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Abstract: Breast cancer is the second most common cancer in women. The roles of the SIRT and
FoxO proteins in tumor progression are known, but their roles in metastasis have not yet been clearly
elucidated. In our study, we investigated the roles of SIRT and FoxO proteins their downstream
pathways, proteins p21 and p53, in tumor progression and metastasis. We evaluated these proteins
in vitro using metastatic 4TLM and 67NR cell lines, as well as their expression levels in tumor-bearing
mice. In addition, the regulatory role of SIRT and FoxO proteins in different transduction cascades
was examined by IPA core analysis, and clinicopathological evidence was investigated in the TCGA
database. In primary tumors, the expression levels of SIRT1, p21, p53, E2F1 and FoxO proteins were
higher in 67NR groups. In metastatic tissues, the expression levels of SIRT1, E2F1 and FoxO proteins
were found to be enhanced, whereas the levels of p53 and p21 expression were noted to be reduced.
IPA analysis also provided empirical evidence of the mechanistic involvement of SIRT and FoxO
proteins in tumor progression and metastasis. In conclusion, SIRT1 was found to co-operate with
FoxO proteins and to play a critical role in metastasis. Additional research is required to determine
why overexpression of SIRT1 in metastatic tissues has oncogenic effects.
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1. Introduction

Breast cancer is the most frequent type of cancer diagnosed in women and the most
common cause of cancer-related death worldwide [1,2]. The overall average 5-year survival
rate for patients with early-stage breast cancer is higher than that of patients diagnosed
in later stages. The main cause of breast-cancer-related deaths is not primary tumors
but metastatic spread to distant organs [3]. Although metastasis is the major cause of
treatment failure in cancer patients, metastasis-associated mechanisms have not yet been
fully clarified.

Proto-oncogenes are involved in the regulation of the cell cycle, but their overexpres-
sion can also lead to uncontrolled cell division [4]. Tumor suppressor genes (TSGs) are
known to negatively regulate tumor growth by controlling cell division; however, their
downregulation can also increase proliferation and the metastatic ability of cancerous
cells [5]. Mutation of either proto-oncogenes or TSGs can trigger tumorigenesis and cancer
metastasis. As proto-oncogenes and TSGs are crucial, it is important to understand their
mechanistic roles and those of their related pathways in tumorigenesis and metastasis.
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Sirtuins (SIRTs) (silent information regulators) are NAD (Nicotinamide adenine dinucl-
eotide)-positive–dependent class III histone deacetylases (HDACs) [6] are a novel oncogene
family [7]. SIRT1 plays an important role in cell survival by regulating the transcriptional
activities of p53, inducing apoptosis [8,9] and suppressing FoxO proteins [10,11]. SIRT1
overexpression has been shown to cause tumor growth and a significant increase in the cell
survival ability of cancer cells [9].

The forkhead box O (FoxO) family of transcriptional factors comprises of four mem-
bers: FoxO1, FoxO3, FoxO4 and FoxO6 [12]. FoxO transcription factors are involved in
various crucial mechanisms, such as apoptosis, cell cycle arrest, resistance to oxidative stress,
the DNA (deoxyribonucleic acid) repair mechanism, glucose metabolism, energy, homeosta-
sis and cellular differentiation [13]. Moreover, FoxO proteins are “double-edged swords”
dualistically involved in regulation of various steps of carcinogenesis and metastasis [12].
Oxidative stress causes the transactivation of FoxO by catalyzing its deacetylation in an
NAD-dependent manner regulated by SIRT1 [14]. Under stress conditions, such as apop-
tosis and DNA repair regulation, SIRT1 forms a complex in the nucleus, deacetylates the
FoxO proteins and affects FoxO1 by reducing stress [10]. If FoxO is inhibited, the gene
transcription required in the apoptosis steps cannot be induced [15]. Taken together, these
findings suggest that the interaction between SIRT1 and FoxO1 may play a role in the
metastasis process and the treatment of breast cancer. Hu Q. et al. showed that inhibition of
SIRT1 increased FoxO3a and acetylated FoxO3a in bladder cancer cells. Increased FoxO3a
acetylation was reported to affect cell cycle regulation and antioxidant response [16]. How-
ever, the roles of SIRT1 and FoxOs in breast cancer metastasis have not been elucidated
to date.

Mutations in the p53 gene, which regulates cell cycle and apoptosis, causes loss of
tumor-suppressor functions, resulting in tumor progression [17]. The SIRT1–p53 axis
plays a complex role in tumorigenesis, with dual functions in tumor promotion and tumor
suppression [18,19]. p21 (CDK1, cyclin-dependent kinase 1), also known a cyclin-dependent
kinase inhibitor [20], is responsible for the regulation of the cell cycle in the G1 and S phases,
and its expression is controlled by the p53 protein [21]. FoxOs and p53 share several
downstream target genes, such as p21 [22], suggesting that FoxOs and p53 may also
coregulate tumor-suppressor signaling.

E2F (E2F transcription factor), comprising eight genes, plays critical roles in cell cycle
regulation [23]. E2F1 (E2F transcription factor 1) promotes p53-mediated apoptosis by
inducing the expressions of apoptosis-related proteins [24,25]. In addition, decreased
expression of E2F1 and apoptosis-related genes has been shown to adversely affect patient
survival in breast and ovarian cancer patients [26]. Considering these studies, E2F1 appears
to play a bidirectional role in cell survival.

Based on findings regarding the roles of SIRT1 and FoxOs in tumor growth and
apoptosis, as well as their roles on metastasis, the aim of the present study was to in-
vestigate expression and regulation of SIRT1 and FoxO and their related pathways in
tumor growth and metastasis in primary tumors and distant organs using both benign
and highly metastatic breast cancer cells under in vitro and in vivo conditions. First, we
sought to clarify the dual role of SIRT1 as both a tumor suppressor and a promoter of tumor
growth; secondly, we investigated the role of FoxO proteins during tumor progression
and metastasis.

2. Results
2.1. In Primary Tumors, Both 67NR and 4TLM Tumor Cells Exhibited Differential Expression
Levels and Localizations of SIRT1 and FoxOs

The expressions of SIRT and FoxO proteins, as well as p53 and p21 proteins, were
determined in both benign (67NR) and malignant (4TLM) breast cancer tumor cells. The
expression of SIRT1 protein was limited to the nuclear level and higher in 67NR cells
compared to 4TLM (Figure 1a). The expression of p53 was cytoplasmic in 67NR cells,
whereas it was nuclear in 4TLM cells (Figure 1a). The expression of p21 was localized in
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the nucleus in both 67NR and 4TLM cells but less so in 4TLM compared to 67NR cells
(Figure 1a). FoxO1, FoxO3a and FoxO4 exhibited distinct cytoplasmic expressions in 4TLM
and 67NR cell lines (Figure 1b). FoxO1 expression was higher in 4TLM cells compared to
67NR cells, and the expression FoxO3 and FoxO4 was higher in 67NR cells compared to
4TLM cells.
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between the metastatic potential of tumors and cell viability. SIRT1 protein is expressed 
in both the cytoplasm and nucleus in primary tumors. However, the expression level of 
SIRT1 was significantly decreased in metastatic 4TLM compared to non-metastatic 67NR 
cells (p ˂ 0.05) (Figure 2a,b). 
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Figure 1. Immunofluorescence labelling of SIRT1, p53, p21 and FoxO proteins in 4TLM and 67NR
cell lines. (a) Representative images showing the expression of SIRT1, p53 and p21 in 67NR and
4TLM cancer cells. Red signals represents target protein expression, and blue signals represent DAPI,
which was used to stain the nucleus. (b) Representative images show in FoxO1, FoxO3a and FoxO4
expression in 67NR and 4TLM cancer cells. Green signals represent target protein expression, and
blue signals represent DAPI, which was used to stain the nucleus. Scale bar represents 50 µm.

2.2. Expression of SIRT1 and FoxOs Differed between 67NR and 4TLM Primary Tumors in Mice

Expression levels of SIRT1 and FoxO proteins in primary tumors were evaluated
in vivo to reveal the differences between metastatic and non-metastatic tumors. In addition,
p53, p21, E2F1 and cleaved caspase 3 proteins were investigated to reveal the relationship
between the metastatic potential of tumors and cell viability. SIRT1 protein is expressed
in both the cytoplasm and nucleus in primary tumors. However, the expression level of
SIRT1 was significantly decreased in metastatic 4TLM compared to non-metastatic 67NR
cells (p < 0.05) (Figure 2a,b).

FoxO1 was expressed in the cytoplasm in primary tumors, and its expression level was
significantly decreased in metastatic 4TLM compared to non-metastatic 67NR cells (p < 0.05).
FoxO3a was expressed in both the cytoplasm and nucleus of non-metastatic 67NR cells,
whereas it was expressed only in the cytoplasm of metastatic 4TLM cells. FoxO3a expression
was significantly decreased in metastatic 4TLM compared to non-metastatic 67NR cells
(p < 0.05). FoxO4 was expressed in the cytoplasm in primary tumors, and its expression
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level was significantly decreased in metastatic 4TLM compared to non-metastatic 67NR
cells (Figure 2c,d) (p < 0.05).

