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Abstract
Breast cancer is the second most common cancer in women. In malignant breast cancers, tumor cells
have the potential to metastasize to distant organs through the lymphatic system and blood circulation.
The aim of this study is to evaluate the expression of SIRT1 and FoxO proteins in metastatic and
nonmetastatic breast cancer cells and distant organs metastasis.

In our study, SIRT1, p53, p21, and FoxO proteins have been evaluated in metastatic 4TLM and non-
metastatic 67NR cell lines by immunocytochemistry in vitro and also in mice breast cancer model in vivo.
Cells were orthotopically injected to mammary fat pads of 8-10 weeks old Balb/c female mice. Primary
tumor, lung and liver tissues were removed and expressions of these proteins were evaluated by
immunohistochemistry, western blot and RT-PCR. In addition, signal pathways that are related to SIRT
and FoxO proteins were examined by using IPA core analysis. TCGA database was browsed for
investigation of different genes.

In primary tumors, SIRT1, p21, p53, E2F1 and FoxO expressions were higher in 67NR compared to 4TLM.
In metastatic lung and liver tissues, the expression levels of SIRT1, FoxO1, FoxO3a and FoxO4 proteins
were increased in 4TLM compared to 67NR. IPA and TCGA analysis have also revealed that SIRT1 and
FoxO proteins are lower in primary tumors, but increased in metastatic stages.

In conclusion, in primary tumors SIRT1 and FoxO expressions were decreased in 4TLM compared to
67NR. Moreover, SIRT1 and FoxO, especially expressed in metastatic cells. High level of FoxO expressions
in metastatic stages in TNBC patients also supports its association with metastasis. Our �ndings
suggest that SIRT1 and FoxO’s have crucial role in tumor progression metastatic process in breast cancer.

1. Introduction
Breast cancer is most frequently type of cancer which is diagnosed in woman and most common cause
of cancer-related death in world-wide [1, 2]. The overall average 5-year survival rate for patients with early
breast cancer is high as compared to the patients who have developed very longer than those with distant
metastasis. The main reason of breast cancer related deaths is not primary tumors but metastatic spread
to the distant organs [3]. Although metastasis is the major cause of treatment failure in cancer patients,
metastatic process and inhibition of metastasis have not been fully clari�ed yet.

Mutation of either proto-oncogenes and tumor suppressor genes (TSG) could trigger tumorigenesis and
cancer metastasis. Proto-oncogenes are involved in the regulation of the cell cycle, but overexpression of
proto-oncogenes could also lead to uncontrolled cell division [4]. TSGs are known as negative regulators
of tumor growth by controlling cell division, however, their down regulation can also increase proliferation
and the metastatic ability of cancerous cells [5]. Therefore, mechanistic role these genes and/or its
related pathways are needs to be clari�ed in tumorigenesis and metastasis.
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Sirtuins (SIRT) (Silent information regulator), NAD (Nicotinamide adenine dinucleotide) -positive–
dependent class III histone deacetylases (HDACs) [6], is a novel oncogene [7]. SIRT1 plays an important
role in cell survival process by regulating the transcriptional activities of p53 and by inducing apoptosis
[8, 9] and by suppressing FoxO proteins [10, 11]. It has been shown that overexpression of SIRT1 could
induce tumor growth and increases cell survival ability in cancer cells [9].

The forkhead box O (FoxO) family of transcriptional factors comprises of 4 members: FoxO1, FoxO3,
FoxO4 and FoxO6 [12]. FoxO proteins are “double-edge swords” dualistically involved in the regulation of
various steps of carcinogenesis and metastasis. FoxO transcription factors are involved in various crucial
mechanisms, such as apoptosis, cell cycle arrest, resistance to oxidative stress, DNA repair mechanism,
glucose metabolism, energy, homeostasis and cellular differentiation [13]. FoxO proteins are regulated by
acetylation and phosphorylation-dependent ubiquitination mechanisms [14]. Oxidative stress causes the
transactivation of FoxO by catalyzing its deacetylation in an NAD-dependent manner regulated by SIRT1
[15]. Under stress conditions such as, apoptosis and DNA repair regulation, SIRT1 forms a complex in the
nucleus and deacetylates the FoxO proteins and affects FoxO1 by reducing stress [10]. If FoxO is
inhibited, the gene transcription required in apoptosis steps cannot be induced either [16]. FoxO4 induced
apoptosis in SIRT1-silenced HCT116 cancer cells [17]. MRP2 (multidrug resistance-associated protein 2)
has been shown to be transcriptionally upregulated by FoxO1 in tamoxifen-resistant breast cancer cells
[18]. Taken together, this �nding suggests that the interaction between SIRT1 and FoxO1 may play an
effective role in metastasis process and treatment of breast cancer. Hu Q. et al. showed that on bladder
cancer that inhibition of SIRT1 increased FoxO3a and acetylated FoxO3a. Increased FoxO3a acetylation
affected cell cycle regulation and antioxidant response [19]. In the knockdown study performed with
PANC1-SIRT1-RNAi cells, it was observed that FoxO3a expression increased signi�cantly but it did not
affect p53 expression [20] However, the effects of SIRT1 and FoxOs on breast cancer metastasis have not
been explained yet.

Mutations in the p53 gene, which regulates cell cycle and apoptosis, cause loss of tumor suppressor
functions, providing in tumor progression [21]. According to clinical evidence, more than 50% of human
cancers have been found to be related to p53 mutation [22]. SIRT1-p53 axis plays a complex role in
tumorigenesis with dual functions in tumor-promotion and tumor suppression [23, 24]. p21 (CDK1), is
also known a cyclin dependent kinase inhibitor [25]. p21 is responsible for the regulation of the cell cycle
in G1 and S phase, and its expression is controlled by the p53 protein [26]. Although, p53 promotes
apoptosis by up-regulating p21, [25] and mutant p53 induces cell proliferation and survival via decreasing
p21 [27]. FoxOs and p53 share several downstream target genes, including p21 [28], it suggest that FoxOs
and p53 may also co-regulate tumor suppressor signaling.

