
© 2015 Chiang et al. This work is published by Dove Medical Press Limited, and licensed under Creative Commons Attribution – Non Commercial (unported, v3.0)  
License. The full terms of the License are available at http://creativecommons.org/licenses/by-nc/3.0/. Non-commercial uses of the work are permitted without any further 

permission from Dove Medical Press Limited, provided the work is properly attributed. Permissions beyond the scope of the License are administered by Dove Medical Press Limited. Information on 
how to request permission may be found at: http://www.dovepress.com/permissions.php

Drug Design, Development and Therapy 2015:9 4631–4638

Drug Design, Development and Therapy Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
4631

O r i g i n a l  r e s e a r c h

open access to scientific and medical research

Open access Full Text article

http://dx.doi.org/10.2147/DDDT.S86184

PTEN insufficiency modulates ER+ breast cancer 
cell cycle progression and increases cell growth 
in vitro and in vivo

Kun-chun chiang1,4

huang-Yang chen1

shu-Yuan hsu2

Jong-hwei s Pang3

shang-Yu Wang4

Jun-Te hsu4

Ta-sen Yeh4

li-Wei chen5

sheng-Fong Kuo6

chi-chin sun7

Jim-Ming lee1

chun-nan Yeh4

horng-heng Juang2

1Department of general surgery, 
chang gung Memorial hospital, 
chang gung University, Keelung, 
2Department of anatomy, 3graduate 
institute of clinical Medical sciences, 
4Department of general surgery, 
5Department of gastroenterology, 
6Department of endocrinology 
and Metabolism, 7Department of 
Ophthalmology, chang gung Memorial 
hospital, chang gung University, 
Keelung, Taiwan, republic of china

Abstract: Phosphatase and tensin homolog (PTEN), a well-known tumor suppressor gene 

and frequently mutated or lost in breast cancer, possesses the negative regulation function over 

the PI3K/Akt/mTOR pathway. PTEN insufficiency has been associated with advanced breast 

cancer and poor prognosis of breast cancer patients. Recently, target therapies aimed at PI3K/

Akt/mTOR pathway to treat breast cancer have got popularity. However, the exact effect of 

PTEN on breast cancer cells is still not well understood. This study demonstrated that PTEN 

knockdown in MCF-7 cells strengthened the downstream gene expressions, including p-Akt, 

p-ERK1/2, p-mTOR, p-p70s6k, and p-GSK3β. PTEN knockdown MCF-7 cells had increased 

cell growth and Ki-67 expression. Further Western blot demonstrated that p27 was repressed 

obviously with p21 slightly inhibited and CDK1, 2, 4, 6, cyclin A, and Cdc25C were upregulated 

in MCF-7 PTEN knockdown cells, leading to the higher growth rate. More importantly, PTEN 

knockdown MCF-7 cells had higher tumorigenesis and tumor growth in vivo. From our current 

work, we provided more detailed PTEN-mediated mechanisms to stimulate ER+ breast cancer 

cell growth. Our result may pave the way for further target therapy development used alone or 

in combination with other drugs for ER+ breast cancer with PTEN insufficiency.
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Introduction
Breast cancer is the second most cause of cancer-related death for women.1 Although 

there has been recent enormous improvement in breast cancer treatment, 25%–50% of 

breast cancer patients would still develop metastasis eventually.2 Even with aggressive 

treatment, metastatic breast cancer patients have a 5-year survival rate ,25%.3,4 Thus, 

more understanding of breast cancer molecular biology is urgently needed due to the 

need of new drugs to deal with advanced breast cancer.