In addition, both p53 and p21 proteins are expressed in the cytoplasm in primary
tumors, and their expressions levels were significantly decreased in metastatic 4TLM
compared to non-metastatic 67NR cells (p < 0.05). In the 67NR primary tumors, E2F1
was expressed both in the nucleus and the perinuclear region, and its expressions was
higher compared to that in 4TLM cells (p < 0.05). However, E2F1 expression was limited
in the perinuclear region and lower in 4TLM than 67NR tumors (Figure 2a,b). Nuclear
cleaved caspase 3 expression was increased in metastatic 4TLM primary tumors compared
to non-metastatic 67NR tumors (Figure 2c,d) (p < 0.05).

Moreover, the gene expression profiles of SIRT1, FoxO1, FoxO3a and FoxO4 in primary
tumors were investigated by RT-qPCR analysis. The mRNA (messenger ribonucleic acid)
expression levels of SIRT1, FoxO1 and FoxO3a were significantly decreased in 4TLM
metastatic tumors compared to 67NR non-metastatic tumors, whereas the FoxO4 signal
was significantly increased in metastatic tumors (Figure 2e) (p < 0.05).
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67NR and 4TLM primary tumors. (a) Representative images showing the expression of SIRT1, p53, 
p21 and E2F1 in 67NR and 4TLM primary tumors. Arrows represent target protein expression for 
each protein, and the arrowhead represents perinuclear E2F1 expression in 4TLM. Scale bar 

Figure 2. Expression of SIRT1, p53, p21, E2F1 and FoxO proteins, as well as cleaved caspase 3, in
67NR and 4TLM primary tumors. (a) Representative images showing the expression of SIRT1, p53,
p21 and E2F1 in 67NR and 4TLM primary tumors. Arrows represent target protein expression for
each protein, and the arrowhead represents perinuclear E2F1 expression in 4TLM. Scale bar represents
50 µm. (b) Graphs demonstrate the results of Image J analysis for each protein in primary tumor
tissues (* p < 0.05). (c) Representative images showing FoxO1, FoxO3a, FoxO4 and cleaved caspase 3
protein expression in 67NR and 4TLM primary tumors. Arrows represent target protein expression
for each protein, and the arrowhead represents nuclear cleaved caspase3 expression in 4TLM. Scale
bar represents 50 µm. (d) Graphs demonstrate results of Image J analysis for each protein in primary
tumors (* p < 0.05). (e) The graph represents mRNA levels of SIRT1, FoxO1, FoxO3a and FoxO4.
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2.3. Expression Levels of SIRT1 and FoxOs in Metastatic Tissues

The expression levels of SIRT1 and FoxO proteins, as well as those of p53, p21, E2F1
and cleaved caspase 3 proteins, were evaluated in metastatic liver and lung tissues of
mice. SIRT1 is expressed in the cytoplasm and nucleus in liver tissues, and its expression
levels increased in metastatic 4TLM and non-metastatic 67NR liver tissues compared to
tumor-free liver tissue (p < 0.05). Moreover, SIRT1 expression was higher in metastatic
areas in metastatic 4TLM compared to 67NR tumors. SIRT1 expression was observed
in infiltrative cells of tumors around the hepatic artery in metastatic microenvironments
(Figure 3a,b). Cytoplasmic p53 expression increased only the 4TLM group compared to
tumor-free liver tissue (p < 0.05). Similarly to SIRT1, nuclear p53 expression was observed
in infiltrative cells from tumors around the hepatic artery (Figure 3a). p21 was expressed in
the cytoplasm of liver cells, with no significant differences observed among three groups.
p21 was expressed specifically in Kupffer cells in tumor-free liver tissue (Figure 3a). In
addition, E2F1 was expressed in the perinuclear region of hepatocytes in the 4TLM and
67NR groups. Cytoplasmic E2F1 expression was observed in infiltrative cells from tumors
and Kupffer cells in the 4TLM group. E2F1 expression was lower in the tumor-free liver
group and significantly increased in the 4TLM and 67NR groups compared to the tumor-
free group (Figure 3a). There was no significant difference observed between the 4TLM
and 67NR groups in terms of E2F1 expression (p < 0.05) (Figure 3a,b).

FoxO1was expressed in the cytoplasm in liver tissues in metastatic 4TLM non-vascular
immune cells (p < 0.05), and its expression was not determined in non-metastatic 67NR
and tumor-free liver tissue (Figure 3c,d). FoxO3a was expressed in the cytoplasm in all
liver tissues, and its expression levels increased only in metastatic 4TLM non-vascular
immune cells compared to the tumor-free group (p < 0.05). FoxO4 was expressed in
the cytoplasm in liver tissues in the 4TLM and 67NR groups, and its expressions levels
were higher in both metastatic 4TLM and non-metastatic 67NR liver tissue non-vascular
immune cells (p < 0.05) compared to tumor-free liver tissue, in which FoxO4 expression
was not determined (Figure 3c). Although FoxO1, FoxO3a and FoxO4 were expressed
in infiltrative cells from tumors around the hepatic artery, they were not expressed in
hepatocytes (Figure 3d). Cleaved caspase 3 expression was not determined in any of the
groups (Figure 3c).

In lung tissue, cytoplasmic expression of SIRT1 was more extensively expressed in
metastatic areas in the metastatic 4TLM compared to non-metastatic 67NR and tumor-free
groups. SIRT1 expression was increased significantly in metastatic lesions in 4TLM lung
tissue (Figure 4a,b) (p < 0.05). Cytoplasmic p53 expression was observed in alveolar cells in
the tumor-free and 67NR groups but not in metastatic areas in the 4TLM group (Figure 4a).
There was no significant difference between groups in terms of p53 expression (Figure 4b).
Cytoplasmic p21 expression was lower in the metastatic 4TLM and non-metastatic 67NR
groups compared to the tumor-free group (Figure 4b) (p < 0.05). Although p21 expression
was lowest in the 4TLM group, p21 was strongly expressed in metastatic areas (Figure 4a).
Cytoplasmic expression of E2F1 in lung tissue was higher in the non-metastatic 67NR and
metastatic 4TLM groups compared to the tumor-free group and was strongly expressed in
metastatic areas in the 4TLM group (Figure 4a,b) (p < 0.05).
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both metastatic and non-metastatic cell lines, in addition to tumor-free animals. Arrows represent 

Figure 3. (a) Representative figures of SIRT1, p53, p21 and E2F1 immunohistochemical staining of
liver tissues. Immunohistochemical reactions were interpreted compared to animals injected with
both metastatic and non-metastatic cell lines, in addition to tumor-free animals. Arrows represent
target protein expression for each protein in infiltrated cells, and arrowheads represent Kupffer cells.
Scale bar represents 100 µm. (b) Graphs demonstrate the results of Image J analysis for each protein
in liver tissues (* p < 0.05). (c) Representative images of FoxO1, FoxO3a, FoxO4 and cleaved caspase 3
protein immunohistochemical staining of liver tissues. Arrows represent target protein expression for
each protein in infiltrated cells. Scale bar represents 100 µm. (d) Graphs show the results of Image J
analysis for each protein in liver tissues (* p < 0.05).



Int. J. Mol. Sci. 2022, 23, 10227 8 of 19

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 8 of 21 
 

 

target protein expression for each protein in infiltrated cells, and arrowheads represent Kupffer 
cells. Scale bar represents 100 μm. (b) Graphs demonstrate the results of Image J analysis for each 
protein in liver tissues (* p ˂ 0.05). (c) Representative images of FoxO1, FoxO3a, FoxO4 and cleaved 
caspase 3 protein immunohistochemical staining of liver tissues. Arrows represent target protein 
expression for each protein in infiltrated cells. Scale bar represents 100 μm. (d) Graphs show the 
results of Image J analysis for each protein in liver tissues (* p ˂ 0.05). 

In lung tissue, cytoplasmic expression of SIRT1 was more extensively expressed in 
metastatic areas in the metastatic 4TLM compared to non-metastatic 67NR and tumor-free 
groups. SIRT1 expression was increased significantly in metastatic lesions in 4TLM lung 
tissue (Figure 4a,b) (p ˂ 0.05). Cytoplasmic p53 expression was observed in alveolar cells 
in the tumor-free and 67NR groups but not in metastatic areas in the 4TLM group (Figure 
4a). There was no significant difference between groups in terms of p53 expression (Figure 
4b). Cytoplasmic p21 expression was lower in the metastatic 4TLM and non-metastatic 
67NR groups compared to the tumor-free group (Figure 4b) (p ˂ 0.05). Although p21 ex-
pression was lowest in the 4TLM group, p21 was strongly expressed in metastatic areas 
(Figure 4a). Cytoplasmic expression of E2F1 in lung tissue was higher in the non-meta-
static 67NR and metastatic 4TLM groups compared to the tumor-free group and was 
strongly expressed in metastatic areas in the 4TLM group (Figure 4a,b) (p ˂ 0.05). 