E2F, another gene family that also plays critical roles in cell cycle regulation, consists of 8 different genes
[29]. E2F1 (E2F Transcription Factor 1) is a well-known member in this family [30]. E2F1 is a major Rb
(retinoblastoma)-binding protein [31] and also is an important for G1-S transition of cell cycle [30]. E2F1
promotes p53-mediated apoptosis by inducing the expressions of apoptosis-related proteins [32, 33]. Lee
J. S. et al. have shown that high expression of E2F1 promotes metastasis in bladder cancer [34]. In
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addition, decreased expression of E2F1 and apoptosis-related genes has been shown to adversely affect
patient survival in breast and ovarian cancer patients [35]. In metastatic melanoma showed that
inhibition of E2F1 reduced the migration and invasiveness of melanoma cancer cells, but had no effect
on cell proliferation [36]. Hollern D.P. et al. showed that the loss of E2F1 promotes metastasis by re-
arranging Fgf13 (Fibroblast growth factor 13) in breast cancer cells [37]. Considering these studies, E2F1
appears to play a bidirectional role in cell survival.

Based on the literature information and �ndings regarding to the roles of SIRT1 and FoxO in tumor
growth and apoptosis, and their possible roles on metastasis, the aim of the present study is to
investigate the effect of SIRT1 and FoxO and its related pathways on tumor growth and metastasis in
primary tumors and distant organs by using both benign and highly metastatic breast cancer cells under
in vitro and in vivo conditions.

2. Material And Methods

2.1. In vitro Experimental Procedures

2.1.1. Cell Culture
4T1 cells were previously derived from spontaneously formed breast tumors in Balb/c mice as previously
described [38]. The 4THM (4T1-Heart Metastasis) cell line was derived from cardiac metastasis of 4T1
cells which are created by Erin N. et al. [39]. These 4THM cells were implanted orthotopically into Balb/c
mice, thereby establishing macroscopic liver metastasis, which in turn were used to develop an additional
cell line, designated as 4TLM (4T1- Liver Metastasis) [40]. Also, non-metastatic 67NR and metastatic
4TLM cell lines were grown in DMEM-F12 (Dulbecco's Modi�ed Eagle Medium/Nutrient Mixture F-12)
(Invitrogen; #11320074, MA, USA) supplemented with 5% FBS (Fetal bovine serum) (Invitrogen;
#10270106, MA, USA), 2 mM L-glutamine (Invitrogen; #25030024, MA, USA), 1 mM sodium pyruvate
(Invitrogen; #11360039, MA, USA), and 0.02 mM non-essential amino acids (Invitrogen; #11140035, MA,
USA).

2.1.2. Immunocytochemistry
The expression of SIRT1, p53, p21 and FoxO proteins in 4TLM and 67NR cells were evaluated by using
immunocytochemistry. Firstly, cells were �xed in 4% paraformaldehyde (Merck; 1.04005.1000, MA, USA)
and washed with Phosphate-buffered saline (PBS), blocked with blocking solution 1,5 g Bovine Serum
Albumin (Euroclone; EMR086025, Pero, MI), 0,0375 Glycine (Bio-Rad; #161–0718, CA, USA). Then cells
incubated with anti-SIRT1 (Santa Cruz; #sc-15404, CA, USA, 1/100 dilution), anti-FoxO1 (Cell Signaling;
#2880S, MA, USA 1/100 dilution), anti-FoxO3a (Cell Signaling; #12829S, MA, USA 1/100 dilution), and
anti-FoxO4 (Santa Cruz; #sc-25539, CA, USA 1/100 dilution) for 2 hours at room temperature. After the
incubation, the primary antibodies were removed from the coverslip and cells were incubated with the
secondary antibody Alexa Fluor 555 and Alexa Fluor 488 (Thermo Fisher; #A11008, MA, USA 1/250
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dilution) for 1 hour at room temperature. The mounting medium containing DAPI (Vector Labs; #H-1200,
CA, USA) was dropped and slides were examined under �uorescence microscope.

To reveal which pathways SIRT1 can use in the cell cycle, the expression of p53 (Santa Cruz; #sc-6243,
CA, USA 1/100 dilution) and p21 (Santa Cruz; #sc-756, CA, USA 1/100 dilution) proteins in both benign
and highly metastatic tumor cells were also evaluated.

2.2. In vivo Animal Studies

2.2.1. Animal Models
Female Balb/c mice were obtained from Kobay Animal Laboratory (Ankara, Turkey) and kept under a 12 h
light–dark cycle and a controlled diet. All experimental protocols were approved by the Local Ethics
Committee for Animal Research (2016.09.02).

4TLM and 67NR cells in HBSS (Hanks’ Balanced Salt Solution) (Sigma Aldrich; #H9269, GE) (for 4TLM
1x105 cells each mouse; for 67NR 1x106 cells each mouse) were injected into the right upper mammary
fat pad just beneath the armpit of BALB/c mice under ketamine/xylazine anesthesia (15 mg/kg i.m.).
Formation of 67NR tumors requires implantation of higher number of cells. For each group 8 animals
were used.

2.2.2. Immunohistochemistry
Primary breast tumors, lung and liver tissues were removed 27 days after injection of tumor cells. They
were �xed with 10% formaldehyde (Merck; 1.04003.1000, MA, USA) and embedded in para�n. Five µm
thick sections of the para�n blocks were taken to the positively charged slides.

