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Abstract: Breast cancer (BC) is the most common cancer among women worldwide and the main
cause of cancer deaths in women. Metabolic components are key risk factors for the development
of non-alcoholic fatty liver disease (NAFLD), which may promote BC. Studies have reported that
increasing PGCla levels increases mitochondrial biogenesis, thereby increasing cell proliferation and
metastasis. Moreover, the PGCla/ERRe axis is a crucial regulator of cellular metabolism in various
tissues, including BC. However, it remains unclear whether NAFLD is closely associated with the
risk of BC. Therefore, the present study aimed to determine whether hepatic PGCla promotes BC
cell invasion via ERR«. Various assays, including ELISA, western blotting, and immunoprecipitation,
have been employed to explore these mechanisms. According to the KM plot and TCGA data,
elevated PGCla expression was highly associated with a shorter overall survival time in patients
with BC. High concentrations of palmitic acid (PA) promoted PGClx expression, lipogenesis, and
inflammatory processes in hepatocytes. Conditioned medium obtained from PA-treated hepatocytes
significantly increased BC cell proliferation. Similarly, recombinant PGC1le in E0771 and MCF7 cells
promoted cell proliferation, migration, and invasion in vitro. However, silencing PGCl« in both BC
cell lines resulted in a decrease in this trend. As determined by immunoprecipitation assay, PCGla
interacted with ERR«, thereby facilitating the proliferation of BC cells. This outcome recognizes the
importance of further investigations in exploring the full potential of hepatic PGCla as a prognostic
marker for BC development.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the leading cause of liver disease in
high-income countries, affecting 25-40% of the population [1]. The prevalence of NAFLD
has been increasing worldwide and has become a key issue for personal and public well-
being [2]. It is characterized by widespread clinicopathological settings, including intracel-
lular fat deposition (steatosis) and nonalcoholic steatohepatitis (characterized by severe
steatosis, fibrosis, and inflammatory necrosis). It occurs as a result of liver accumulation
of excessive triglycerides, cholesterol, and fatty acids, and dysregulation of cholesterol
homeostasis [3,4]. Recent large meta-analyses have reported that NAFLD is associated with
an increased long-term risk of developing chronic kidney disease (~1.45-fold) [5], cardio-
vascular disease [6], diabetes (~2.2-fold) [7], and extrahepatic cancers (esophageal, stomach,
pancreas, colon, lung, breast, and gynecological cancers) (~1.2-fold to 1.5-fold) [8]. Remark-
ably, studies found that NAFLD is possibly related to a higher incidence of breast cancer
(BC) [9,10]. However, it remains uncertain whether NAFLD is considerably connected
to BC risk. A recent nationwide population-based study revealed that postmenopausal
women with a higher fatty liver index showed a higher incidence of BC [11]. Several
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studies reported a direct association between metabolic syndrome and BC risk in post-
menopausal women [12-14]. Despite having a normal BMI, postmenopausal women who
are metabolically unbalanced or have central adiposity may be more susceptible to BC [12].

BC is the most common cancer affecting women worldwide and the leading cause of
cancer-related deaths among women [15]. Known risk factors for BC include nulliparity,
late pregnancy, early menarche, late menopause, and hormonal or reproductive factors [16].
The incidence of BC is now rapidly rising in Asia and other continents of the world. The
westernization of lifestyles with changes in reproductive behavior is the primary justifi-
cation for this rise [17]. Metabolic syndrome and its components have also been found to
be linked to an increased risk of BC, according to recent meta-analyses [18]. Obesity has
also recently been recognized as a BC risk factor [19]. Metabolic abnormalities and obesity
are shared common risk factors for both NAFLD and BC [20]. Clinical studies have shown
that BC patients with NAFLD have poorer prognoses according to recurrence. Nearly 63%
of newly diagnosed patients with BC have NAFLD [9] and there is a significantly higher
incidence of NAFLD in patients with BC than in healthy controls (45.2% vs. 16.4%) [21].
However, the exact incidence of NAFLD in women with BC remains uncertain, and the
effect of NAFLD on BC prognosis has yet to be recognized. Based on the shared connota-
tions of these metabolic components, it is rational to hypothesize an association between
NAFLD and BC. Furthermore, there are no preclinical studies available to connect directly
both NAFLD and BC.

Peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGCl«) is a
transcription factor coactivator primarily expressed in the liver, adipose tissue, and skeletal
muscle, and influences a majority of cellular metabolic pathways [22]. Their versatile actions
are achieved by tissue-specific interactions with different transcription factors and nuclear
receptors. Under normal conditions, hepatic PGClx expression is relatively low but is
highly inducible in hepatotoxic conditions, diabetic, and ob/ob mouse models [23]. Earlier,
it was demonstrated that sequential cascades of TXNIP-PRMT1-PGC-1« are involved in
the development of hepatic steatosis [24], and co-activate with sterol-responsive element-
binding proteins to stimulate lipogenic gene expression [25].

In addition to its effects on various metabolisms, PGCl« is involved in promoting
angiogenesis in BC [26]. It promotes ERBB2+ tumor growth in vivo by regulating mitochon-
drial metabolism and angiogenic activities [27,28]. Its effects on these processes contribute
to the tumor’s metabolic adaptations and ability to sustain its growth in the surrounding
tissue. It allows neovascularization in mammary tumors, thereby increasing the availability
of nutrients and resulting in tumor growth [29]. Studies have reported that increasing
PGCl1x levels increase mitochondrial biogenesis, thereby increasing metastasis. Patients
with bone metastases have higher PGCla levels in their mammary tumors, and there is
a negative correlation between PGClx expression and patient survival [26,30]. Similarly,
a study demonstrated that PGCla is positively associated with the glutamine pathway
in ERBB2+ BC patients, and elevated expression of this pathway is related to decreased
patient survival [30]. In addition, the PGC1x/ERR« (estrogen-related receptor alpha) axis
is an important regulator of cellular metabolism and genes involved in mitochondrial
biogenesis in a variety of tissues, including BC. PGC-1a and ERR« levels are highest in
triple-negative and HER2+ BC, which have the worst prognosis [26,30]. However, no
studies on the luminal BC-related PGC-1a/ERRw axis have been conducted. The exact
prevalence of NAFLD in women with BC is still unknown, and how it affects BC prognosis
is not yet known. It makes sense to speculate that NAFLD and BC are related given the
shared associations of these metabolic components. In addition, preclinical research has
not directly linked NAFLD to BC. Therefore, the present study aimed to determine whether
hepatic PGClx promotes BC cell invasion through ERR«.
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2. Materials and Methods
2.1. Chemicals

Palmitic acid (PA), 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide
(MTT), ERR« antagonist, XCT-790, Recombinant PGCl«, and common chemicals were
purchased from Sigma Aldrich (St. Louis, MO, USA). All chemicals were obtained from
Sigma-Aldrich except DMEM, Insulin-Transferrin-Selenium, and FBS (Life Technologies,
Carlsbad, CA, USA).

2.2. Cell Culture

Normal hepatocytes, AML12 (alpha mouse liver 12), and MIHA (Immortalized human
hepatocytes), human breast cancer cell lines (MCF-7 cells), and mouse mammary carcinoma
cell lines (T47D, E0771, and 4T1) were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA; passage number: 5-15) and maintained according to their
instructions. The MIHA and E0771 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, 1 g/L glucose) and Ham’s F12 1:1 medium with 0.005 mg/mL insulin,
0.005 mg/mL transferrin, 5 ng/mL selenium, and 40 ng/mL dexamethasone (Gibco, Grand
Island, NY, USA). AML12 cells were grown in DMEM-F12; MCF-7 cells were cultivated in
Eagle’s Minimum Essential Medium (Gibco, Grand Island, NY, USA); 4T1 and T47D cells
were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium (Gibco, Grand
Island, NY, USA); and all cells were seeded to reach about 80% confluence prior to experi-
mental treatment. All these cells were supplemented with 10% fetal bovine serum (Gibco,
Grand Island, NY, USA), streptomycin (100 ng/mL), and penicillin-streptomycin (FBS,
100 U/mL, Sigma-Aldrich, St. Louis, MO, USA) at 37 °C in a humidified atmosphere of
95% air, 5% C02

