HR- and HER2-
positive breast cancer cells
To confirm the effect of p-AKT1 (Ser473) on trastuzumab-induced cell death, BT474 and
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Annexin V

Figure 6. Knockdown of AKT1 by siRNA enhanced trastuzumab-induced cell death in BT474 and BT474-TR cells.

(A) Knockdown of AKT1 in BT474 cells. The cells were transfected with either control siRNA (siControl) or AKT1 siRNA (siAKT1) for 48 hours and then subjected to
western blot analysis. B-Actin was used as the internal protein control. (B, C) Flow cytometric analysis of apoptotic cells with the Muse™ Annexin V & Dead Cell kit.
Control siRNA- or AKT1 siRNA-transfected BT474 cells were cotreated with 10 pM tamoxifen and/or 2 pg/mL trastuzumab for 48 hours (B). Control siRNA- or AKT1
SiRNA-transfected BT474 and BT474-TR cells were cotreated with 2 ug/mL trastuzumab for 48 hours (C). (D) The expression level of PARP in BT474 cells treated with

a combination of siAKT1 and trastuzumab. (E) Analysis via proteome profiler array of BT474 cells treated with the combination of AKT1 knockdown and trastuzumab.
The cells were transfected with 50 uM control siRNA or AKT1 siRNA for 48 hours and then treated with or without 2 ug/mL trastuzumab. (F) The expression levels of
antiapoptotic proteins (survivin and Mcl-1) and proapoptotic proteins (p27/Kip1 and cleaved caspase-3) were measured by western blot analysis. B-Actin was used as
the internal protein control. All data in graphs are presented as the means + standard deviations. Images are representative of three independent experiments (n = 3).
PARP = poly(ADP-ribose) polymerase; n.s. = non-significant.

*p <0.05; *p < 0.01. (continued to the next page)
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Figure 6. (Continued) Knockdown of AKT1 by siRNA enhanced trastuzumab-induced cell death in BT474 and BT474-TR cells.

(A) Knockdown of AKT1 in BT474 cells. The cells were transfected with either control siRNA (siControl) or AKT1siRNA (siAKT1) for 48 hours and then subjected to
western blot analysis. B-Actin was used as the internal protein control. (B, C) Flow cytometric analysis of apoptotic cells with the Muse™ Annexin V & Dead Cell kit.
Control siRNA- or AKT1 siRNA-transfected BT474 cells were cotreated with 10 pM tamoxifen and/or 2 ug/mL trastuzumab for 48 hours (B). Control siRNA- or AKT1
siRNA-transfected BT474 and BT474-TR cells were cotreated with 2 pg/mL trastuzumab for 48 hours (C). (D) The expression level of PARP in BT474 cells treated with

a combination of siAKT1 and trastuzumab. (E) Analysis via proteome profiler array of BT474 cells treated with the combination of AKT1 knockdown and trastuzumab.
The cells were transfected with 50 uM control siRNA or AKT1 siRNA for 48 hours and then treated with or without 2 pg/mL trastuzumab. (F) The expression levels of
antiapoptotic proteins (survivin and Mcl-1) and proapoptotic proteins (p27/Kip1 and cleaved caspase-3) were measured by western blot analysis. B-Actin was used as
the internal protein control. All data in graphs are presented as the means + standard deviations. Images are representative of three independent experiments (n = 3).
PARP = poly(ADP-ribose) polymerase; n.s. = non-significant.

*p < 0.05; *p < 0.01.

Reference spot

MDA-MB-361 cells were transiently transfected with siRNA targeting AKT1, followed by
treatment with tamoxifen and/or trastuzumab. AKT1 siRNA decreased total AKT and p-AKT1
(Ser473) protein expression in BT474 and MDA-MB-361 cells (Figure 6A, Supplementary
Figure 3A). As expected, AKT1 knockdown enhanced the sensitivity of BT474 and MDA-
MB-361 cells to trastuzumab (Figure 6B, Supplementary Figure 3B). We further confirmed
that AKT1 knockdown significantly improved trastuzumab sensitivity of BT474-TR cells
(Figure 6C). Furthermore, we confirmed that AKT1 inhibition by siRNA increased cleaved
PARP expression in trastuzumab-treated BT474 cells (Figure 6D). Together, these results
indicate that suppression of AKT1 activity significantly enhances trastuzumab sensitivity of
HR-positive/HER2-positive breast cancer cells.

The combination of AKT1 knockdown and trastuzumab enhanced cell death
by regulating apoptosis-related proteins in HR- and HER2-positive breast
cancer cells

To gain further insight into the differential expression of apoptosis-related proteins, we
performed a human apoptosis proteome array in BT474 cells using a combination of AKT1
knockdown and trastuzumab treatment. The human apoptotic proteome profiler array showed
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that a combination of AKT1 knockdown and trastuzumab treatment significantly upregulated
the pro-apoptotic proteins cleaved caspase-3 and p27/Kip1 in BT474 cells compared to cells
with either AKT1 knockdown or trastuzumab treatment alone (Figure 6E). Furthermore,

the expression of the antiapoptotic protein survivin was diminished in BT474 cells treated
with the combination treatment. The differential expression patterns of apoptosis-related
proteins were validated using western blot analysis (Figure 6F). Again, a combination of AKT1
knockdown and trastuzumab treatment increased cleaved caspase-3 and p27/Kip1 levels,
whereas the combination decreased the expression of survivin and Mcl-1.