Phosphatase and tensin homolog (PTEN) deleted on chromosome 10 is well 

identified as a tumor suppressor gene and found frequently mutated or deleted in a 

variety of cancers, such as endometrial cancer, prostate cancer, small-cell lung can-

cer, etc.5 For breast cancer, PTEN loss or mutation is found in a percentage of 13%, 

24%, and 35% for luminal A, luminal B, and basal-like breast cancers, respectively.6 

Clinically, PTEN loss has been linked to brain metastasis in breast cancer patients.7 

PTEN promoter variations have also been shown to influence breast cancer recurrence 

and patient survival.8 Depowski et al also demonstrated that PTEN insufficiency was 

linked with breast cancer poor prognosis.9 Further, for Her2-positive breast cancer 

patients with recurrent or metastatic disease, PTEN loss might be a predictor for the 

resistance of trastuzumab-based salvage treatment.10
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Since PTEN insufficiency activates the PI3K/Akt/mTOR 

pathway, a vital survival signal for cancer cells, specific 

inhibitors targeting PI13K/Akt/mTOR pathway proteins are 

now investigated as a new generation of anti-breast cancer 

regimens in clinical trials.11

Even though PTEN is a well-known tumor suppressor, 

and its related mechanism is widely studied, the detailed 

effect of PTEN on breast cancer is still not well understood. 

In this current study, we aimed to investigate PTEN effect 

on ER+ MCF-7 breast cancer cells. Through more understat-

ing of PTEN effect on ER+ breast cancer cells, we hoped to 

provide more treatment targets for ER+ breast cancer patients 

with PTEN insufficiency.

Materials and methods
cell culture
Human breast cancer cell line, MCF-7, was obtained from 

Bioresource Collection and Research Center (BCRC, Taiwan). 

No ethics statement was required from the institutional review 

board for the use of this cell line. MCF-7 cells were grown in 

Dulbecco’s Modified Eagle’s Medium (Sigma) supplemented 

with 5% fetal bovine serum.

Knockdown PTen
MCF-7 cells were transducted with shRNA control 

transduction particles (H1(shRNA-Ctr)-GP, GenTarget 

Inc., San Diego, CA, USA) or PTEN shRNA lentiviral 

transduction particles (GenTarget Inc.,) according to the 

manufacturer’s protocol. Two days after transduction, the 

cells (MCF-7-COLsi and MCF-7-PTENsi) were selected by 

incubation with 10 μg/mL puromycin dihydrochloride.

cell proliferation and Ki-67 expression
The cell proliferation was measured using a WST-1 cell pro-

liferation assay kit (11644807001, Roche Diagnostics GmbH, 

Mannheim, Germany). The Ki-67 expression was measured by 

flow cytometry, and the detail was described previously.12

Propidium iodide staining
MCF7-COLsi and MCF7-PTENsi-2 cells were stained with 

a solution containing 4 μg/mL propidium iodide (PI) and 

100 μg/mL RNaseA in 1× phosphate buffered saline and 

incubated in the dark for 30 minutes.

real-time reverse transcription-
polymerase chain reaction
Quantitative polymerase chain reaction (qPCR) was performed 

using an ABI StepOne Plus Real-Time PCR system (Thermo 

Fisher Scientific, Waltham, MA, USA). FAM dye-labeled 

TaqMan MGB probes as well as PCR primers for human 

PTEN (Hs00171132_m1) and β-actin (Hs01060665_g1) 

were purchased from Thermo Fisher Scientific.

Western blot for protein expression
The procedures for protein extraction, blocking, and detection 

were described previously.13 The primary antibodies used in 

this study were monoclonal antibodies against p21 (2947;  Cell 

Signaling, Danvers, MA, USA), p27 (3698;  Cell Signaling), 

Cdc25C (4688;  Cell Signaling), CDK1 (ab131450; Abcam, 

Cambridge, MA, USA), CDK2 (ab6538; Abcam,), CDK4 

(2906;  Cell Signaling), CDK6 (3136;  Cell Signaling), cyclin 

A (644001; Biolegend, San Diego, CA, USA), PTEN antise-

rum (9552;  Cell Signaling,), Akt (4691S;  Cell Signaling), 

Phospho-Akt (ser473; 9271;  Cell Signaling), Phospho-Akt 

(thr308; 2964;  Cell Signaling), mTOR (2983,  Cell Signaling), 

Phospho-mTOR (2971;  Cell Signaling), p70s6k (9202;  Cell 

Signaling), Phospho-p70s6k (9234;  Cell Signaling), GSK3β 

(12456;  Cell Signaling), Phospho-GSK3β (5558;  Cell Signal-

ing), or β-actin antiserum (I-19, Santa Cruz Biotechnology).