FoxO1 expression was limited only in the cytoplasm of metastatic cells in the 4TLM 
group, and its expression was not determined in the 67NR and tumor-free groups (Figure 
4c,d) (p ˂ 0.05). Cytoplasmic FoxO3a and FoxO4 proteins were expressed in metastatic 
cells in the 4TLM group, similarly to FoxO1, and their expression levels were higher in 
the 4TLM compared to 67NR and tumor-free groups (Figure 4d) (p ˂ 0.05). 

 

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 9 of 21 
 

 

 
Figure 4. (a) Representative images of SIRT1, p53, p21 and E2F1 expression in lung tissue. Arrows 
represents target protein expressions for each protein in infiltrated cells. Scale bar represents 100 
μm. (b) Graphs demonstrate the results of Image J analysis for each protein in lung tissues (* p ˂ 
0.05). There was no significant difference in p53 expression. (c) Representative images of FoxO1, 
FoxO3a, FoxO4 and cleaved caspase 3 in lung tissue. Arrows represent target protein expressions 
for each protein in infiltrated cells. Scale bar represents 100 μm. (d) Graphs demonstrate the im-
munohistochemical results of Image J analysis for each FoxO protein in lung tissues (* p ˂ 0.05). 

2.4. Functional Enrichment Analysis 
As an elementary investigation of the molecular mechanisms related to SIRT1/FoxO 

underlying breast cancer, microarray data were submitted to IPA (ingenuity pathway 
analysis). Differentially expressed genes (FDR < 0.05 and absolute log2 FC > 1) were cate-
gorized into related canonical pathways based on the ingenuity pathway knowledge base. 
For DEGs (differentially expressed genes) mapped to IPA (genes not mapped to the IPA 
database were excluded in our pathway analysis), 113 significant canonical pathways 
were identified in three groups (BH-adjusted p-value < 0.01). The most enriched categories 
of canonical pathways with absolute p-value and z scores of more than 1.3 and 2, respec-
tively, in primary breast cancer, liver and lung metastasis are presented and compared in 
Figure 5. Calcium signaling was significantly increased in metastasis, whereas Th1 (T 
helper type 1) signaling was significantly decreased compared to primary breast cancer. 
Hepatic fibrosis signaling and inflammation signaling had the highest activation scores in 
metastatic liver tissue. The sirtuin signaling pathway, which is modulated in both primary 
tumors and metastasis by the FoxO and SIRT gene families, was activated in the primary 
tumors, liver and lung metastasis groups (Figure 5a–c). 

Upstream regulator analysis is a novel function available in IPA by analyzing linkage 
to DEGs through coordinated expression to identify potential upstream regulators, in-
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Figure 4. (a) Representative images of SIRT1, p53, p21 and E2F1 expression in lung tissue. Arrows
represents target protein expressions for each protein in infiltrated cells. Scale bar represents 100 µm.
(b) Graphs demonstrate the results of Image J analysis for each protein in lung tissues (* p < 0.05).
There was no significant difference in p53 expression. (c) Representative images of FoxO1, FoxO3a,
FoxO4 and cleaved caspase 3 in lung tissue. Arrows represent target protein expressions for each
protein in infiltrated cells. Scale bar represents 100 µm. (d) Graphs demonstrate the immunohisto-
chemical results of Image J analysis for each FoxO protein in lung tissues (* p < 0.05).
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FoxO1 expression was limited only in the cytoplasm of metastatic cells in the 4TLM
group, and its expression was not determined in the 67NR and tumor-free groups (Figure 4c,d)
(p < 0.05). Cytoplasmic FoxO3a and FoxO4 proteins were expressed in metastatic cells in
the 4TLM group, similarly to FoxO1, and their expression levels were higher in the 4TLM
compared to 67NR and tumor-free groups (Figure 4d) (p < 0.05).

2.4. Functional Enrichment Analysis

As an elementary investigation of the molecular mechanisms related to SIRT1/FoxO
underlying breast cancer, microarray data were submitted to IPA (ingenuity pathway
analysis). Differentially expressed genes (FDR < 0.05 and absolute log2 FC > 1) were cate-
gorized into related canonical pathways based on the ingenuity pathway knowledge base.
For DEGs (differentially expressed genes) mapped to IPA (genes not mapped to the IPA
database were excluded in our pathway analysis), 113 significant canonical pathways were
identified in three groups (BH-adjusted p-value < 0.01). The most enriched categories of
canonical pathways with absolute p-value and z scores of more than 1.3 and 2, respectively,
in primary breast cancer, liver and lung metastasis are presented and compared in Figure 5.
Calcium signaling was significantly increased in metastasis, whereas Th1 (T helper type 1)
signaling was significantly decreased compared to primary breast cancer. Hepatic fibrosis
signaling and inflammation signaling had the highest activation scores in metastatic liver
tissue. The sirtuin signaling pathway, which is modulated in both primary tumors and
metastasis by the FoxO and SIRT gene families, was activated in the primary tumors, liver
and lung metastasis groups (Figure 5a–c).
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Figure 5. Canonical pathway comparison of 4T1 primary tumor and metastatic subpopulations by
IPA with GSE62598 data. Heat maps show (a) activation score (absolute z-score > 2) and (b) p value
absolute log p-value > 1.3. (c) Sirtuin pathway was generated from GSE62598 data that include the
gene expression profile of 4T1 primary tumors and liver/lung metastatic subpopulations in a mouse
model. The figure represents gene profiling in liver metastasis of 4T1 cells (absolute log p-value > 1.3).
(d) Cell proliferation of tumor cells was found to have a regulator effect in liver and lung metastases of
4T1 cells by IPA. The intensity of the node color indicated the degree of regulation (red; upregulation,
green; downregulation).

Upstream regulator analysis is a novel function available in IPA by analyzing linkage to
DEGs through coordinated expression to identify potential upstream regulators, including
transcription factors and genes, which have been experimentally observed to affect gene
expression. It was recently used to robustly identify the FoxO family as an important
regulator in breast cancer and metastasis [27]. FoxO1 (p = 1.19 × 10−4, 5.16 × 10−7), FoxO3
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(p = 2.94 × 10−5, 3.07 × 10−7) and FoxO4 (p = 2.39 × 10−8, 1.0 × 10−6) were predicted to be
upstream regulators in liver and lung metastasis, whereas only FoxO1 (p = 2.6 × 10−3) and
FoxO4 (p = 4.59 × 10−2) were predicted as upstream regulators in primary breast tumors.
Furthermore, SIRT1 (p = 4.46 × 10−5) in primary tumors, SIRT1 and SIRT6 (p = 3.4 × 10−4,
1.8 × 10−1) in liver metastasis and SIRT1 and SIRT2 (p = 3.27 × 10−9, 5.17 × 10−3) in
lung metastasis played roles as upstream regulators. The target genes affected by FoxO1,
FoxO3, FoxO4 and SIRT1 in liver and lung metastasis are listed in Table 1. Regulator effects
elucidated through IPA explain how predicted activated or inhibited upstream regulators
might cause increases or decreases in downstream phenotypic or functional outcomes.
Cellular proliferation of tumor cells was found to have a regulator effect in metastases of
4T1 cells (Figure 5d).

Table 1. Upstream regulators predicted to be activated or inhibited in liver and lung metastasis,
with FDR p < 0.05, on the basis of known interactions compiled in the IPA (underlined gene names,
targeted only in liver metastasis; italic gene names, targeted only in lung metastasis).

Upstream
Regulator

Z
Score

p-Value of
Overlap Target genes

FOXO1
Liver-met
Lung-met

0.92
1.427

1.19 × 10−4

5.16 × 10−7

Acan, AFF3, ANGPT1, ANGPT2, APLN, APOA5, BLNK, BNIP3, CCL20, CCN2, CCN3, CCNG2,
CD40, CERS4, CTSK, CXCL10, DAPK1, EDN1, EOMES, FABP4, FBXO32, FLT4, GADD45A, HSPD1,

ICAM1, IFNG, IGF1R, IKZF2, IKZF5, ITGB2, ITGB6, JAG1, MMP9, OVOL1, PPARGC1A, PSMB8,
PTGS1, RIPOR2, SELL, SEMA6D, SERPINB2, SERPINB5, SERPINE1, SESN3, SFN, SLC2A4, SOX5,

TNFRSF9, TNFSF10, UCP1,V CAM,
ACLY, ADIPOQ, AICDA, ATP6V0D2, BIRC3, CA2, CAMK4, CASP14, CCND1, CTSV, EDNRB,
EFHD1, ERG, FASLG, FGF21, FOXC1, GABARAPL1, GPX3, IGLL1/IGLL5, IKZF1, IL1B, IL22,
IL23R, IL7R, KLK3, LAMP2, MLXIPL, MYCN, PIK3C3, PNPLA2, POMC, PRKAA2, RUNX2,

SCD, SOX9, TIE, A2M, AQP9, BCL2, COL4A, EBF1, FLT4, GSTK, IKZF5, IL18, IL6, ITGAM, ITGAV,
KIF11, MAP1LC3B, MRPL57, MYOG, PLA2G2D, PTEN, RICTOR, RPS6KA3, SREBF2, STAT5B, TBX21,