DISCUSSION

In this study, p-AKT1 (Ser473) positivity was an independent prognostic factor for patients
with HR-positive/HER2-positive early breast cancer, while there was no significant difference
in DFS based on p-AKT1 (Ser473) status in other subtypes. In our in vitro study, we also
showed that AKT inhibition with perifosine, an AKT inhibitor, significantly enhanced the
sensitivity to tamoxifen and trastuzumab therapy in the both HR-positive/HER2-positive
and p-AKT1 (Ser473)-positive cell lines, BT474 and MDA-MB-361. We found that perifosine
had a better synergistic effect with trastuzumab than with tamoxifen in BT474 and MDA-
MB-361 cells. The synergistic effect of perifosine with trastuzumab was evident when the
Annexin V/AAD-7 staining data showed that perifosine significantly improved the sensitivity
of trastuzumab-resistant BT474 cells (BT474-TR). We obtained similar results using siRNA
against AKT1 in BT474, MDA-MB-361, and BT474-TR cells. Indeed, AKT1 knockdown
significantly enhanced the death of trastuzumab-treated cells by regulating the expression
levels of apoptosis-related proteins, including cleaved PARP, cleaved caspase-3, p27/Kip1,
survivin, and Mcl-1.

In terms of the poor prognosis of patients with p-AKT1 (Ser473) positivity, the results of

our study are consistent with those of Spears et al. [8]. High levels of p-AKT1 (Ser473) were
associated with large tumor size, older age, and PR negativity. High p-AKT1(Ser473) positivity
was associated with significantly reduced distant relapse-free survival (hazard ratio, 1.45; 95%
CI, 1.14-1.83; p=0.002) and overall survival (hazard ratio, 1.42; 95% CI, 1.10-1.83; p= 0.007)
[8]. Our results also showed that p-AKT1 (Ser473)-positive tumors were associated with worse
DES. Interestingly, when the analysis was conducted based on subtype, the poor prognostic
effect of p-AKT1 (Ser473) positivity was confined to HR-positive/HER2-positive disease.

To our knowledge, no other study has explained the relationship between the specific breast
cancer subtypes and p-AKT1. However, a correlation between the ER and p-Aktl was reported
by Gershtein et al. [17] in 2006. Furthermore, association between HER2 amplification and
AKT has been reported by many researchers [18-20]. The findings of these studies can help
understand the results of our study.

HR-positive/HER2-positive breast cancer can be treated with both endocrine and HER2-
targeted therapies. However, it can become resistant to endocrine therapy or HER2-targeted
therapies and can have a more complicated multifactorial resistance mechanism than

the other subtypes. Several trials have demonstrated that HR-positive cancers with HER2
overexpression are relatively resistant to hormonal therapy in both early and advanced stages
compared with HER2-negative cases [21]. Therefore, it would be beneficial to develop the
novel targeted agents that can overcome the resistance to endocrine therapy and HER2-
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targeted therapy in HR-positive/HER2-positive breast cancer. However, these are relatively
neglected compared with other molecular types in the field of new drug development.
Consequently, while HER2-targeted therapy is the standard first-line treatment for patients
with HER2-positive advanced or metastatic breast cancer, there are still no precise treatment
guidelines for patients with HR-positive/HER2-positive disease, although this population
accounts for more than 11% of newly diagnosed breast cancer cases [22]. As endocrine
therapy or HER2-targeted therapy is more tolerable than cytotoxic chemotherapy, there

may be an opportunity to add another targeted agent to these treatments. In this study, the
combination of an AKT inhibitor and trastuzumab showed a better effect in terms of cell
death than monotherapy with an AKT inhibitor, trastuzumab, or tamoxifen in HR-positive/
HER2-positive breast cancer cell lines. Moreover, combined treatment confers trastuzumab
sensitivity in trastuzumab-resistant HR-positive/HER2-positive breast cancer cells, indicating
that the combination regimen with trastuzumab is a promising treatment for HR-positive/
HER2-positive breast cancer. Thus, the results of this study could help in designing clinical
trials using AKT inhibitors for patients with breast cancer and evaluating the efficacy

of the combination regimen of AKT inhibitors with trastuzumab treatment based on
p-AKT1(Ser473) status for patients with HR-positive/HER2-positive disease.

The limitation of this study was its retrospective design. Radiation therapy was observed

as a negative factor in prognosis. However, it may be an unpredictable bias because of the
retrospective research design. Furthermore, long-term follow-up data could not be obtained
because of the retrospective nature of the study. However, this study included a relatively
large number of patients treated consecutively at a single institute, which might provide data
that are more in line with the real-world situations.

Perifosine is a pan-AKT inhibitor that targets all AKT isoforms [15,23]. Emerging reports
have shown that several AKT inhibitors in clinical development are pan-AKT inhibitors;
however, the results of these clinical trials are rarely introduced in the clinical arena because
of the relatively severe adverse effects [24,25]. Identifying specific targets with new drugs
could reduce the adverse effects of a drug. Therefore, we evaluated the effect of blocking
AKT1, instead of inhibiting pan-AKT. We specifically blocked AKT1 using siRNA in BT474
cells and confirmed that trastuzumab-induced cell death was enhanced compared with
perifosine treatment.

In conclusion, p-AKT1 (Ser473) is a prognostic marker in patients with HR-positive/HER2-
positive early-stage breast cancer. p-AKT1 (Ser473) could be a therapeutic target in this
population, and trastuzumab might be a good choice as the backbone partner of AKT inhibitors
in these patients. In addition, the possibility of AKT1 inhibition should be considered in future
studies. Thus, the results of this study could provide guidance for designing future clinical
trials using AKT inhibitors for patients with breast cancer and for evaluating the efficacy of

the combination regimen of AKT inhibitors with a trastuzumab backbone based on p-AKT1
(Ser473) status in patients with HR-positive/HER2-positive disease.
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