Flow cytometry for cell cycle analysis
The cells were trypsinized, fixed in ethanol, digested in Triton 

X-100 and ribonuclease, and stained with propidium iodide 

as described before.14 Cell cycle analysis was performed 

using FACS-Calibur cytometer and CellQuestPro software 

(BD Biosciences, San Jose, CA, USA).

Tumor xenografts
The study was approved by the Chang Gung University Animal 

Research Committee (Permit Number: CGU13-055). Female 

nude mice (BALB/cAnN-Foxn1, 4 weeks old) were used in this 

experiment. Equal volumes of tumor cells and matrigel were 

mixed (total 100 μL, containing 5×106 cells) to inject to the 

back of each mouse. Growth of the xenografts was measured 

after 3 weeks. Tumor volume was calculated as π/6× larger 

diameter × (smaller diameter)2 as described previously.15

statistic analysis
The data from each group were compared by two sample, two 

tail, and unpaired t-test. P-value ,0.05 was considered as a 

significant difference. Tumor volumes and weights in each 

group were calculated by the Mann–Whitney U-test.

Results
Knockdown of PTen in McF-7 cells
We successfully applied shRNA to knockdown PTEN in 

MCF-7 cells to create MCF7-COLsi (mock knockdown), 

MCF7-PTENsi-1 and MCF7-PTENsi-2 cells (two PTEN 
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knockdown MCF-7 cell lines). The real-time reverse 

transcription-PCR result demonstrated PTEN mRNA was 

significantly lower in two selected clones, MCF7-PTENsi-1 

and MCF7-PTENsi-2 cells (Figure 1A). The Western blot 

(Figure 1B) clearly showed that as PTEN knockdown, 

p-Akt, p-ERK1/2, p-mTOR, p-p70s6k, and p-GSK3β are 

upregulated in MCF7-PTENsi-1 and MCF7-PTENsi-2 

cells. The quantitative result of Western blot revealed that 

MCF7-PTENsi-1 and MCF7-PTENsi-2 cells have only 

66%±12% and 58%±10% PTEN expression as compared to 

MCF7-COLsi cells, respectively (Figure 1C). We then chose 

MCF7-PTENsi-2 cell for our further experiments.

Knockdown of PTen in McF-7 cells 
increases cell proliferation
As shown in Figure 2A, MCF-7 wild type, MCF7-COLsi  

cells, and MCF7-PTENsi-2 had doubling time of 36±2.9 hours, 

37±3 hours, and 26±2.5 hours, respectively, indicating PTEN 

knockdown in MCF-7 cells significantly increases cell 

growth. The result is supported by the measurement of Ki-67 

expression in these two cells.16 Ki-67 expression of MCF7-

PTENsi-2 cells was much higher than that of MCF7-COLs 

cells (Figure 2B).

evaluation PTen effect on cell cycle 
distribution of McF-7 cells
As analyzed by flow cytometry of cell cycle distribution 

(Figure 3A), MCF7-PTENsi-2 cells had 22%±1% G2/M phase 

cells, much higher than that of MCF7-COLsi cells, which 

had 14%±2% of G2/M phase cells. The G0/G1 phase cells 

were higher in MCF7-COLsi cells than in MCF7-PTENsi-2 

cells (Figure 3A). To further clarify, MCF7-PTENsi-2 cells 

had more M or G2 phase cells than MCF7-COLsi cells, PI 

staining was performed to identify the M-phase cells, which 

have condensed chromatin. As shown in Figure 3B, MCF7-

PTENsi-2 cells had 1.3-folds of M-phase cells as compared to 

MCF7-COLsi cells. Thus, based on our result, we concluded 

that PTEN knockdown in MCF-7 cells increases M-phase 

cells and decreases G0/G1 phase cells, indicating the higher 

mitotic rate, in line with the result shown in Figure 2.

evaluation of mechanisms of PTen  
to influence cell cycle progression in 
McF-7 cells
The cyclin-dependent kinase inhibitors (CKIs), p21 and 

p27, which repress G1/S transition,17 were measured. 