2.3. Fatty Acid Treatment

Palmitic acid (PA) powder was dissolved in isopropanol and complexed with fatty
acid-free bovine serum albumin (10% w/v) that was dissolved by shaking gently overnight
at 37 °C to yield an 8 mM solution. To induce lipid accumulation in hepatocytes, AML12
and MIHA cells were treated with PA at various concentrations (0.2, 0.4, and 0.8 mM) for
12,24, and 48 h. DMEM F12 containing BSA was used as a control. For lipogenic marker
analysis, cells were harvested with trypsin-EDTA (Gibco, Grand Island, NY, USA), and
prepared proteins were subjected to western blotting.

2.4. Cell Viability Assay of Hepatocytes and BC Cells

Hepatocytes were plated in 96-well plates at a density of 3-5 x 10% /well and cultured
for 12h. Then, the cells were treated with different concentrations of PA (0.2, 0.4, and
0.8 mM) for 12, 24, and 48 h and 50 uL of MTT was added into the media for 4 h. Similarly,
BC cells were treated with different concentrations of recombinant PGC1lx (0, 5, 10, 20, and
40 ng/mL). The media were removed and DMSO was added to each well. The absorbance
was measured in a microplate reader (BioTek, Winooski, VT, USA) at 570 nm, and the
relative cell viability of hepatocytes was recorded as a ratio between the normal and BSA
control, and the PA treatment groups were compared only to the BSA control. Three
replicate wells were counted for each condition.

2.5. Oil Red O Staining

Hepatocyte cells were fixed in 4% paraformaldehyde in PBS for 10 min and washed
with 60% isopropanol. Then, the cells were stained with 0.2% Oil Red O (ORO) in 60% iso-
propanol for 10 min. After washing with water, hematoxylin stains were added for 30 sec
and washed again with water. Cells were imaged using a Leica DM IRB microscope (Le-
ica DM IRB; Leica Microsystems Inc., Deerfield, IL, USA). After staining with ORO and
hematoxylin, it was washed three times with DD water. Isopropanol (100%) was added
to the extract ORO stain for five minutes, while gently rocking on the surface. Read the
absorbance at 492 nm using a microplate reader.
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2.6. Transfection

After stabilizing AML12 and MIHA cells for 24 h, plasmid DNAs was transfected with
GeneExpresso Max transfection reagent (Excellgen, Rockville, MD, USA) following the
manufacturer’s instructions. The primers used were indicated in Supplementary Table S1.
After 24 h, the culture medium was replaced with a serum-free medium and treated with
drugs as indicated for 24 h. For siRNA transfection, PGCla or scrambled siRNA was
transfected using Lipofectamine RNAIMAX (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instructions.

2.7. Western Blotting

Western blot assay was conducted as previously described [17]. The proteins from
the cell were lysed in RIPA buffer (pH = 7.4) comprised of a protease inhibitors cocktail
(10 pg/mL, Cat# 58725, Cell Signaling Technology, Danvers, MA, USA). The contents
were centrifuged at 12,000x g at 4 °C for 20 min, and the concentration of protein in
the supernatants was determined using Bradford reagent (BioRad, Hercules, CA, USA)
with bovine serum albumin (BSA, Sigma Aldrich, St. Louis, MO, USA) as the standard.
The protein samples were separated by electrophoresis on SDS-PAGE 10% or 12.5% gels.
After being blocked in 3% BSA, the membrane was incubated with primary antibodies
(Supplementary Table S2). For secondary antibodies, anti-mouse and anti-rabbit were
used. To visualize protein bands, a chemiluminescence (ECL) system (Cat# WBLUF0500,
Millipore, Burlington, MA, USA) was used.