Para�n sections were depara�nized, rehydrated and blocked for endogenous peroxidase activity with
methanol (Merck; #1.060.092.511, MA, USA) containing 3% H2O2 (Merck; #1.08600.1000, MA, USA) for
15 min. After the incubation with H2O2 were used universal blocking reagent (Thermo Fisher; #TA-125-UB,
MA, USA) for blocking nonspeci�c binding, during 7 min at RT. Anti-SIRT1 (Santa Cruz; #sc-15404, CA,
USA 1/200 dilution), anti-p21 (Santa Cruz; #sc-756, CA, USA 1/200 dilution), anti-p53 (Santa Cruz; #sc-
6243, CA, USA 1/200 dilution), anti-E2F1 (Abcam; #ab-179445, MA, USA 1/100 dilution), anti-FoxO1 (Cell
Signaling; #2880S, MA, USA, 1/100 dilution), anti-FoxO3a (Cell Signaling; #21829S, 1/100 dilution), anti-
FoxO4 (Cell Signaling; #2359, MA, USA, 1/100 dilution), and anti-Cleaved caspase 3 (Cell signaling;
#9661L, MA, USA 1/50 dilution) antibodies diluted in dilution buffer were applied for overnight at + 40C in
a humidi�ed chamber. After several washes in PBS, sections were incubated for 1h at room temperature
with biotinylated goat anti-rabbit IgG secondary antibody (Vector Lab; #BA1000, CA, USA, 1/400 dilution).
Following washing steps with PBS, sections were incubated by using HRP streptavidin-peroxidase
complex (Invitrogen; #85–9043, MA, USA) for 20 min at room temperature. Antibody-antigen complexes
were visualized by incubation of 3,3′-diaminobenzidine (DAB) (Sigma Aldrich; #D4168, GE) chromogen.
Sections were counterstained with Mayer’s hematoxylin (Merck; #1.09249.1000, MA, USA), dehydrated
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and coverslips with entellan (Merck; #1.0791.0500, MA, USA). All sections examined under Zeiss-Axioplan
(Carl Zeiss GmbH, Jena, Germany) microscope.

2.3. Image J Analysis of Immunohistochemical Staining
The micrographs of tissue samples from all groups were taken using SPOT Advanced 4.6 at 10x and 40x
magni�cation micrographs. All these micrographs were analyzed by using ImageJ 1.46 (Image
Processing and Analysis in Java; US National Institutes of Health, Bethesda, MD;
https://imagej.nih.gov/ij/) software by scanning 10 non-overlapping �elds in each issue and expressing
the positive areas as a percentage of the total area.

2.4. Western Blotting
For Western-blot analysis, total proteins from the primary tumor tissues were extracted in the lysis buffer
(10 ml 0.1 M Tris (Merck; #1.08387.0500, MA, USA), 0,184 g Sodium orthovanadate (Sigma Aldrich;
S6508, GE) and the protease inhibitor cocktail (Roche; #1169749800120, CH). The protein concentrations
were calculated by using the Bradford Protein Assay kit (Biorad; #1–800-4, CA, USA). For each group,
75µg protein was loaded into each well, separated by SDS-polyacrylamide gel electrophoresis using 10%
TRIS-HCl gels, for SIRT1, p53, p21, E2F1, FoxO1 and FoxO3a antibodies and GAPDH for internal control.
The proteins were blotted onto poly vinylidene �uoride (PVDF) membrane (Thermo Fisher; #88520, MA,
USA). Membranes were washed twice with TBS-T (0.05% Tween 20 in 10x TBS) and then blocked with
5% Blotting-Grade Blocker nonfat dry milk (Biorad; 1706404xtu, CA, USA) in TBS-T for 1h at room
temperature. Afterwards, the membranes were incubated with anti-SIRT1 (Santa Cruz; #sc-15404, CA,
USA, 1/1000 dilution), anti-p21 (Santa Cruz; #sc-756, CA, USA, 1/1000 dilution), anti-p53 (Santa Cruz;
#sc-6243, CA, USA, 1/1000 dilution), anti-E2F1 (Abcam; #ab-179445, MA, USA, 1/1000 dilution), anti-
FoxO1 (Cell signaling; #2880S, MA, USA, 1/1000 dilution), anti-FoxO3a (Cell signaling; #21829S, MA,
USA, 1/1000 dilution) and GAPDH (Cell signaling; #5174S, MA, USA, 1/2000 dilution) primary antibodies
at 4°C overnight. Following the washing step with TBS-T, all membranes were incubated with a secondary
antibody with peroxidase labeled anti-rabbit IgG (Vector; #PI-1000, CA, USA, 1/4000) at room temperature
for 1h. The immunoblots were developed using an ECL Kit (Thermo Fisher; #34080, MA, USA) and
subsequently, membranes were exposed to Bio Max �lm (Kodak; #05-728-26, MA, USA).

2.5. Real Time-PCR
Total RNA was extracted from primary tumor samples using RNeasy Mini Kit, (Qiagen; #74104, NL)
according to the manufacturer’s protocol. A nanodrop spectrophotometer (Thermo Fisher; MultiscanGo,
MA, USA) was used to measure absorbance at A260/280 and A260/230 to assess RNA concentration
and quantity. cDNA was obtained by reverse transcriptase PCR method, which was true to the commercial
kit protocol (EvoScript Universal cDNA Master Kit, Qiagen; #7912374001, NL). Gene expression analysis
was performed with the obtained cDNAs by following the commercial kit protocol (FastStart Essential
DNA Green Master, Qiagen; #6402712001, NL). The primers used in RT-PCR were designed with
sequences based on the references from literature [41, 42] (Table 1). The Ct value of the �uorescence
radiation values measured on the instrument by means of SYBR Green probe was averaged over 3
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technical repetitions. It was normalized with ribosomal 18s (housekeeping) used as reference gene. All
genes were normalized with housekeeping gene and ΔΔCt (= Fold Change: fold change in mRNA
expression levels) was calculated using the arithmetic formula for comparative quanti�cation.