TIMM8A, TKT, TNNC1

FOXO3
Liver-met

0.82 2.94 × 10−5

Acan, ACLY, Acot1, ACTA2, ANGPT1, ANGPT2, APLN, AQP4, ATP6V0D2, BNIP3, CCN2, CCND1,
CCND2, CCNG2, CDH1, CERS4, CLDN1, CTSV, CXCL10, EDNRB, ERG, FABP4, FASLG, FBXO32,

FOXC1, GABARAPL1, GABRR2, GADD45A, GPX3, ICAM1, Ifna4, IFNG, IGF1R, IKZF2, IL12A,
INHBA, ITGB2, JAG1, MAP1LC3A, MMP13, MMP9, Mt1, Mt2, NDRG1, NOS2, NUPR1, OVOL1,
PLAU, POMC, PPARGC1A, PRKAA2, PTGS1, RTN3, RUNX2, SBSN, SELL, SERPINE1, SESN3,

SLC40A1, SOX5, SOX9, TCIM, TIE1, TNFSF10, TP53INP1, TP63, VCAM1, VEGFA, VIM

FOXO4
Liver-met
Lung-met

0.292
0.151

2.39 × 10−8

1.0 × 10−6

Acan, ANGPT1, APLN, BNIP3, CCN2, CCNG2, CERS4, EDNRB, ERG, FABP4, FASLG, FOXC1,
GADD45A, ITGB2, JAG1, MMP9, OVOL1, PTGS1, SELL, SERPINE1, SESN3, SOX5, TIE1, VCAM1,

ACLY, CCND1, CCND2, GABARAPL1, GPX3, PRKAA2, PSMD11, RUNX2, SCD, SLC2A1,
SOX9, VEGFA, COL4A1, FLT4, IDI1, ITGAM, MAP1LC3B, PLA2G2D, RICTOR, SREBF2

SIRT1
Liver-met
Lung-met

1.011
−0.595

3.4 × 10−4

3.27 × 10−9

ABCB1, APLN, BDNF, BNIP3, CDH1, DDAH2, FABP4, FBXO32, GADD45A, GBP3, GBP6, HLAA,
HLADQB1, ICAM1, IFNG, IGF1R, Iigp1, LAMA4, LGALS3BP, MMP13, MMP9, PDGFRA, PNPLA3,
PPARGC1A, PRDM16, RIMS2, RTP4, RUNX2, Sectm1b, SERPINE1, SLC7A11, SP110, SYNPO, TAC,

STD2, TMPRSS4, ZEB1,
ABCA1, ABCG1, ACAP1, ADIPOQ, AGT, BIRC3, Ccl2, CCND1, CCND2, CCNG2, CEBPB,

CLEC10A, CTNNB1, EPAS1, FGF21, FGFR1, GABARAPL1, GLI2, GRIP1, GSTM3, Ifi47, IGHM,
IL1B, KALRN, KMT2B, LAMA2, LRCH1, NANOG, NCAM2, NECTIN4, NKG7, NOS2, PCSK2,

RBPJL, SLC27A6, TNFSF11, TP73, TRIM31, ZNF296, AFP, BCL2, CCNG2, CD74, CMPK2, CNTN6,
CPB, Csprs, CYP2B6, DDX60, DHX58, EDEMEP3, ERMP1, HIVEP3, IFI44, IFIT1B, IFIT3, Igtp, IL12B,
IL6, IRGM, Irgm1, KDM5B, MYOG, NAIP, NF1, NLRC5, NTRK2, Oasl2, P3H3, PRDM1, PSMB9, TAP1,

TFPI, Tgtp1/Tgtp2, TIMP2, Trim30a/Trim30d, UBA7

2.5. Clinicopathological Statistics of TNBC Patients

Analysis of the mRNA expression of the FoxO family and SIRT1 in TCGA (The Cancer
Genome Atlas) revealed that all genes were downregulation in tumors compared to normal
tissues in TNBC (triple-negative breast cancer) (p < 0.05 for FoxO1, FoxO4) (Figure 6a,b).
However, FoxO1, FoxO4 and SIRT1 were upregulated in the metastasis stage of TNBC,
although the number of patients in the sample was too low to evaluate (Figure 6c) (p > 0.05).
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3. Discussion

The roles of the SIRT1/FoxOs pathway in breast cancer and its metastasis have not
been explained to date. SIRT1 is known to regulate oncogenic signals and play a role in the
formation of the appropriate microenvironment for tumor cell survival [28]. FoxO transcrip-
tion factors are deacetylated by SIRT1 [14], and deacetylated FoxO transcription factors
regulate cellular signals, such as apoptosis, DNA damage, and cell survival [10,15,29].
The role of SIRT1 and FoxOs as regulators in important signaling pathways in tumor
progression suggests that they are closely related to cancer.

It is known that increased activity of SIRT1 inhibits p53 by deacetylation. On the other
hand, when SIRT1 activates p53, cancer formation is prevented [28,30]. Our results show
that both 4TLM and 67NR cells express SIRT1 and p53. SIRT1 expression was limited in
the nucleus in 67NR cells. It is known that nuclear translocation is prevented by SIRT1
deacetylation; however, it increases p53 accumulation in the cytoplasm [30]. According
to our results, p53 is expressed in the cytoplasm, and SIRT1 is expressed in the nucleus,
which is consistent literature reports. Similarly, p21 expression in the cytoplasm is known
to arrest the cell cycle [31]. 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 are more proliferative because the cell cycle continues rapidly in 4TLM cells.
According to Western blot results in primary tumors, the expression of SIRT1, p21, p53,
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E2F1 and FoxO proteins was also higher in the 67NR group in primary tumors, similar to
our immunohistochemistry results. Increased expression of SIRT1, FoxO1 and FoxO3a in
the 67NR group confirms our results which related to the metastatic character of the tumor.

Inhibition of SIRT1 is known to increase apoptosis by causing p53 activation, in
addition to reducing tumor growth [32]. According to our results, SIRT1 expression was
higher in 67NR compared to 4TLM cells. These results revealed that tumor suppressor
activity of SIRT1 is active in non-metastatic tissue. On the other hand, low expression of
p53 and p21 may indicate that 4TLM tumor cells could escape from apoptosis. It has been
shown that SIRT1 gene expression was high in the 67NR group, which may be associated
with the tumor-suppressor effect of SIRT1 [32]. 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 [33].

E2F1 is a key regulator of the cell cycle [23,34]. Mori K. et al. reduced cell proliferation
by inhibition of E2F1, which is a key regulator of the cell cycle in breast cancer cells [35].
According to our results, perinuclear localization of E2F1 in 4TLM primary tumors may
reduce cell proliferation. Our results with respect to p53, p21 and E2F1 indicate that
metastatic 4TLM cells could escape from apoptosis and continue 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, with a role in cell proliferation and
tumor development. Jin X. et al. showed that metastasis is triggered in breast cancer when
SIRT1 expression is increased by lentivirus. High expression levels of SIRT1 cause increased
invasion in breast cancer cells, whereas SIRT1 inhibition by shRNA decreases the invasion
of breast cancer cells. This evidence suggests that SIRT1 is associated with metastasis [36].
According to our results, the highest SIRT1 expression in 4TLM cells in liver and lung tissue
is related to SIRT1-triggered invasion. SIRT1 expression was very low in the 67NR groups
and in the tumor-free groups. We also observed that the level of SIRT1 expression was
increased in metastasis of TNBC patients (Figure 6c), whereas it was downregulated in
primary tumors of TNBC patients compared to normal tissue (Figure 6a). Taken together,
our results suggest that SIRT1 could play an important role in metastasis, in addition to
other roles.

FoxO transcription factors are known to function as tumor suppressors in cancers [27].
Localization of the FoxOs determine their activity status. FoxOs must be expressed in
the nucleus to activate their target genes, which are related to crucial cellular processes.
When FoxOs are translocated from the nucleus to the cytoplasm by growth factors, they
cannot function, resulting in inhibition of their tumor-suppressor function [37]. These
results suggest that tumor-suppressor FoxO proteins are retained in the cytoplasm, and
tumor cells are preserved. Several studies shown the FoxOs play a supportive role in
facilitating and even stimulating metastasis [38–40]. Whereas increased FoxO3a expression
reduces metastasis, it is does not affect primary tumor growth [38]. In our study, in primary
tumors, FoxO3a expression was increased in non-metastatic 67NR compared to 4TLM
cells (Figure 2d). In addition, FoxO1 and FoxO4 expression in metastatic 4TLM primary
tumors was lower than in non-metastatic primary tumors. Similarly, the level of FoxO3
expression was decreased in metastasis of TNBC patients, whereas the expression of FoxO1
and FoxO4 was increased (Figure 6c). Limited expression of FoxOs in metastatic tumors is
thought to be closely related to the metastatic character of the tumor. Moreover, our results
show that FoxO expression was significantly higher in the 4TLM group compared to the
non-metastatic and control groups in the liver, which is a metastatic organ. The expression
of FoxO1, FoxO3a and FoxO4 proteins was higher in 4TLM lung tissue, especially in
metastatic cells. Additionally, our transcriptomic analysis revealed the same results in both
liver and lung metastases of mice (Figure 5c,d).