2.8. Immunoprecipitation (IP) Assay

An Immunoprecipitation Kit (Thermo Scientific, Waltham, MA, USA, catalog #100007D,
USA) was used for the IP assay according to the manufacturer’s instructions. Briefly, ly-
sis buffer and protease inhibitor cocktail (Thermo Scientific, USA) were used to lyse the
rPGCla-treated BC cells. The protein supernatant was extracted by centrifugation at 4 °C
and 13,000 rpm for 30 min after incubation on ice for more than 30 min. For pre-clearing,
protein-G agarose beads were added and rotated for three hours at 4 °C. We set 100 uL as
the input group. Four microliters of control immunoglobulin G (Thermo Scientific, USA)
or 8 uL of anti-PGC1« (1:50, Thermo Scientific, USA) was added to the cell lysate (400 pL
per tube) at 4 °C for one hour while shaking. Then, 50 uL of protein-G-agarose beads
(Thermo Scientific, USA) was added to each tube and the mixture was rotated overnight
at 4 °C. The following day, immunoprecipitates were washed with the wash buffer which
had already been provided in the kit and resuspended in 20-50 pL of 2 x western loading
buffer. Standard Western blotting methods were used to determine the expression of the
proteins of interest (ERR«x) in the input, IgG, and PGCla-immunoprecipitated samples.

2.9. Detection of PGCla by ELISA

ELISA is an efficient and effective method to assess the expression level of PGClx in
PA-treated conditioned media samples. The concentrations of PGClo in CM were deter-
mined using ELISA kits according to the manufacturer’s instructions (Bovine peroxisome
proliferator-activated receptor gamma coactivator 1o ELISA kit, Cat. No# RK07760, Ab-
clonal, Woburn, MA, USA). The sample dilution used for media was analyzed as a blank
control. The optical density (OD) of each well was measured at a wavelength of 450 nm in
a microplate reader (Thermo Scientific, Waltham, MA, USA). The concentration of PGC1a
was calibrated with the PGClo standard curve. Assays were repeated in triplicate.

2.10. Colony Formation Assay

Approximately 1000 BC cells were seeded in a six-well plate and treated with different
concentrations of recombinant PGCl« (0, 5, and 40 ng/mL) and then provided with fresh
medium for at least a week. The cells were stained with crystal violet (Sigma-Aldrich) for
10 min after being fixed with methanol for 15 min at room temperature. As previously
stated [31], quantification of formed colonies was performed. The clonogenicity of cells
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treated with recombinant PGClo was determined by comparing the number of colonies
formed in the treatment groups to those in the control group (represented as the percentage
of control).

2.11. Wound Healing Assay

The ability of a cell to migrate is demonstrated by the wound healing assay. Cells
were spread evenly in a 12-well plate, and cell density was maintained at 90-100 percent
coverage after short-term culture. Cut the cell layer gently with sterile tips. PBS was used
to clean the cells. A new medium containing 1% FBS was used to replace it, and the cells
were photographed under the microscope at 0 and 24 h. The scratches were determined
using Image J 1.53 version (Image J, NIH, Bethesda, MD, USA) and standardized to the
typical scratch region at 0 h.

2.12. Transwell Migration Assay

Cell migration abilities were determined in different concentrations of recombinant
PGCl« (0, and 40 ng/mL) using a coated transwell assay with Matrigel (BD Biosciences,
Franklin Lakes, NJ, USA). A total of 1 x 10° BC cells suspended in 200 uL serum-free
medium were seeded into the upper transwell chambers, and the complete medium was
added to the lower compartment of the transwell chamber (Corning, #3422, Corning, NY,
USA) in a 24-well plate. The plate was then placed back into the incubator for 48 h. After
carefully wiping the non-migrating cells inside the transwell chamber, the cells on the
outside were fixed with 4% PFA and stained with 0.2% crystal violet. After cleaning the
transwell chamber three times with PBS, images were taken under a microscope (Leica,
Wetzlar, Germany).