2.6. Bioinformatics Analysis
Microarray data of gene expression pro�les belonged to GSE62598 data set was downloaded from Gene
Expression Omnibus (GEO) (www.ncbi.nlm.nih.gov/geo/) with based on the platform GPL7202 (Agilent-
014868 Whole Mouse Genome Microarray). Gene expression pro�ling in this data set could reveal distinct
expression patterns associated with 4T1 subpopulations derived from breast tissues, primary breast
tumor, and liver and lung metastatic tumor. The dataset contained 3 tissue samples each group. All data
were processed using the R software (www.r-project.org). For GEO data, the limma package was used for
identifying differentially expressed genes (DEGs) between the primary/metastasis samples and breast
tissue samples [43]. An adjust P < 0.05 and the absolute log2 fold change (log2FC) > 1 was considered
statistically signi�cant. To analyses the potential biological processes, and pathway of the overlapping
DEGs, Ingenuity Pathway Analysis (IPA, www.qiagen.com/ingenuity) was performed with P < 0.01 and
absolute log2FC > 1 as the threshold values. The RNA sequencing datasets and matched
clinicopathological information of Breast Invasive Carcinoma (BRCA) were downloaded from TCGA
database (https:// tcga-data.nci.nih.gov/). The mRNA expression of FoxO family members and SIRT1
were analyzed in TNBC and normal tissue by the Gene Expression Pro�ling Interactive Analysis Platform
[44]. Also, levels of these gene expressions were investigated in non-metastasis and metastasis
situations of TNBC.

2.7. Statistical Analysis
Statistical signi�cance was determined by analysis of variance with the Dunnett posttest by Graph Pad
Prism 8 (San Diego, CA, USA) software. Data are shown as mean ± standard error of the mean and were
considered statistically signi�cant at p < 0,0001.

3. Results

3.1. Immuno�uorescence �ndings: SIRT1, p53, p21 and
FoxOs expressions in both 67NR and 4TLM tumor cells
The expressions of SIRT1, p53, p21 and FoxO proteins were determined in both benign (67NR) and
malign (4TLM) breast cancer tumor cells. The expression of SIRT1 protein is limited in nucleus and its
expression was higher in 67NR cells compared to 4TLM (Fig. 1a). On the contrary, cytoplasmic
expression of p53 in 67NR was nuclear in 4TLM (Fig. 1a). p21 has found to localized in nucleus in both
67NR and 4TLM cells but its expression levels were decreased in 4TLM cells compared to 67NR (Fig. 1a).
The presence of p53 and p21 proteins in cytoplasm in tumor cells, is important for the control of the cell
cycle. Furthermore, FoxO1, FoxO3a and FoxO4 expressions were observed in cytoplasm of the 4TLM and

https://imagej.nih.gov/ij/
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67NR cell lines (Fig. 1b). While FoxO1 expression was higher in 4TLM cells compared to 67NR, FoxO3
and FoxO4 expressions were higher in 67NR cells compared to 4TLM.

3.2. Immunohistochemistry �ndings: SIRT1, p53, p21, E2F1, cleaved caspase 3 and FoxOs expressions in
both 67NR and 4TLM primary tumors and distant metastatic organs

3.2.1. Primary Tumors
Expression levels of SIRT1 and FoxO proteins in primary tumors were evaluated to reveal the differences
of these proteins in metastatic and non-metastatic tumors. In order to reveal the relationship between
metastatic potential of tumor and cell viability, p53, p21, E2F1 and cleaved caspase 3 proteins were
evaluated. The expression level of SIRT1 was decreased signi�cantly in 4TLM primary tumors compared
to non-metastatic 67NR (Fig. 2a-2b) (*p 0,02). Similarly, expression levels of the cytoplasmic p53 and
p21 expressions were decreased signi�cantly in metastatic 4TLM primary tumors when compared to non-
metastatic 67NR (Fig. 2a-2b) (****p 0,0001). In the 67NR primary tumors, E2F1 is located in the nucleus
and its expressions was higher compared to 4TLM, whereas, in 4TLM tumors E2F1 showed perinuclear
localization and its expressions was lower signi�cantly compared 67NR (Fig. 2a-2b) (**p 0,001).

All FoxO1, FoxO3a, and FoxO4 proteins were strongly expressed in 67NR (Fig. 2c-2d). However, their
expression levels decreased signi�cantly in 4TLM metastatic tumors (Fig. 2c-2d) (**p 0,03; ***p 0,0005;
****p 0,0001), indicating that the lack of 4TLM FoxO proteins could be associated the metastatic
process. As it is known in the literature, increased FoxO expression decrease metastasis; it was thought
that low FoxO expression in primary tumors may also trigger metastasis. Cleaved caspase 3, a marker of
apoptosis, increased in metastatic 4TLM primary tumors especially in necrotic cells when compared to
67NR (Fig. 2c) (****p 0,0001). All immunohistochemical staining’s were analyzed by Image-J (Fig. 2d).

3.2.2. Metastatic Tissues
The expression levels of SIRT1, p53, p21, E2F1, cleaved caspase 3 and FoxO proteins were evaluated in
metastatic liver and lung tissues.