As shown in Figure 4A, p27 expression was much lower 

Figure 1 Knockdown of PTen in McF-7 cells.
Notes: (A) Quantitative Pcr analysis of PTen mrna expression in McF7-cOlsi, McF7-PTensi-1, and McF7-PTensi-2 cells. Box (B) a Western blot to show PTen and 
the downstream gene expressions in McF7-cOlsi, McF7-PTensi-1, McF7-PTensi-2 cells. (C) Quantitative Western blot result of PTen expression in McF7-cOlsi and 
McF7-PTensi cells. Data were presented as the mean ± sD (n=3). The experiment was repeated three times.
Abbreviations: PTen, phosphatase and tensin homolog; Pcr, polymerase chain reaction; sD, standard deviation.
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in MCF7-PTENsi-2 cells as compared to MCF7-COLsi 

cells. P21 expression was slightly decreased in MCF7-

PTENsi-2 cells. We further measured cyclin-dependent 

kinases (CDKs), CDK2, CDK4, and CDK6 expressions 

in these two cell lines, which are crucial for G1/S transi-

tion. As shown in Figure 4B, CDK2, CDK4, and CDK6 

expressions of MCF7-PTENsi-2 cells were increased to 

3.4±0.2-, 2.6±0.14-, and 1.2±0.12-folds as compared to 

Figure 2 effect of PTen knockdown in cell growth of McF-7 cells.
Notes: (A) cell doubling time was calculated in McF7-cOlsi and McF7-PTensi-2 cells by three time points of cell viability measured with WsT-1 method. (B) The effect 
of PTEN knockdown on Ki-67 expression in MCF-7 cells as determined by flow cytometry. Data were presented as the mean ± sD (n=3). The experiment was repeated 
three times.
Abbreviations: PTen, phosphatase and tensin homolog; sD, standard deviation.

Figure 3 effect of PTen knockdown on cell cycle distribution of McF-7 cells.
Notes: (A) The cell cycle distribution of MCF7-COLsi and MCF7-PTENsi-2 cells was analyzed by flow cytometry after 48-hours incubation (upper panel). The first, large 
peak represents population of cells (y-axis) in g0/g1 phase, the second, small peak represents population of cells in g2/M phase, and the area between both peaks indicates 
cells in s phase. The data were shown as the mean percentage ± sD (lower panel) (n=4). (B) Pi stain to show condensed chromatin of McF7-cOlsi and McF7-PTensi-2 
cells (upper panel). M-phase cell ratio of McF7-cOlsi and McF7-PTensi-2 cells. McF7-cOlsi was set as 1. Data were presented as the mean ratio ± sD (n=4) (*P,0.05). 
The experiment was repeated three times.
Abbreviations: PTen, phosphatase and tensin homolog; sD, standard deviation; Pi, propidium iodide.
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MCF7-COLsi cells. We next measured cyclin A, Cdc25C, 

and CDK1, which play important role during G2/M 

transition. Figure 4C demonstrates PTEN knockdown 

upregulated CDK1, cyclin A, and Cdc25c expressions to 

1.8±0.13-, 3.7±0.23-, and 2.3±0.18-folds in MCF-7 cells. 

Collectively, PTEN knockdown in MCF-7 cells increases 

cell growth through downregulation of p21 (slightly 

decreased) and p27, and upregulation of CDK1, 2, 4, and 6,  

cyclin A, and Cdc25C.

evaluation of PTen knockdown effect  
on McF-7 cell growth in vivo
After inoculation of 5×106 of MCF7-COLsi or MCF7-PTENsi- 

2 cells (mixed with matrigel), respectively, into the back 

of nude mice for 3 weeks, the xenografted tumors in both  

groups were harvested for weight and volume measurement. As 

shown in Figure 5, MCF7-PTENsi-2 cell group had 167%±13% 

and 180%±21% of tumor weight and volume as compared to 

that of MCF7-COLsi cell group. Moreover, five and nine out of 

Figure 5 evaluation of PTen effect on McF-7 cell tumorigenesis and progression in vivo.
Notes: McF7-cOlsi and McF7-PTensi-2 cells (5×106) were equally mixed with matrigel and then injected into the back area of each nude mouse subcutaneously. The tumor 
volume and weight in each group were measured regularly. Data are presented as the percentage mean ± se as compared to the McF7-cOlsi group (n=10) (*P,0.05).
Abbreviations: PTen, phosphatase and tensin homolog; se, standard error.