According to our results, FoxO1 expression was increased in 67NR compared to 4TLM
cells. Liu H. et al. showed that reduced expression of FoxO3a promotes tumor progression
by supporting stem cell characters of tumor cells. FoxO3a expression was downregulated
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in metastatic breast cancer tissues compared to normal breast epithelial cells (MCF-10A).
We also observed that FoxO genes were downregulated in TNBC patients (Figure 6a). In
addition, the downregulation of FoxO3 leads to changes in the levels of CD44/CD24, which
are breast cancer stem cell markers [41]. In our study, we showed that FoxO3a expression
was low in primary tumors obtained from 4TLM groups, which are highly metastatic. This
result supports the hypothesis that FoxO3a affects the metastatic character of tumors. In
prostate cancer, FoxO3a mRNA expression was increased in high-grade tumor samples
compared to benign prostate cancer tissue [42]. We observed that FoxO4 mRNA levels
were increased in the metastatic 4TLM group compared to the non-metastatic 67NR group.
However, FoxO4 protein levels decreased in 4TLM metastatic primary tumors.

Analysis of transcriptomic data revealed that some pathways are shared among pri-
mary tumors, metastatic lung and liver tissue, despite differences in transcript abundance
(Figure 5). Calcium signaling was enriched in metastases, whereas the Th1 signal was more
activated in primary tumors. The potential role of T cells in promoting one of the most
important steps in metastasis was previously established [43]. Th1 cells dramatically de-
crease the incidence of metastases without altering the development of primary tumors [44].
The contribution of the calcium signal to metastasis of cancer cells has been reviewed
in previous studies [45]. Although physiological levels of Ca2+ inhibit proliferation and
invasion, high Ca2+ levels ultimately increase the risk of metastasis in breast cancer [46].
Moreover, hepatic fibrosis signals, inflammation signals and the adipose tissue pathway
were markedly more activated in metastatic liver tissue than other tissues. According to
canonical pathway analysis, the SIRT signaling pathway, which consists of SIRT family
members and FoxOs, was activated in both lung and liver metastasis (Figure 5a). The SIRT
pathway plays a key role in the regulation of genes involved in the metastatic processes
in various cancers, including breast cancer [47]. This pathway shows how cell prolifera-
tion and tumor growth are induced in lung and liver metastases, in line with our results
(Figure 5b).

Furthermore, upstream regulator analysis by IPA identified SIRT1, FoxO1, FoxO3 and
FoxO4 as upstream regulators in lung and liver metastasis (Table 1). Yadav R. K. et al.
reported that FoxOs generally serve as a central regulator of cellular homeostasis and cancer
metabolism and are tumor suppressors in many human primer cancers [27]. However,
we observed that FoxOs genes regulated multiple involved in the invasion, cell cycle,
proliferation, apoptosis, ROS (reactive oxygen species) production, inflammation and
adipogenesis in metastases, in concurrence with the experimental data obtained in the
present study.

In conclusion, our results show that the expressions of FoxO proteins in primary
tumors was markedly lower in 4TLM groups compared to the 67NR group. Decreased
expression of FoxO proteins suggests that they could induce metastasis. The expression
observed in metastatic liver tissues suggests that SIRT1 can deacetylate FoxO proteins
by forming a complex in the nucleus with FoxO [10]. The expression of SIRT1 and FoxO
proteins in the lungs and liver, especially in metastatic cells, indicates that they may play
crucial roles in metastasis [36,38]. In addition, through IPA analysis and TCGA data, we
showed that FoxO1, FoxO3, FoxO4 and SIRT1 are associated with primary tumors and
metastasis. For the first time in the literature, our results show that SIRT1 and FoxO proteins
are associated with metastasis of breast cancer. Moreover, our findings could lead to further
studies related to signaling mechanisms that still remain to be investigated with respect to
whether SIRT1 and FoxO proteins support metastasis.

4. Materials and Methods
4.1. In Vitro Experimental Procedures
4.1.1. Cell Culture

4T1 cells were previously derived from spontaneously formed breast tumors in
BALB/c mice, as previously described [48]. The 4THM (4T1-Heart Metastasis) cell line
was derived from cardiac metastasis of 4T1 cells, as described by Erin N. et al. [49]. These
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4THM cells were implanted orthotopically into BALB/c mice, thereby establishing macro-
scopic liver metastasis, which was used to develop an additional cell line designated 4TLM
(4T1-liver metastasis) [50]. We also used the 67NR mouse cell line as a non-metastatic
breast cancer. 67NR and 4TLM cell lines were grown in DMEM-F12 (Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12) (Invitrogen; #11320074, Waltham, MA, USA) sup-
plemented with 5% FBS (fetal bovine serum) (Invitrogen; #10270106, Waltham, MA, USA),
2 mM L-glutamine (Invitrogen; #25030024, Waltham, MA, USA), 1 mM sodium pyru-
vate (Invitrogen; #11360039, Waltham, MA, USA) and 0.02 mM non-essential amino acids
(Invitrogen; #11140035, Waltham, MA, USA).

4.1.2. Immunocytochemistry

The expression of SIRT1, p53, p21 and FoxO proteins in 4TLM and 67NR cells was
evaluated using immunocytochemistry. The cells were fixed in 4% paraformaldehyde
(Merck; 1.04005.1000, Rahway, NJ, USA) for 5 min and washed in phosphate-buffered saline
(PBS). Then, the cells were blocked with blocking solution containing 1.5 g bovine serum
albumin (Euroclone; EMR086025, Pero, Milan, Italy) and 0.0375 glycine (Bio-Rad; #161-0718,
Hercules, CA, USA) for 15 min and incubated with anti-SIRT1 (Santa Cruz; #sc-15404,
CA, USA, 1/100 dilution), anti-p53 (Santa Cruz; #sc-6243, Dallas, TX, USA 1/100 dilution),
anti-p21 (Santa Cruz; #sc-756, Dallas, TX, USA 1/100 dilution), anti-FoxO1 (Cell Signaling;
#2880S, Danvers, 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 h at
room temperature. After washing out the primary antibodies, cells were incubated with
the Alexa Fluor 555 (Thermo Fisher; #A-31572, Waltham, MA, USA 1/250 dilution) and
Alexa Fluor 488 secondary antibody (Thermo Fisher; #A-21206, MA, USA 1/250 dilution)
for 1 h at room temperature. The mounting medium containing DAPI (4′,6-diamidino-2-
phenylindole) (Vector Labs; #H-1200, Newark, CA, USA) was dropped, and the expression
was evaluated and photographed under an Olympus BX61 fluorescence microscope (Carl
Zeiss GmbH, Jena, Germany).

4.2. In Vivo Animal Studies
4.2.1. Animal Models

Female BALB/c mice were obtained from Kobay Animal Laboratory (Ankara, Turkey),
kept under a 12 h light–dark cycle and fed a controlled diet. All experimental protocols were
approved by the Local Ethics Committee for Animal Research (2 September 2016). 4TLM
(1 × 105) and 67NR (1 × 106) cells in HBSS (Hanks’ Balanced Salt Solution) (Sigma Aldrich,
St. Louis, MI, USA; #H9269, GE) 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.).
The formation of 67NR tumors requires implantation of a higher number of cells. Eight
animals were used for each group. Breast cancer can easily spread to other parts of the body,
most commonly to the bones, lungs or liver [51,52]. Therefore, to evaluate the expression of
SIRT1 and FoxO in metastatic tissues, we selected lungs and livers, where breast cancer
metastasis is common, and collected these tissues, along with primary tumors.

4.2.2. Immunohistochemistry

Primary breast tumors, as well as lung and liver tissues, were removed 27 days after
injection of tumor cells. All tissues were fixed in 10% formaldehyde (Merck; 1.04003.1000,
Rahway, NJ, USA) for 24 h, dehydrated through a graded ethanol series and embedded
in paraffin. Five µm thick sections were taken. After deparaffinization and rehydration,
citrate buffer (pH 6.0) was used for antigen retrieval under microwave. Then, the slides
were washed, and endogenous peroxidase activity was blocked by 3% hydrogen peroxide
(Merck; #1.08600.1000, MA, USA) in methanol (Merck; #1.060.092.511, MA, USA) for
15 min at room temperature. After washing in PBS, universal blocking reagent (Thermo
Fisher; #TA-125-UB, Waltham, MA, USA) was used to block the nonspecific bindings
for 7 min at RT. Then, the sections were incubated with SIRT1 (Santa Cruz; #sc-15404,
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Dallas, TX, USA 1:200 dilution), p21 (Santa Cruz; #sc-756, Dallas, TX, USA, 1:200 dilution),
p53 (Santa Cruz; #sc-6243, Dallas, TX, USA 1:200 dilution), E2F1 (Abcam; #ab-179445,
Cambridge, UK 1:100 dilution), FoxO1 (Cell Signaling; #2880S, Danvers, MA, USA, 1:100
dilution), FoxO3a (Cell Signaling; #21829S, Danvers, MA, USA, 1:100 dilution), FoxO4
(Cell Signaling; #2359, Danvers, MA, USA, 1:100 dilution) and cleaved caspase 3 (Cell
signaling; #9661L, Dancers, MA, USA, 1:50 dilution) antibodies overnight at +4 ◦C. After
washing several times in PBS, sections were incubated with biotinylated goat anti-rabbit
IgG (Immunoglobulin G) secondary antibody (Vector Lab; #BA1000, Newark, CA, USA,
1:400 dilution) for 1h at room temperature, followed by incubation with HRP (Horseradish
peroxidase) streptavidin-peroxidase complex (Invitrogen; #85–9043, Waltham, MA, USA)
for 20 min at room temperature. All incubation steps were performed in a humidified
chamber to avoid dehydration of the slides.