3.2.2.1. Liver
The expression of SIRT1 was increased in 4TLM metastatic liver tissue compared to 67NR non-
metastatic liver tissue and tumor free liver tissue. Nuclear and cytoplasmic SIRT1 expression was
increased especially metastatic areas of liver tissues. The expression was observed in in�ltrative cells
around the hepatic artery in metastatic microenvironment (Fig. 3a-3b). Cytoplasmic SIRT1 expression
was observed in hepatocytes in non-metastatic liver tissue. In addition, p53 expression was also
increased in 4TLM groups. Similar to SIRT1, nuclear p53 expression was observed in in�ltrative cells
around the hepatic artery. (Fig. 3a). Expression of p21 was cytoplasmic in some Kupffer cells in the tumor
free liver tissue. (Fig. 3a). E2F1 expression in 4TLM and 67NR liver tissue was observed on perinuclear
staining in hepatocytes. In addition, E2F1 expression was intensely observed in in�ltrative cells in the
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4TLM group. E2F1 expression in the livers of the 4TLM group was observed cytoplasmic in Kupffer cells.
(Fig. 3a-3b). E2F1 expression was lower in the tumor free group liver, while its increased expression in the
4TLM and 67NR groups compared to tumor free group. (Fig. 3b). There is no signi�cant difference
between 4TLM and 67NR groups in terms of E2F1 expression (Fig. 3b). All immunohistochemical
staining were analyzed by using image j (*p 0,05, ***p 0,0005, ****p 0,0001) (Fig. 3b).

According to our results of immunohistochemistry in liver; FoxOs over expressions were observed
especially in the in�ltrated and metastatic cells existing the vessels (Fig. 3c). While the expressions of
FoxO1, FoxO3a and FoxO4 were observed in in�ltrative cells around the hepatic artery, it was noteworthy
that there was no expression in hepatocytes. There was no expression of cleaved caspase 3 between the
groups (Fig. 3c). Immunostainings were analyzed by using image J (**p 0,03, ***p 0,0005) (Fig. 3d).

3.2.2.2. Lung
Expression of SIRT1 in lung tissue was extensively expressed in metastatic areas in the 4TLM metastatic
cell line when compared to non-metastatic 67NR and tumor free groups. It was remarkable that SIRT1
expression was increased signi�cantly in metastatic lesions in the 4TLM lung (Fig. 4a-4b) (**p 0,03,
***p 0,0005). p53 expression was observed in alveolar cells in the tumor free and 67NR groups. Although
p53 expression was observed in the metastatic areas in the 4TLM group, it was lower compared to the
tumor free group (Fig. 4a). There was no signi�cant difference between groups in terms of p53
expression (Fig. 4b). Similar to p53 expression, p21 expression was higher in the tumor free group than in
the 67NR and 4TLM group. In the 4TLM group, p21 was expressed more intensely in metastatic cells
(Fig. 4a). It was determined that expression of p21 signi�cantly decreased in 67NR group and 4TLM
group compared to tumor free group (Fig. 4b) (**p 0,03, ***p 0,0005). Similarly, to SIRT1, E2F1
expression was observed intensely in metastatic areas in the 4TLM group. In tumor free and 67NR group,
E2F1 expression was less (Fig. 4a). The difference of expressions between 4TLM and tumor free group
was statistically signi�cant (Fig. 4b) (*p 0,05).

FoxO1 expression was seen in metastatic cells in the 4TLM group. In addition, 67NR and tumor free
group were negligible (Fig. 4c). FoxO1 expressions were increased signi�cantly in the 4TLM group
compared to the tumor free group (Fig. 4d) (**p 0,03). Also, FoxO3 and FoxO4 were expressed in
metastatic cells in the 4TLM group, similarly to FoxO1. In the tumor free and 67NR group, their
expressions were lower. The increase in FoxO3 expression in the 4TLM group was statistically signi�cant
compared to the tumor free group (***p 0,0005). In the tumor free group, there was a signi�cant increase
compared to the 67NR group (Fig. 4d) (*p 0,05). FoxO4 expression was increased signi�cantly in the
4TLM group compared to both 67NR and tumor free groups (Fig. 4d) (***p 0,0005).

3.3. Western blot �ndings: SIRT1, p53, p21, E2F1, and FoxOs expression levels in both 67NR and 4TLM
primary tumors

Expression levels of SIRT1, p53, p21, E2F1, and FoxO proteins were also analyzed western blotting from
the primary tumors. The immunoblot signals for SIRT1, p53, p21, E2F1 and FoxO protein were decreased



Page 10/29

in the 67NR injected animal groups. GAPDH was used as internal control for all western blot analysis
(Fig. 5). The blots revealed the bands for these proteins corresponding to 120kDa, 53 kDa, 21 kDa, 47
kDa, 78–82 kDa, 82-97kDa, respectively. Equivalent amounts of total proteins were loaded per lane as
indicative by the expression of GAPDH (37kDa). According to western blot results the expression patterns
were con�rmed to immunohistochemical staining’s (Fig. 5a-b). SIRT1, p53, p21, E2F1 and FoxO1 and
FoxO3a are signi�cantly decreased in 4TLM group compared to 67NR group (**p 0,03, ***p 0,0005,
****p 0,0001).

3.4. Real-time PCR �ndings: SIRT1, and FoxOs gene levels
in both 67NR and 4TLM primary tumors
The gene expression pro�les of SIRT1, FoxO1, FoxO3a, and FoxO4 gene in primary tumors were
investigated real-time PCR analysis. The mRNA expression levels of SIRT1, FoxO1 and FoxO3a were
signi�cantly decreased in metastatic tumors compared to non-metastatic tumors; whereas FoxO4 signal
was signi�cantly increased in metastatic tumors (Fig. 6).

3.5. Functional enrichment analysis �ndings
To obtain an elementary investigation of the molecular mechanisms underlying Breast Cancer, microarray
data were submitted to IPA core analysis. The differentially expressed genes were categorized to related
canonical pathways based on Ingenuity pathway knowledge base. For DEGs mapped to IPA (genes not
mapped to the IPA database were excluded in our pathway analysis), 113 signi�cant canonical pathways
were identi�ed in three groups (BH adjusted p-value < 0.01). The top enriched categories of canonical
pathways with the absolute p-value and z-score more than 1.3 and 2, respectively, in primary breast
cancer, liver and lung metastasis were presented by comparison analysis in Fig. 7. Calcium signaling was
signi�cantly increased in metastasis while Th1 signaling was signi�cantly decreased compare to primary
breast cancer. Hepatic �brosis signaling and in�ammation signaling has the higher activated score in
metastatic liver tissue. Interestingly, Sirtuin Signaling Pathway, which modulates both the primary tumor
and metastasis by stimulating or inhibiting the genes of FoxO and SIRT families, revealed the activated in
three groups compatible with our results (Fig. 7, 8).