Figure 4 effect of PTen knockdown on cyclin a, cDKs, and cDKis responsible for g1/s or g2/M transition in McF-7 cells.
Notes: since cell cycle progression from g1 to s is tightly controlled by related cyclins, cDKs and cDKis, we thus investigated some g1/s related proteins expression.  
(A) a Western blot depicting p21 and p27 expressions in McF7-cOlsi and McF7-PTensi-2 cells (upper panel). Quantitative Western blot analysis of p21 and p27 
expressions in McF7-cOlsi and McF7-PTensi-2 cells (lower panel) (n=3). (B) a Western blot demonstrating cDK2, 4, and 6 expression in McF7-cOlsi and McF7-
PTensi-2 cells (upper panel). Quantitative Western blot analysis of cDK2, 4, and 6 expressions in McF7-cOlsi and McF7-PTensi-2 cells (lower panel) (n=3). (C) a 
Western blot showing cyclin a, cDK1, and cdc25c expressions in McF7-cOlsi and McF7-PTensi-2 cells (upper panel). Quantitative analysis of cyclin a, cDK1, and 
cdc25c expressions in McF7-cOlsi and McF7-PTensi-2 cells (lower panel) (n=3). The fold-induction data are expressed as of the intensity of the protein bands produced 
from the target gene/β-actin (± se; n=4) relative to that of the McF7-cOlsi cells. The experiment was repeated three times. (**P,0.01; *P,0.05).
Abbreviations: PTen, phosphatase and tensin homolog; se, standard error.
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ten mice could finally developed xenografted tumor in MCF7-

COLsi and MCF7-PTENsi-2 groups, respectively. Our result 

indicates that PTEN knockdown in MCF-7 cells significantly 

increases tumorigenesis and tumor growth in vivo.

Discussion
PTEN, located in human chromosome 10q23 region, encodes 

a 403 aa, 47.17 kDa protein containing nine exons with 

distinct N-terminal and C-terminal.5 PTEN was first identi-

fied in 1997 and since then has been found to be inactivated 

frequently in a variety of human cancers. Thus, PTEN has 

been deemed widely as a tumor suppressor gene and become 

a focus to investigate in cancer treatment category.18,19

PTEN represses several mitogenic pathways to inhibit 

cancer cell proliferation or metastasis. Among others, PI3K 

is one of the most famous PTEN downstream proteins. About 

one-quarter breast cancer has been reported to have activating 

mutations in PIK3CA, encoding the PI3K catalytic subunit.20 

Around 1%–14% breast cancer has also been demonstrated 

to gain increased copy number of PIK3CA.21,22 Thus, it is 

not surprised to find that one-fifth of breast cancer is shown 

to have PTEN deletion.9,23–25 Moreover, 34%–48% of breast 

cancer is reported to have PTEN promoter hypermethylation, 

leading to epigenetic silencing of PTEN.26,27

The array CGH result also indicated that PTEN allelic 

imbalance is highly associated with breast cancer brain 

metastasis.7 PTEN status has further been shown to relate to 

treatment response. A meta-analysis study reported that in 

HER2-positive recurrent or metastatic breast cancer patients, 

PTEN loss was adversely associated with trastuzumab-based 

salvage treatment in HER2-positive breast cancer patients 

with tumor recurrence or metastasis (RR =0.682, 95% con-

fidence interval: 0.550–0.846).10 However, for breast cancer, 

the exact influence and mechanism induced by PTEN insuf-

ficiency is still not well understood.

As shown in Figure 1B, when PTEN is knocked down 

in MCF-7 cells, several downstream mitogenic pro-

tein phosphorylations are upregulated, such as p-AKT, 

p-ERK1/2, p-mTOR, p-p70S6K, and p-GSK3β.28 In this 

study, we clearly showed that PTEN knockdown in ER+ 

MCF-7 cells could increase MCF-7 cell growth. As shown 

in Figure 2A, the doubling time was decreased in MCF7-

PTENsi-2 cells. The Ki-67 expression, a cell proliferation 

index, was increased in MCF-7 cells after PTEN knockdown 

(Figure 2B). Moreover, the in vivo xenograft animal model 

demonstrated that MCF7-PTENsi-2 cells had higher tum-

origenesis and tumor progression than MCF7-COLsi cells. 