Positive immunoreactions were visualized by incubation of 3,3′-diaminobenzidine
(DAB) (Sigma Aldrich; #D4168, St. Louis, MO, USA) chromogen and counterstained
with Mayer’s hematoxylin (Merck; #1.09249.1000, Rahway, NJ, USA). All expressions
were evaluated and photographed under a Zeiss-Axioplan microscope (Carl Zeiss GmbH,
Jena, Germany).

4.3. Image J Analysis of Immunohistochemical Staining

Micrographs of tissue samples from all groups were taken using a SPOT Advanced
4.6 software at 10× and 40×magnification. These micrographs were analyzed using Image
J version 1.46 (Image Processing and Analysis in Java; US National Institutes of Health,
Bethesda, MD, USA; https://imagej.nih.gov/ij/. (accessed on 12 April 2020)) by scanning
10 non-overlapping fields in each tissue and expressing positive areas as a percentage of
the total area.

4.4. Reverse-Transcriptase qPCR

Total RNA (Ribonucleic Acid) was extracted from primary tumor samples using
an RNeasy Mini Kit, (Qiagen; #74104, Venlo, Finland) 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 (complementary DNA) was obtained by reverse-transcriptase PCR
method, according to the commercial kit protocol (EvoScript Universal cDNA Master Kit,
Qiagen; #7912374001, Venlo, Finland). Gene expression analysis was performed with the
obtained cDNAs by following the commercial kit protocol (FastStart Essential DNA Green
Master, Qiagen; #6402712001, Venlo, Finland). The primers used in RT-PCR (real-time
polymerase chain reaction) assays were designed with sequences based on references from
the literature [53,54] (Table 2). The Ct (cycle threshold) value measured on the instrument
by means of SYBR Green probe was averaged over 3 technical repetitions. All genes were
normalized to a housekeeping gene (ribosomal 18S), and ∆∆Ct (fold change (FC)) was
calculated using the arithmetic formula for comparative quantification.

Table 2. RT-PCR primer sequences.

FORWARD REVERSE

FoxO1 CTTCAAGGATAAGGGCGACA GACAGATTGTGGCGAATTGA

FoxO3a GCTAAGCAGGCCTCATCTCA TTCCGTCAGTTTGAGGGTCT

FoxO4 TCATCAAGGTTCACAACGAGGC AGGACAGACGGCTTCTTCTTGG

SIRT 1 TCGTGGAGACATTTTTAATCAGG GCTTCATGATGGCAAGTGG

r18S
(Housekeeping gene) GGTGCATGGCCGTTCTTA TCGTTCGTTATCGGAATTAACC

https://imagej.nih.gov/ij/
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4.5. Bioinformatics Analysis

Microarray data of gene expression profiles from the GSE62598 dataset were down-
loaded from the Gene Expression Omnibus (GEO) (www.ncbi.nlm.nih.gov/geo/) (accessed on
23 June 2020) based on the GPL7202 platform (Agilent-014868 Whole Mouse Genome Mi-
croarray). Gene expression profiling in this dataset revealed distinct expression patterns
associated with 4T1 subpopulations derived from breast tissues, primary breast tumors and
liver and lung metastatic tumors. The dataset contained 3 tissue samples for each group. All
data were processed using R software (www.r-project.org) (accessed on 25 June 2020). The
limma package was used to identify DEGs between the primary/metastasis samples and
breast tissue samples [55]. An adjusted p < 0.05 and an absolute log2 FC > 1 was considered
statistically significant. To determine the potential biological processes and pathways of
the overlapping DEGs, ingenuity pathway analysis (IPA, www.qiagen.com/ingenuity)
(accessed on 03 July 2020) was performed, with p < 0.01 and absolute log2FC > 1 as the
threshold values. Furthermore, RNA sequencing datasets and matched clinicopathologi-
cal information of breast invasive carcinoma (BRCA) were downloaded from the TCGA
database (https://tcga-data.nci.nih.gov/) (accessed on 15 August 2022). The mRNA ex-
pression of FoxO family members and SIRT1 were analyzed in TNBC and normal tissue
overall survival by the Gene Expression Profiling Interactive Analysis Platform [56]. The ex-
pression levels of these genes were investigated in non-metastasis and metastasis situations
of TNBC.

4.6. Statistical Analysis

Experiments were performed at least three times for each group. Statistical analyses
were performed by variance with Dunnett’s post hoc test using Graph Pad Prism 8 software
(San Diego, CA, USA). Data are shown as mean ± standard error of the mean and e
considered statistically significant at * p < 0.05.

5. Conclusions

Our findings show that SIRT1 could affect the target genes of FoxO proteins and
that the tumor cell can fight to survive. We also showed that SIRT1 and FoxO proteins
are associated with metastasis. The expression of SIRT1 and FoxO proteins is lower in
primary tumors compared to metastatic areas, suggesting that SIRT1 and FoxO proteins
trigger metastasis and that SIRT1 may interfere with the target genes of FoxO proteins in a
particular pathway and affect tumor cell survival and metastasis potential.

Author Contributions: S.D., N.K. and G.T. developed the project idea. G.T. conceived and supervised
the study. S.D. and N.K. conducted the immunocytochemistry experiments. S.D., N.K. and S.Y.
performed immunohistochemistry and Western blot experiments and analysis. S.D. and S.Y., with
the help of B.Y., conducted PCR experiments and data analysis. A.C. conducted the bioinformatic
analysis. S.D. and G.T. wrote the paper with the help of N.K., A.C. and A.A.F. All authors have read
and agreed to the published version of the manuscript.

Funding: This project was supported by Akdeniz University and the Scientific Research Projects
Coordination Unit (Project number TSA-2017-2088).

Institutional Review Board Statement: All experimental protocols were approved by the Local
Ethics Committee for Animal Research (protocol number: 2016.09.02).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, G.T., upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

www.ncbi.nlm.nih.gov/geo/
www.r-project.org
www.qiagen.com/ingenuity
https://tcga-data.nci.nih.gov/


Int. J. Mol. Sci. 2022, 23, 10227 18 of 19

References
1. Deshmukh, S.K.; Srivastava, S.K.; Poosarla, T.; Dyess, D.L.; Holliday, N.P.; Singh, A.P.; Singh, S. Inflammation, immunosuppressive

microenvironment and breast cancer: Opportunities for cancer prevention and therapy. Ann. Transl. Med. 2019, 7, 593. [CrossRef]
[PubMed]

2. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]

3. Tan, G.-Z.; Li, M.; Tan, X.; Shi, M.-L.; Mou, K. MiR-491 suppresses migration and invasion via directly targeting TPX2 in breast
cancer. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 9996–10004. [PubMed]

4. Lee, E.Y.; Muller, W.J. Oncogenes and tumor suppressor genes. Cold Spring Harb. Perspect. Biol. 2010, 2, a003236. [CrossRef]
[PubMed]

5. Osborne, C.; Wilson, P.; Tripathy, D. Oncogenes and Tumor Suppressor Genes in Breast Cancer: Potential Diagnostic and
Therapeutic Applications. Oncologist 2004, 9, 361–377. [CrossRef]

6. Blander, G.; Guarente, L. The Sir2 Family of Protein Deacetylases. Annu. Rev. Biochem. 2004, 73, 417–435. [CrossRef]
7. Cho, I.-R.; Koh, S.S.; Malilas, W.; Srisuttee, R.; Moon, J.; Choi, Y.-W.; Horio, Y.; Oh, S.; Chung, Y.-H. SIRT1 inhibits proliferation of

pancreatic cancer cells expressing pancreatic adenocarcinoma up-regulated factor (PAUF), a novel oncogene, by suppression of
β-catenin. Biochem. Biophys. Res. Commun. 2012, 423, 270–275. [CrossRef]

8. Luo, J.; Su, F.; Chen, D.; Shiloh, A.; Gu, W. Deacetylation of p53 modulates its effect on cell growth and apoptosis. Nature 2000,
408, 377–381. [CrossRef]