2.13. Analysis of Biological Information

The association between PGClx and BC, as well as overall survival was performed
by the online tool KM plot (http://kmplot.com/ (accessed on 11 May 2023)) [32] with
the Affymetrix ID: PPARGC1 (219195_at). Differential gene expression analyses of the
tumor, normal, and metastatic tissues were conducted by the online tool TNMplot (https:
//www.tnmplot.com/ (accessed on 11 May 2023)) with genes’ symbols based on RNA-Seq
data offered by the database [33].

2.14. Statistical Analysis

The data were presented as means £ SD for three replicates. Data were analyzed
with one-way ANOVA followed by group comparisons using a post hoc Tukey’s multiple
comparison test using GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Relationship between PGCla Expression in Postmenopausal Women and Overall
Survival Curves

Currently, there is much interest in confirming prognostic or projecting candidate
genes in highly effective BC cohorts. Based on the online Kaplan-Meier plotter tool, we
drew survival plots, which were used to assess the relevant expression levels of PGCla
on the clinical outcome of BC individuals. Using the selected parameters, analysis was
performed on PPARGC1 (219195_at), which represented 1879 patients. The hazard ratio
of PGCla was 1.29 (1.04-1.61, p = 0.023), with the median overall survival (OS) of the
respective low and elevated expression cohorts of 20 and 60 months (Figure 1A). Patients
with BC and high levels of PGCla expression had poor survival rates. The Palliative
Performance Scale (PPS) was used to estimate survival and assess patients’ symptoms. Our
results reaffirmed PPS as a significant predictor of survival, with decreased survival times
associated with higher PPS levels (Figure 1B). Kaplan—-Meier curves comparing estimated
survival probabilities between the low and elevated PGC1o groups were stratified by tumor
subtype and menopausal status (Figure 1C). The results indicated that elevated PGC1o
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expression occurred in the postmenopausal group (n = 150, p = 0.022). Using the Cancer
Genome Atlas (TCGA) database, we examined the expression and clinical significance
of PGCl«x expression in the primary tissues of BC patients, and the results showed that
patients with BC had higher PGClx expression than normal controls (Figure 1D).
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Figure 1. (A) Overall survival of patients with BC correlates to the expression of PGClw. (B) The
survival curves from the KM plotter show that lower PPS levels are associated with reduced survival.
(C) Cancer Genome Atlas (TCGA) database curves of menopausal status in BC patients with survival.
According to the results, the postmenopausal group (n = 150, p = 0.022) exhibited increased expression
of PGCl«. (D) clinical significance of PGClx expression in patients with BC. * p < 0.05. (E,F) PA (0.2,
0.4, and 0.8 mM) treatment promotes liver toxicity, which was tested for 12, 24, and 48 h using cell
viability assay. The data were presented as means + SD for three replicates. Data were analyzed with
a one-way ANOVA followed by group comparisons using a post hoc Tukey’s multiple comparison
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test. (G) Exposure to PA results in intracellular lipid accumulation in hepatocytes. AML (a—e), and
MIHA (f-j) were treated with PA (0.2, 04, 0.8 mM) for 24 h and were stained with Oil Red O, and
nuclei were stained with hematoxylin, under microscopic observation at 20 x magnification. Control
(af), BSA (b,g), 0.2 mM PA (c,h), 0.4 mM PA (d,i), and 0.8 mM PA (e,j). Quantification of lipids in
(H) AML12 and (I) MIHA using ORO staining. The data were presented as means =+ SD for three
replicates. Data were analyzed with a one-way ANOVA followed by group comparisons using a
post hoc Tukey’s multiple comparison test. Abbreviation: OS, overall survival; PPS, post-progression
survival; HR, hazard ratio; PA, palmitic acid.