Collectively, we concluded that PTEN knockdown in ER+ 

MCF-7 cells stimulates cell growth in vitro and in vivo.

Previously, cell division is divided into two consecutive 

processes featured by DNA replication and replicated DNA 

separation into two separate cells. Further studies revealed 

that cell division could be categorized into four main stages, 

that is, G1, S, G2, and M phases.29 To further understand how 

PTEN insufficiency influences ER+ MCF-7 cell growth, we 

next analyzed the cell cycle distribution for both MCF7-COLsi 

and MCF7-PTENsi-2 cells by flow cytometry. Figure 3A 

revealed that PTEN knockdown increased G2/M phase cells 

and decreased G0/G1 phase cells in MCF-7 cells. Since G2 

and M phase cells could not be distinguished by flow cyto-

metry due to the same DNA amount for these two phase cells, 

we therefore stained DNA with PI to count M-phase cells, 

which have condensed chromatin, under the microscope. As 

shown in Figure 3B, MCF7-PTENsi-2 cells had more M-phase 

cells as shown by PI staining. Collectively, we concluded that 

PTEN knockdown in MCF-7 cells increased M phase cells and 

decreased G0/G1 phase cells, indicating increased cell prolif-

eration, in accordance with the results shown in Figure 2.

E2F-1, one kind of transcriptional factor, is initially inac-

tive due to binding to hypophosphorylated retinoblastoma 

protein amid cell cycle progression.30 In mid to late G1 phase, 

E2F-1 becomes active due to displacement from phospho-

rylated retinoblastoma protein, which is done by specific 

cyclin-bound CDKs. Active E2F-1 would further stimulate 

specific gene expression necessary for the cell to progress to 

S phase.31 The vital CDKs for G1/S transition include CDK 

2, 4, and 6. As shown in Figure 4B, MCF7-PTENsi-2 cells 

had much higher expressions of CDK 2, 4, and 6 as com-

pared to MCF7-COLsi cells. Further, specific endogenous 

CKIs inhibit the activity of cyclin–CDK complex required 

for G
1
/S transition. Among others, p21 and p27 are the two 

major CKIs related to G1/S transition.17 Figure 4A revealed 

that PTEN knockdown significantly repressed p27 expression 

with mild downregulation of p21 as compared to MCF7-

COLsi cells. Subsequently, MCF7-PTENsi-2 cells had fewer 

cells staying in G0/G1 phase as compared to MCF7-COLsi 

cells (Figure 3A). The combination of cyclin A and CDK1 is 

crucial for G2/M transition.32,33 Cdc25C is capable of activa-

tion of cyclin A-bound CDK1 through removal of inhibitory 

phosphorylation.33 As shown in Figure 4C, MCF7-PTENsi-2 

had higher expression of cyclin A, CDK1, and Cdc25C than 

MCF7-COLsi cells, leading to the higher percentage of  

M phase cells in MCF7-PTENsi-2 cells. Taken together, we 

concluded that PTEN knockdown in MCF-7 cells increases 
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M phase cells and decreases G0/G1 phase cells through 

upregulation of CDK1, 2, 4, and 6, cyclin A, and Cdc25C 

and downregulation of p21 and p27 (for p27, the inhibition 

did not reach statistic significance).

Conclusion
Since PTEN is one frequently mutated or lost tumor sup-

pressor gene in breast cancer and breast cancer with PTEN 

insufficiency indicates more advanced disease, targeting 

PTEN and its downstream signaling pathways has emerged 

as a new direction to treat breast cancer. In this study, we 

clearly show that PTEN knockdown increases MCF-7 cell 

growth in vitro and in vivo. As analyzed by flow cytometry, 

PTEN knockdown increases M phase cells and decreases 

G0/G1 phase cells in MCF-7 cells through modulating 

CKIs, CDKs, cyclin A, and Cdc25C expressions. Our results 

provide more targets to be aimed against ER+ breast cancer 

with PTEN insufficiency.
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