9. Peck, B.; Chen, C.-Y.; Ho, K.-K.; Di Fruscia, P.; Myatt, S.S.; Coombes, R.C.; Fuchter, M.J.; Hsiao, C.-D.; Lam, E.W.-F. SIRT Inhibitors
Induce Cell Death and p53 Acetylation through Targeting Both SIRT1 and SIRT2. Mol. Cancer Ther. 2010, 9, 844–855. [CrossRef]

10. Brunet, A.; Sweeney, L.B.; Sturgill, J.F.; Chua, K.F.; Greer, P.L.; Lin, Y.; Tran, H.; Ross, S.E.; Mostoslavsky, R.; Cohen, H.Y.; et al.
Stress-Dependent Regulation of FOXO Transcription Factors by the SIRT1 Deacetylase. Science 2004, 303, 2011–2015. [CrossRef]

11. Motta, M.C.; Divecha, N.; Lemieux, M.; Kamel, C.; Chen, D.; Gu, W.; Bultsma, Y.; McBurney, M.; Guarente, L. Mammalian SIRT1
Represses Forkhead Transcription Factors. Cell 2004, 116, 551–563. [CrossRef]

12. Carter, M.E.; Brunet, A. FOXO transcription factors. Curr. Biol. 2007, 17, R113–R114. [CrossRef] [PubMed]
13. Medema, R.H.; Jäättelä, M. Cytosolic FoxO1: Alive and killing. Nat. Cell Biol. 2010, 12, 642–643. [CrossRef] [PubMed]
14. Kobayashi, Y.; Furukawa-Hibi, Y.; Chen, C.; Horio, Y.; Isobe, K.; Ikeda, K.; Motoyama, N. SIRT1 is critical regulator of FOXO-

mediated transcription in response to oxidative stress. Int. J. Mol. Med. 2005, 16, 237–243. [CrossRef] [PubMed]
15. Miyamoto, K.; Araki, K.Y.; Naka, K.; Arai, F.; Takubo, K.; Yamazaki, S.; Matsuoka, S.; Miyamoto, T.; Ito, K.; Ohmura, M.; et al.

Foxo3a Is Essential for Maintenance of the Hematopoietic Stem Cell Pool. Cell Stem Cell 2007, 1, 101–112. [CrossRef]
16. Hu, Q.; Wang, G.; Peng, J.; Qian, G.; Jiang, W.; Xie, C.; Xiao, Y.; Wang, X. Knockdown of SIRT1 Suppresses Bladder Cancer Cell

Proliferation and Migration and Induces Cell Cycle Arrest and Antioxidant Response through FOXO3a-Mediated Pathways.
BioMed Res. Int. 2017, 2017, 3781904. [CrossRef]

17. Saretzki, G. Cellular Senescence in the Development and Treatment of Cancer. Curr. Pharm. Des. 2010, 16, 79–100. [CrossRef]
18. Sarma, P.; Bag, I.; Ramaiah, J.; Kamal, A.; Bhadra, U.; Bhadra, M.P. Bisindole-PBD regulates breast cancer cell proliferation via

SIRT-p53 axis. Cancer Biol. Ther. 2015, 16, 1486–1501. [CrossRef]
19. Li, K.; Luo, J.; Azabdaftari, G. The Role of SIRT1 in Tumorigenesis. Am. Chin. J. Med. Sci. 2011, 4, 104. [CrossRef]
20. Abbas, T.; Dutta, A. p21 in cancer: Intricate networks and multiple activities. Nat. Cancer 2009, 9, 400–414. [CrossRef]
21. Xiong, Y.; Zhang, H.; Beach, D. D type cyclins associate with multiple protein kinases and the DNA replication and repair factor

PCNA. Cell 1992, 71, 505–514. [CrossRef]
22. Bourgeois, B.; Madl, T. Regulation of cellular senescence via the FOXO4-p53 axis. FEBS Lett. 2018, 592, 2083–2097. [CrossRef]

[PubMed]
23. Biswas, A.K.; Johnson, D.G. Transcriptional and Nontranscriptional Functions of E2F1 in Response to DNA Damage. Cancer Res.

2012, 72, 13–17. [CrossRef] [PubMed]
24. Chen, D.; Padiernos, E.; Ding, F.; Lossos, I.S.; Lopez, C.D. Apoptosis-stimulating protein of p53-2 (ASPP2/53BP2L) is an E2F

target gene. Cell Death Differ. 2005, 12, 358–368. [CrossRef]
25. Fogal, V.; Kartasheva, N.N.; Trigiante, G.; Llanos, S.; Yap, D.; Vousden, K.H.; Lu, X. ASPP1 and ASPP2 are new transcriptional

targets of E2F. Cell Death Differ. 2005, 12, 369–376. [CrossRef]
26. Hallstrom, T.C.; Mori, S.; Nevins, J.R. An E2F1-Dependent Gene Expression Program that Determines the Balance between

Proliferation and Cell Death. Cancer Cell 2008, 13, 11–22. [CrossRef] [PubMed]
27. Yadav, R.K.; Chauhan, A.S.; Zhuang, L.; Gan, B. FoxO transcription factors in cancer metabolism. Semin. Cancer Biol. 2018, 50,

65–76. [CrossRef]
28. Wilking, M.J.; Singh, C.; Nihal, M.; Zhong, W.; Ahmad, N. SIRT1 deacetylase is overexpressed in human melanoma and its small

molecule inhibition imparts anti-proliferative response via p53 activation. Arch. Biochem. Biophys. 2014, 563, 94–100. [CrossRef]
29. Ford, J.; Jiang, M.; Milner, J. Cancer-specific functions of SIRT1 enable human epithelial cancer cell growth and survival. Cancer

Res. 2005, 65, 10457–10463. [CrossRef]
30. Yi, J.; Luo, J. SIRT1 and p53, effect on cancer, senescence and beyond. Biochim. Biophys. Acta (BBA) Proteins Proteom. 2010, 1804,

1684–1689. [CrossRef]
31. Green, D.R.; Kroemer, G. Cytoplasmic functions of the tumour suppressor p53. Nature 2009, 458, 1127–1130. [CrossRef] [PubMed]

http://doi.org/10.21037/atm.2019.09.68
http://www.ncbi.nlm.nih.gov/pubmed/31807574
http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://www.ncbi.nlm.nih.gov/pubmed/31799669
http://doi.org/10.1101/cshperspect.a003236
http://www.ncbi.nlm.nih.gov/pubmed/20719876
http://doi.org/10.1634/theoncologist.9-4-361
http://doi.org/10.1146/annurev.biochem.73.011303.073651
http://doi.org/10.1016/j.bbrc.2012.05.107
http://doi.org/10.1038/35042612
http://doi.org/10.1158/1535-7163.MCT-09-0971
http://doi.org/10.1126/science.1094637
http://doi.org/10.1016/S0092-8674(04)00126-6
http://doi.org/10.1016/j.cub.2007.01.008
http://www.ncbi.nlm.nih.gov/pubmed/17307039
http://doi.org/10.1038/ncb0710-642
http://www.ncbi.nlm.nih.gov/pubmed/20596046
http://doi.org/10.3892/ijmm.16.2.237
http://www.ncbi.nlm.nih.gov/pubmed/16012755
http://doi.org/10.1016/j.stem.2007.02.001
http://doi.org/10.1155/2017/3781904
http://doi.org/10.2174/138161210789941874
http://doi.org/10.1080/15384047.2015.1071731
http://doi.org/10.7156/v4i2p104
http://doi.org/10.1038/nrc2657
http://doi.org/10.1016/0092-8674(92)90518-H
http://doi.org/10.1002/1873-3468.13057
http://www.ncbi.nlm.nih.gov/pubmed/29683489
http://doi.org/10.1158/0008-5472.CAN-11-2196
http://www.ncbi.nlm.nih.gov/pubmed/22180494
http://doi.org/10.1038/sj.cdd.4401536
http://doi.org/10.1038/sj.cdd.4401562
http://doi.org/10.1016/j.ccr.2007.11.031
http://www.ncbi.nlm.nih.gov/pubmed/18167336
http://doi.org/10.1016/j.semcancer.2018.01.004
http://doi.org/10.1016/j.abb.2014.04.001
http://doi.org/10.1158/0008-5472.CAN-05-1923
http://doi.org/10.1016/j.bbapap.2010.05.002
http://doi.org/10.1038/nature07986
http://www.ncbi.nlm.nih.gov/pubmed/19407794


Int. J. Mol. Sci. 2022, 23, 10227 19 of 19

32. Lin, Z.; Fang, D. The Roles of SIRT1 in Cancer. Genes Cancer 2013, 4, 97–104. [CrossRef] [PubMed]
33. Guttilla, I.K.; White, B.A. Coordinate Regulation of FOXO1 by miR-27a, miR-96, and miR-182 in Breast Cancer Cells. J. Biol. Chem.