3.2. PA Treatment Decreases the Viability of Hepatocytes

In the present study, our main focus is on the effects of palmitic acid (PA) on hepa-
tocytes. PA is a well-known saturated fatty acid that is associated with an increased risk
of metabolic diseases, including non-alcoholic fatty liver disease (NAFLD). It has been
demonstrated to induce lipotoxicity in hepatocytes, leading to inflammation, oxidative
stress, and non-alcoholic steatohepatitis (NASH). As such, PA causing NAFLD and NASH
serves as an appropriate model for our study. Furthermore, several in vitro and in vivo
studies have implicated the role of PA in promoting hepatotoxicity characterized by severe
steatosis, fibrosis, and inflammatory necrosis [34-37]. To determine the cytotoxicity of PA
on normal hepatic cell lines, we performed an MTT assay on AML12 and MIHA cell lines
for 12, 24, and 48 h, respectively (Figure 1E,F). Treatment of hepatocytes with different con-
centrations of PA (0.2, 0.4, and 0.8 mM) for variable time intervals significantly decreased
the cell viability in both hepatic cell lines compared to the BSA and normal control.

3.3. PA Treatment Promotes Lipid Accumulation in the Liver Cells

Toward establishing an in vitro model of hepatic steatosis, the effect of varying con-
centrations of PA (0.2, 0.4, and 0.8 mM) was studied on the extent of lipid accumulation in
hepatocytes for 12, 24, and 48 h, respectively. The AML12 and MIHA cells were initially
grown in a T-75 flask and later plated at a density of 2 x 10* cells per well in a 96-well
plate. After PA treatment, intracellular lipid droplets in the hepatocytes were stained
red, and nuclei were stained blue, which was visualized under a microscope (Figure 1G).
Lipid droplets were greater in number in the dose-dependent manners of PA treatment
(high magnification) when compared to normal and BSA control. ORO is being used
for semi-quantitative analysis of lipids in the cell lines [38—-40]. To enable quantitative
measurements, the ORO dye was eluted from the cells using isopropanol, and absorbance
was photometrically determined at 492 nm. The lipid content was significantly higher in
a dose-dependent manner of a PA treatment when compared to normal and BSA control
(Figure 1H).

3.4. PA Treatment Promotes PGCla Expression and Lipogenic Markers in the Hepatocytes

Since PGCla is a transcriptional co-activator that modulates diverse aspects of metabolism
in the liver, which may be stimulated by treatment with high fat, we speculated whether
PA treatment mediates the expression of PGCla. To determine the expression of PGClo
in PA-treated hepatocytes, we performed western blot analysis (Figure 2A). The dose-
dependent manner of PA (0.2, 0.4, and 0.8 mM) treatment substantially increased PGC1o
expression compared to BSA and normal controls (Figure 2A,B). PA treatment of hepato-
cytes typically induced lipogenic proteins such as acetyl-CoA carboxylase (ACC), fatty
acid synthase (FAS), stearoyl CoA desaturase-1 (SCD1), lipoprotein lipase (LPL), and
liver-type fatty acid-binding protein (FABP-L) (Figure 2C,E). In addition, PA increased the
transcriptional co-activator PGC-1« and inflammatory markers, such as nuclear factor-kB
(NF-kB), cyclooxygenase-2 (COX-2), tumor necrosis factor-alpha (TNF-c), and interleukin-
6 (IL-6) (Figure 3A,C). The intensity of lipogenic and inflammatory marker expression
was significantly higher after 24 h treatment with PA compared to the respective controls
(Figures 2D,F and 3B,D). These results suggest a positive relationship between PA-induced
PGC-1o expression and lipogenic proteins, as well as NF-kB activation.
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Figure 2. (A) Expression of PGClx by Western Blot analysis. The respective hepatocytes were treated
with PA (0.2, 0.4, and 0.8 mM) for 48 h, and the expression of PGC1lox was dose-dependent. (B) The
quantification of the target protein was calculated with a densitometer. The values are expressed
as the fold of change (X basal), in mean £+ SEM, where n = 3. * p < 0.01 and #### p < 0.0001 was
considered a significant result compared to BSA control. (C) Representative western blot results
showed PA-induced expression of lipogenic markers. AML12 cells were treated with PA (0.2, 0.4, and
0.8 mM) for 24 h, and the expression of lipogenic markers was dose-dependent. (D) The quantification
of the target protein was calculated with a densitometer. The values are expressed as the fold of
change (X basal), in Mean £ SEM, where n = 3. *** p < 0.01 and ### p < 0.0001 compared to the
control. (E) Representative western blot results showing PA-induced expression of lipogenic markers.
MIHA cells were treated with PA (0.2, 0.4, and 0.8 mM) for 24 h, and the expression of lipogenic
markers was dose-dependent. (F) The quantification of the target protein was calculated with a
densitometer. The values are expressed as the fold of change (X basal), in Mean 4+ SEM, where
n=23.**p<0.01 and #HH p < 0.0001 compared to the control. Abbreviation: PGCl«, peroxisome
proliferator-activated receptor gamma coactivator 1 alpha; PA, palmitic acid; GAPDH, Glyceraldehyde
3-phosphate dehydrogenase; ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; SCD1, stearoyl
CoA desaturase-1; LPL, lipoprotein lipase; FABP-L, liver-type fatty acid-binding protein.
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Figure 3. (A) Representative western blot results showed PA-induced expression of inflammatory
markers. AML12 cells were treated with PA (0.2, 0.4, 0.8 mM) for 24 h, and the expression of inflam-
matory markers was dose-dependent. (B) The quantification of the target protein was calculated
with a densitometer. The values are expressed as the fold of change (X basal), in mean 4+ SEM, where
n=3. ***p <0.001 and #H#H# p < 0.0001 compared to the control. (C) Representative western blot
results showed PA-induced expression of inflammatory markers. MIHA cells were treated with PA
(0.2, 04, 0.8 mM) for 24 h, and the expression of inflammatory markers was dose-dependent. (D) The
quantification of the target protein was calculated with a densitometer. The values are expressed
as the fold of change (X basal), in Mean + SEM, where n = 3. *** p < 0.001 and #### p < 0.0001
compared to the control. Abbreviation: PA, palmitic acid; NF-kB, nuclear factor-kappa B; COX-2,
cyclooxygenase-2; TNF-«, tumor necrosis factor-alpha; IL-6, interleukin-6; GAPDH, Glyceraldehyde
3-phosphate dehydrogenase.