The upstream regulator analysis is a novel function in IPA by analyzing linkage to DEGs through
coordinated expression; identify potential upstream regulators including transcription factors and genes
that have been observed experimentally to affect gene expression. It has recently been used to robustly
identify FoxO family as an important regulator in breast cancer and metastasis [45]. FoxO1 (p value = 
1.19E-04, 5.16E-07), FoxO3 (p value = 2.94E-05, 3.07E-07), FoxO4 (p value = 2.39E-08, 1.0E-06) were
predicted upstream regulators in liver and lung metastasis, respectively, while only FoxO1 (p value = 2.6E-
03) and FoxO4 (p value = 4.59E-02) were upstream regulators in primary breast tumor. Also, Sirt1 (p value 
= 4.46E-05) in primary tumor, SIRT1 and SIRT6 (p value = 3.4E-04, 1.8E-01) in liver metastasis, and SIRT1
and SIRT2 (p value = 3.27E-09, 5.17E-03) in lung metastasis played roles as upstream regulators. The
target genes affected by FoxO1, FoxO3, FoxO4 and SIRT1 in liver and lung metastasis were shown in
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table 2. Regulator Effects with IPA explains how predicted activated or inhibited upstream regulators
might cause increases or decreases in phenotypic or functional outcomes downstream. Cellular
proliferation of tumor cells was shown as a regulator effect in metastases of 4T1 cell (Fig. 9).

3.6. Clinic-pathological statistics of TNBC patients’ �ndings
Analysis of the mRNA expression of FoxO family and SIRT1 in TCGA revealed that all genes had
downregulation in tumors compared to normal tissues in TNBC (p < 0.05 for FoxO1, FoxO4) (Fig. 10).
However, FoxO1, FoxO3, and SIRT1 were upregulated in metastasis stage of TNBC although the number
of patients was too low to evaluate (p > 0.05).

4. Discussion
Breast cancer is one of the most common types of cancer in women in the world and second reason of
cause of the death [2]. SIRT1 is known to regulate oncogenic signals and play a role in forming the
appropriate microenvironment for tumor cell survival [46]. FoxO transcription factors are deacetylated by
SIRT1 [15]. Deacetylated FoxO transcription factors also regulate cellular signals such as apoptosis, DNA
damage, and cell survival [10, 16, 17]. The role of SIRT1 and FoxOs as regulators in important signaling
pathways in tumor progression suggests that they are closely related to cancer. However, the effects of
SIRT and FoxOs on metastasis in breast cancer have not been determined yet. Our purpose in this study
is to explain the possible effects of SIRT1 and FoxOs on the progression and metastasis of breast cancer.
In this study, �rstly, we aimed to clarify the bidirectional role of SIRT1, which supports both tumor
suppressor and tumor growth. Secondly, we aimed to understand the role of FoxO proteins during tumor
progression and metastasis.

It is known that the increased activity of SIRT1 inhibits p53 by deacetylated. On the other hand, when
SIRT1 activates p53, cancer formation is prevented by this activation [46, 47]. Our results showed that
both malignant and benign tumor cells express these molecules. SIRT1 expression was limited in the
nucleus in 67NR cell lines. It is known that nuclear translocation is prevented by SIRT1 deacetylation,
however it increases p53 accumulation in the cytoplasm [47]. In our study, keeping p53 in the cytoplasm
while SIRT1 is in nucleus is related to these results. Similarly, it is known that p21 arrest the cell cycle
when they are located in the cytoplasm [48]. In tumor cells, p21 and p53 are localized in the cytoplasm
under in vitro conditions. In addition, more intensive expression of p21 and p53 in the cytoplasm of non-
metastatic tumor cells compared to metastatic tumor cells showed that 4TLM cells were more
proliferative because the cell cycle continues rapidly in 4TLM cells.

Inhibition of SIRT1 is known to increase apoptosis by causing p53 activation. Also tumor growth reduces
with this inhibition [49]. According to our results, SIRT1 expression was higher in 67NR compared to
4TLM. These results revealed that tumor suppressor activity of SIRT1 is active in non-metastatic groups.
On the other hand, low expression of p53 and p21 may indicate that 4TLM tumor cells could escape from
apoptosis.
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E2F1 is a key regulator of cell cycle [30]. Mori K. et al. showed to reduce cell proliferation by inhibition of
E2F1 which is a key regulator of cell cycle in breast cancer cells [50]. According to our results, perinuclear
localization of E2F1 in 4TLM primary tumors may reduce cell cycle. Our results regarding to p53, p21 and
E2F1 indicated that metastatic 4TLM cells escape from apoptosis and continued their tumor progression.
In contrast, cleaved caspase 3 expression was high in 4TLM primary tumors particularly in necrotic areas.

SIRT1 is known to be associated with metastasis, as well as their role in cell proliferation and tumor
development. Jin X. et al. have been shown to trigger metastasis in breast cancer when SIRT1 expression
is increased by lentivirus. High expression levels of SIRT1 causes increased invasion in breast cancer
cells, while SIRT1 inhibition by shRNA decreases invasion of breast cancer cells. This evidence suggest
that SIRT1 is associated with metastasis [51]. According to our results, the presence of SIRT1 expression
in groups injected with 4TLM cells in the liver and lung is particularly noticeable. SIRT1 expression is very
low in the 67NR groups and in tumor free groups. We also obtained that the level of SIRT1 expression
was increased in metastasis of TNBC patients (Fig. 10B), while it was downregulated in primer tumor of
TNBC patients compare to normal tissue (Fig. 10A). These results suggest that SIRT1 could be
associated with metastasis, besides other roles.