2009, 284, 23204–23216. [CrossRef] [PubMed]
34. Ertosun, M.G.; Hapil, F.Z.; Nidai, O.O. E2F1 transcription factor and its impact on growth factor and cytokine signaling. Cytokine

Growth Factor Rev. 2016, 31, 17–25. [CrossRef]
35. Mori, K.; Uchida, T.; Fukumura, M.; Tamiya, S.; Higurashi, M.; Sakai, H.; Ishikawa, F.; Shibanuma, M. Linkage of E2F1

transcriptional network and cell proliferation with respiratory chain activity in breast cancer cells. Cancer Sci. 2016, 107, 963–971.
[CrossRef]

36. Jin, X.; Wei, Y.; Xu, F.; Zhao, M.; Dai, K.; Shen, R.; Yang, S.; Zhang, N. SIRT1 promotes formation of breast cancer through
modulating Akt activity. J. Cancer 2018, 9, 2012–2023. [CrossRef]

37. Farhan, M.; Wang, H.; Gaur, U.; Little, P.; Xu, J.; Zheng, W. FOXO Signaling Pathways as Therapeutic Targets in Cancer. Int. J. Biol.
Sci. 2017, 13, 815–827. [CrossRef]

38. Storz, P.; Döppler, H.; Copland, J.A.; Simpson, K.J.; Toker, A. FOXO3a Promotes Tumor Cell Invasion through the Induction of
Matrix Metalloproteinases. Mol. Cell. Biol. 2009, 29, 4906–4917. [CrossRef]

39. Hornsveld, M.; Dansen, T.B.; Derksen, P.W.; Burgering, B.M.T. Re-evaluating the role of FOXOs in cancer. In Seminars in Cancer
Biology; Elsevier: Amsterdam, The Netherlands, 2018; pp. 90–100.

40. Feng, X.; Wu, Z.; Wu, Y.; Hankey, W.; Prior, T.W.; Li, L.; Ganju, R.K.; Shen, R.; Zou, X. Cdc25A Regulates Matrix Metalloprotease 1
through Foxo1 and Mediates Metastasis of Breast Cancer Cells. Mol. Cell. Biol. 2011, 31, 3457–3471. [CrossRef]

41. Liu, H.; Song, Y.; Qiu, H.; Liu, Y.; Luo, K.; Yi, Y.; Jiang, G.; Lu, M.; Zhang, Z.; Yin, J.; et al. Downregulation of FOXO3a by DNMT1
promotes breast cancer stem cell properties and tumorigenesis. Cell Death Differ. 2019, 27, 966–983. [CrossRef]

42. Shukla, S.; Shukla, M.; MacLennan, G.T.; Fu, P.; Gupta, S. Deregulation of FOXO3A during prostate cancer progression. Int. J.
Oncol. 2009, 34, 1613–1620. [CrossRef]

43. Pardoll, D. Metastasis-Promoting Immunity: When T Cells Turn to the Dark Side. Cancer Cell 2009, 16, 81–82. [CrossRef] [PubMed]
44. DeNardo, D.G.; Barreto, J.B.; Andreu, P.; Vasquez, L.; Tawfik, D.; Kolhatkar, N.; Coussens, L.M. CD4+ T Cells Regulate Pulmonary

Metastasis of Mammary Carcinomas by Enhancing Protumor Properties of Macrophages. Cancer Cell 2009, 16, 91–102. [CrossRef]
[PubMed]

45. Bong, A.H.; Monteith, G.R. Calcium signaling and the therapeutic targeting of cancer cells. Biochim. Biophys. Acta 2018, 1865,
1786–1794. [CrossRef] [PubMed]

46. Journé, F.; Dumon, J.-C.; Kheddoumi, N.; Fox, J.; Laïos, I.; Leclercq, G.; Body, J.-J. Extracellular calcium downregulates estrogen
receptor alpha and increases its transcriptional activity through calcium-sensing receptor in breast cancer cells. Bone 2004, 35,
479–488. [CrossRef] [PubMed]

47. Sinha, S.; Sharma, S.; Vora, J.; Shrivastava, N. Emerging role of sirtuins in breast cancer metastasis and multidrug resistance:
Implication for novel therapeutic strategies targeting sirtuins. Pharmacol. Res. 2020, 158, 104880. [CrossRef]

48. Aslakson, C.J.; Miller, F.R. Selective events in the metastatic process defined by analysis of the sequential dissemination of
subpopulations of a mouse mammary tumor. Cancer Res. 1992, 52, 1399–1405.

49. Erin, N.; Boyer, P.J.; Bonneau, R.H.; Clawson, G.A.; Welch, D.R. Capsaicin-mediated denervation of sensory neurons promotes
mammary tumor metastasis to lung and heart. Anticancer. Res. 2004, 24, 1003–1010.

50. Erin, N.; Wang, N.; Xin, P.; Bui, V.; Weisz, J.; Barkan, G.A.; Zhao, W.; Shearer, D.; Clawson, G.A. Altered gene expression in breast
cancer liver metastases. Int. J. Cancer 2009, 124, 1503–1516. [CrossRef]

51. Kennecke, H.; Yerushalmi, R.; Woods, R.; Cheang, M.C.U.; Voduc, D.; Speers, C.H.; Nielsen, T.O.; Gelmon, K. Metastatic Behavior
of Breast Cancer Subtypes. J. Clin. Oncol. 2010, 28, 3271–3277. [CrossRef]

52. Liang, Y.; Zhang, H.; Song, X.; Yang, Q. Metastatic heterogeneity of breast cancer: Molecular mechanism and potential therapeutic
targets. Semin. Cancer Biol. 2020, 60, 14–27. [CrossRef] [PubMed]

53. Cuesta, S.; Kireev, R.; García, C.; Rancan, L.; Vara, E.; Tresguerres, J.A.F. Melatonin can improve insulin resistance and aging-
induced pancreas alterations in senescence-accelerated prone male mice (SAMP8). AGE 2013, 35, 659–671. [CrossRef] [PubMed]

54. Zhu, J.; Jiang, X.; Chehab, F.F. FoxO4 interacts with the sterol regulatory factor SREBP2 and the hypoxia inducible factor HIF2α at
the CYP51 promoter. J. Lipid Res. 2014, 55, 431–442. [CrossRef] [PubMed]

55. Ritchie, M.E.; Belinda, P.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef]

56. Tang, Z.; Li, C.; Kang, B.; Gao, G.; Li, C.; Zhang, Z. GEPIA: A web server for cancer and normal gene expression profiling and
interactive analyses. Nucleic Acids Res. 2017, 45, W98–W102. [CrossRef] [PubMed]

http://doi.org/10.1177/1947601912475079
http://www.ncbi.nlm.nih.gov/pubmed/24020000
http://doi.org/10.1074/jbc.M109.031427
http://www.ncbi.nlm.nih.gov/pubmed/19574223
http://doi.org/10.1016/j.cytogfr.2016.02.001
http://doi.org/10.1111/cas.12953
http://doi.org/10.7150/jca.24275
http://doi.org/10.7150/ijbs.20052
http://doi.org/10.1128/MCB.00077-09
http://doi.org/10.1128/MCB.05523-11
http://doi.org/10.1038/s41418-019-0389-3
http://doi.org/10.3892/ijo_00000291
http://doi.org/10.1016/j.ccr.2009.07.007
http://www.ncbi.nlm.nih.gov/pubmed/19647215
http://doi.org/10.1016/j.ccr.2009.06.018
http://www.ncbi.nlm.nih.gov/pubmed/19647220
http://doi.org/10.1016/j.bbamcr.2018.05.015
http://www.ncbi.nlm.nih.gov/pubmed/29842892
http://doi.org/10.1016/j.bone.2004.03.021
http://www.ncbi.nlm.nih.gov/pubmed/15268900
http://doi.org/10.1016/j.phrs.2020.104880
http://doi.org/10.1002/ijc.24131
http://doi.org/10.1200/JCO.2009.25.9820
http://doi.org/10.1016/j.semcancer.2019.08.012
http://www.ncbi.nlm.nih.gov/pubmed/31421262
http://doi.org/10.1007/s11357-012-9397-7
http://www.ncbi.nlm.nih.gov/pubmed/22411259
http://doi.org/10.1194/jlr.M043521
http://www.ncbi.nlm.nih.gov/pubmed/24353279
http://doi.org/10.1093/nar/gkv007
http://doi.org/10.1093/nar/gkx247
http://www.ncbi.nlm.nih.gov/pubmed/28407145

	Introduction 
	Results 
	In Primary Tumors, Both 67NR and 4TLM Tumor Cells Exhibited Differential Expression Levels and Localizations of SIRT1 and FoxOs 
	Expression of SIRT1 and FoxOs Differed between 67NR and 4TLM Primary Tumors in Mice 
	Expression Levels of SIRT1 and FoxOs in Metastatic Tissues 
	Functional Enrichment Analysis 
	Clinicopathological Statistics of TNBC Patients 

	Discussion 
	Materials and Methods 
	In Vitro Experimental Procedures 
	Cell Culture 
	Immunocytochemistry 

	In Vivo Animal Studies 
	Animal Models 
	Immunohistochemistry 

	Image J Analysis of Immunohistochemical Staining 
	Reverse-Transcriptase qPCR 
	Bioinformatics Analysis 
	Statistical Analysis 

	Conclusions 
	References