3.5. PA-Treated Hepatic Cell-Derived Conditioned Medium Promotes BC Growth

Interestingly, in this study, PA-treated hepatic cell-derived conditioned medium (CM)
significantly increased BC cell growth. For this purpose, we quantified the levels of PGClo
in the conditioned medium (CM) using ELISA. CM was prepared from hepatic cells that
were previously treated with 0.8 mM PA for 6, 24, and 48 h, followed by a 12 h treatment
with a fresh complete medium. The CM was filtered and diluted with 25% fresh medium
for further analysis. There were significantly elevated levels of PGClax in the CM at
all time points compared to those in the control. The levels of PGCl«x in the CM were
elevated at 48 h, according to ELISA results (Figure 4E). To determine the proliferative
effect of CM (obtained from PA-treated AML 12 and MIHA), we performed an MTT assay
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on MCEF7, E0771, and 4T1 BC cell lines for 24 h (Figure 4A,B). AML12 (Figure 4A) and

MIHA (Figure 4B)-derived CM significantly increased BC cell growth compared with the
normal control.

(A) (B)

p<0.0001 p<0.0001
p<0.0001 p<0.0001 150  P<0.0001

1907 oo =3 Control
=3 Control o
= = i
S =3 PA (0.8mM) 2\_100 (0.8mM)
@ 100 2
kg -
: E
3 3 50
§ 501 g
5}
0 0 ; r .
MCF-7 E0771 T47D MCF-7 o Eg7l7l1| T47D
BCa Cell lines a Cell lines
(©) E0771 (D) MCF-7
0.0001 p<0.0001
200+ p<0.
p=0.0003
p<0.0001 150-
p =0.0583
=0.0129
150 — == p=0.4422 -
_p=0.2810_

Growth rate (%)

Growth rate (%)