FoxO transcription factors are known to function as tumor suppressors in cancers [45]. Localization of
the FoxOs determine their activity status. FoxOs must be in the nucleus to activate its target genes which
are related to crucial cellular processes. When FoxOs are translocated from nucleus to cytoplasm by
growth factors, they cannot have function, resulting in inhibition of tumor suppressor function [52]. These
results suggest that tumor suppressor FoxO proteins are retained in the cytoplasm and tumor cells are
preserved.

Several studies shown to play a supportive role in facilitating and even stimulating metastasis for FoxOs
[53–55]. While increased FoxO3a reduces metastasis, it is not affected to primary tumor growth [53]. In
our study, FoxO3a expressions were increased in non-metastatic 67NR compare to 4TLM primary tumors
(Fig. 2D). In addition, FoxO1 and FoxO4 expressions in metastatic 4TLM primary tumors were lower than
non-metastatic primary tumors. Similarly, the level of FoxO3 expression was decreased in metastasis of
TNBC patients while detecting an increase in FoxO1, and FoxO4 expressions (Fig. 10B). Limited
expression of FoxOs in metastatic tumors is thought to be closely related to the metastatic character of
the tumor. Moreover, our results, also show that FoxO expressions are signi�cantly higher in the 4TLM
group compared to the non-metastatic and control groups in the liver which is one of the metastatic
organs. The expressions of FoxO1, FoxO3a and FoxO4 proteins were higher in the 4TLM lung especially
in the metastatic cells. We obtained the same results in both liver and lung metastases of mice by
transcriptomic analysis (Fig. 8, 9).

According to western blot results in primary tumors SIRT1, p21, p53, E2F1 and FoxO proteins were also
higher in the 67NR group in primary tumors, similar to our immunohistochemistry results. Increased
expressions of SIRT1, FoxO1 and FoxO3a in 67NR group supports our other results which are related to
the metastatic character of the tumor.
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It has been shown that SIRT1 gene expression is high in 67NR group and may associated with the tumor
suppressor effect of SIRT1 [49]. In our study, similar results were supported by immunohistochemistry,
western blot and PCR analysis. Guttila I.K. et al., showed that FoxO1 gene expression was higher in
normal breast tissue than in breast tumor tissue [56]. In our results, FoxO1 expression increased in 67NR
compared to 4TLM. Liu H. et al., showed that lower expression of FoxO3a promotes tumor progression by
supporting stem cell characters of tumor cells. FoxO3a expressions down regulated in metastatic breast
cancer tissues compared to normal breast epithelial cells (MCF-10A). Also, we observed that FoxO genes
were downregulated in TNBC patients (Fig. 10A). In addition, with the downregulation of FoxO3 leads to
change the levels of CD44 / CD24, which are breast cancer stem cell markers, was changed [57]. In our
study, we showed FoxO3a expression was low in primary tumors obtained from 4TLM groups, which is
highly metastatic. This result supports that FoxO3a affects the metastatic character of the tumor. In
prostate cancer, FoxO4 mRNA expressions were increased in high grade tumor samples compared to
benign prostate cancer [58]. In our results, observed that FoxO4 mRNA levels increased in the metastatic
4TLM group compared to the non-metastatic 67NR group. However, FoxO4 protein level decreased in
4TLM metastatic primary tumors.

The analysis of transcriptomic data revealed that some pathways are shared among primer tumor,
metastatic lung and livers, but differences in transcript abundance existed (Fig. 7). The calcium signaling
had a more enrichment score in metastases, while Th1 signal has more increased activation in primary
tumor. It is known the potential role of T cells in promoting one of the most important steps in metastasis
[59]. Th1 cells dramatically decrease the incidence of metastases while not altering the development of
primary tumors [60]. Also, the contribution of the calcium signal to metastasis of cancer cells has been
reviewed in previous studies [61]. Although physiological levels of Ca2 + inhibit proliferation and invasion,
high Ca2 + levels ultimately increase the risk of metastasis in breast cancer [62]. Moreover, hepatic
�brosis signals, in�ammation signals, and adipose tissue pathway were markedly more activated in
metastatic liver tissue than others. By canonical pathway analysis, we obtained that Sirtuin signaling
pathway, which consists of SIRT family members and FoxOs, was activated in both lung and liver
metastasis (Fig. 8). Sirtuin pathway has a key role in regulation of genes involved in the metastatic
processes in different cancers including breast cancer [63]. This path showed how cell proliferation and
tumor growth are induced in lung and liver metastases coherent with our results (Fig. 9).

Furthermore, upstream regulator analysis by IPA identi�es SIRT1, FoxO1, FoxO3, and FoxO4 as upstream
regulators in lung and liver metastasis (Table 2). Yadav R. K. et al. reported that FoxOs generally serve as
a central regulator of cellular homeostasis, cancer metabolism and are tumor suppressors in many of
human primer cancers [45]. However, we detected that FoxOs genes regulated different many genes
involved in the invasion, cell cycle, proliferation, apoptosis, ROS production, in�ammation, and
adipogenesis in metastases, concurrence with the experimental data in this study.

In conclusion, our results show that expressions of FoxO proteins were markedly lower in 4TLM groups
compared to 67NR group. Decreased expression of FoxO proteins suggested that they could induced
potential of metastasis. In the literature, it is emphasized that SIRT1 acts with FoxO4 and has a pro-
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apoptotic role and suppresses protease caspase 3 and 7 only in cancerous cells. The expression seen in
metastatic liver tissues suggests that SIRT1 can deacetylate FoxO proteins by forming a complex in the
nucleus with FoxO [10]. The expressions of SIRT1 and FoxO proteins in the lung and liver, especially
metastatic cells, indicates that they may have crucial roles in metastasis [51, 53]. In addition, we show
that FoxO1, FoxO3, FoxO4 and SIRT1 are associated with primary tumor and metastasis by IPA analysis
and TCGA data. Our results, for the �rst time in the literature, shows that SIRT1 and FoxO proteins are
associated with metastasis of breast cancer. Moreover, our �ndings will lead to further studies related to
signaling mechanisms which still remains to investigate whether SIRT1 and FoxO proteins support
metastasis.

Abbreviations
4TLM
4T1-Liver Metastasis Cell Line
4THM
4T1-Heart Metastasis Cell Line
67NR
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Figure 1

Immuno�uorescence labelling of SIRT1, p53, p21 and FoxO proteins in 4TLM and 67NR cell lines. A)
Representative images show in SIRT1, p53 and p21 expressions 67NR and 4TLM cancer cells. Red signal
represents target protein expression and blue signal represents DAPI staining which was used to stain the
nucleus. Scale bar represents 50μm. B) Representative images show in FoxO1, FoxO3a and FoxO4
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expressions of 67NR and 4TLM. Green signal represents target protein expression and blue signal
represents DAPI staining which was used to stain the nucleus.

Figure 2

Expression of SIRT1 p53, p21, E2F1, FoxO proteins and cleaved caspase 3 in 67NR and 4TLM primary
tumors. A) Representative images show in SIRT1, p53, p21 and E2F1 expressions in 67NR and 4TLM
primary tumors. Arrow represent target protein expressions for each protein expressions and arrowhead
represents perinuclear E2F1 expression in 4TLM B) Graphs demonstrate the results of image J analysis
for each protein in primary tumor tissues. (*p 0,02; **p 0,03, ***p 0,0005, ****p 0.0001). C)
Representative images show in FoxO1, FoxO3a, FoxO4 and cleaved caspase 3 proteins in 67NR and
4TLM primary tumors. Arrow represent target protein expressions for each protein expressions and
arrowhead represents nuclear cleaved caspase3 expression in 4TLM. D) Graphs demonstrate results of
image J analysis for each protein in primary tumors (**p 0,03, ***p 0,0005, ****p 0.0001).
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Figure 3

A) Representative �gures of SIRT1, p53, p21 and E2F1 immunohistochemical staining of liver tissues.
Immunohistochemical reactions have been interpreted compared to animals injected with both
metastatic and non-metastatic cell lines in addition to tumor free animals. Arrow represent target protein
expressions for each protein expressions in in�ltrated cells, arrowhead represents Kupffer cells. B) Graphs
demonstrate the results of image J analysis for each protein in liver tissues (*p 0,05, ***p 0,0005,
****p 0,0001). C) Representative �gures of FoxO1, FoxO3a, FoxO4 and Cleaved caspase 3 proteins
immunohistochemical staining of liver tissues. Arrow represent target protein expressions for each
protein expressions in in�ltrated cells. D) Graphs showed the results of image J analysis for each protein
in liver tissues (**p 0,03, ***p 0,0005).

Figure 4

A) Representative �gure of SIRT1, p53, p21 and E2F1 in the lung tissue. Arrow represent target protein
expressions for each protein expressions in in�ltrated cells. B) The graphs demonstrate the results of
image J analysis for each protein in lung tissues (*p 0,05, **p 0,03, ***p 0,0005). There was no
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signi�cantly difference in p53 expression. C) Representative �gure of FoxO1, FoxO3a, FoxO4 and Cleaved
caspase 3 in the lung tissue. Arrow represent target protein expressions for each protein expressions in
in�ltrated cells. D) Graphs demonstrate the immunohistochemical analysis results of image J analysis
for each FoxO proteins in lung tissues of (*p 0,05, **p 0,03, ***p 0,0005).

Figure 5

Western blot analysis of the SIRT1, p53, p21, E2F1, FoxO1 and FoxO3 proteins in 67NR and 4TLM
primary tumors. A) The bands represent of SIRT1, p53, p21, E2F1, FoxO1 and FoxO3a proteins
corresponding to 120kDa, 53 kDa, 21 kDa, 47 kDa, 78-82 kDa, 82-97kDa, respectively. GAPDH (37kDa)
was used as a loading control. B) SIRT1, p53, p21, E2F1 and FoxO1 and FoxO3a is decreased in 4TLM
group compared to 67NR group (**p 0,03, ***p 0,0005, ****p 0,0001).
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Figure 6

The graph represents mRNA levels of SIRT1, FoxO1 and FoxO3a and FoxO4.
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Figure 7

Canonical pathways comparison from 4T1 primary tumor and metastatic subpopulations by IPA in
GSE62598 data. Heat maps showed A) activation score (absolute z-score >2) and B) p-value (absolute
log p-value>1.3).
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Figure 8

Sirtuin pathway was generated from GSE62598 data that included gene expression pro�le of 4T1 primary
tumor and liver/lung metastatic sub-populations in mouse model. Figure represents gene pro�ling’s in
liver metastasis of 4T1 cell (absolute log p-value>1.3).
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Figure 9

Cell proliferation of tumor cells was detected as a Regulator Effects in liver and lung metastases of 4T1
cell by IPA.

Figure 10
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The mRNA expression of FoxO family members and SIRT1 in TNBC patients of TCGA. A) The mRNA
expression of FoxO members and SIRT1 between TNBC and normal tissues in TCGA (n: 135, n: 112,
respectively). B) Comparisons of gene expressions between tumor samples of TNBC patients at
metastasis stage (NM: non-metastasis, M: metastasis) (n=137).
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