100
100
50 50-
g 0

40
E Gancyof POGTx ("9’ m') E Conc. of PGC1a (nglml)
(E) (F)
£12,000- R Input IgG  PGCla
g = Blank
=10,000-
s = PA treated CM
S 3000 “
= p<0.0001 LAl
2 6000
3]
g 4000 p<0.0001 IB: ERRa W‘
£ p<00001
g 2000 rl . 3
8 by
£ o CLEL LG
6 h 12 h 24 h 48h
(G) Treatment time
Colony Formation Assay of rPGC1a
0 ng/ml 5 ng/ml 40 ng/ml
PGC1a (ng/ml = p<0 0001
ool \ o £ _ p<0.0001
. ER TR g
- Ry S~ O 4
E0771 [ISEE S . . °
\ sy N 'g o
v, 1) > o ©
g 2
0
2 1+
c
MCF7 2
3 0- rPGC1a, (ng/ml)
EO771 MCF7

Figure 4. CM derived from (A) AMLI12 cells and (B) MIHA cells promote the proliferation of BC. The
respective BC cell lines were treated with conditional medium obtained from hepatic cells for 24 h,
followed by the assay of MTT. The data are presented as means & SD for three replicates. Data were
analyzed with a student’s ¢-test. CM was prepared from hepatic cells that were previously treated
with PA (0.8 mM) for 24 h, followed by 12 h treatment with fresh complete medium. In the next step,
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CM was filtered and diluted with 25% fresh medium. The values are expressed in mean + SEM,
where n = 3. (C,D) Treatment of rPGClx promotes cell proliferation in BC (E0771 and MCF7) cell
lines. The respective BC cell lines were treated with PGC1« (0-40 ng/mL) for 24 h, followed by an
MTT assay. The data are presented as means + SD for three replicates. Data were analyzed with a
one-way ANOVA followed by group comparisons using a post hoc Tukey’s multiple comparison
test. (E) Quantification of PGClx in CM using ELISA. CM was prepared from hepatic cells that were
previously treated with 0.8 mM PA for 6, 24, and 48 h, followed by a 12 h treatment with a fresh
complete medium. Elevated levels of PGClx were observed in the CM at all time points compared to
those in the control, according to ELISA results. The values are given in mean SEM, with n = 3. (F) The
results of the co-immunoprecipitation assay suggested an interaction between PGClx and ERR«.
(G) PGClx promotes colony formation in BC cells. Clonogenic assay results for E0771 and MCF?7 cells
treated with rPGCl at the indicated concentrations. The data are presented as means + SD for three
replicates. Data were analyzed with a one-way ANOVA followed by group comparisons using a post
hoc Tukey’s multiple comparison test. (H) The clonogenic number was obtained from the treatment
of rPGC1lx with the indicated concentrations in E0771 and MCEF?7 cells. The colonies’ numbers were
counted. The data are presented as means & SD for three replicates. Data were analyzed with a
one-way ANOVA followed by group comparisons using a post hoc Tukey’s multiple comparison test.

3.6. Recombinant PGCla Promotes BC Cell Proliferation and Decreases Apoptosis-Related Factors

Using recombinant PGCla (rPGC1a), we analyzed the effectiveness and accuracy of
PGCl1a levels in BC cell proliferation. Treatment with rPGCl (0, 5, 10, 20, and 40 ng/mL)
significantly increased the cell growth of BC cells, E0771 (Figure 4C), and MCF7 cells
compared to the control (Figure 4D), which was analyzed by MTT assay. A clonogenic
assay is an in vitro cell survival assay based on the capacity of a single cell to develop into
a colony. This assay is also known as the “colony formation assay”. The effectiveness of
cytotoxic agents and cell proliferation can be assessed using this test. BC cells treated with
rPGCl1«x (0, 5, and 40 ng/mL) produced a significantly higher number of colonies than
those in the control group (Figure 4G,H). In addition, treatment with rPGCl« (40 ng/mL)
significantly reduced the levels of apoptosis markers (BAX, cytochrome c, caspase-9, cleaved
caspase-9, and caspase-3) and increased Bcl-2 and PARP1 expression in both the BC cell
lines (Figure 5A,B). In addition, rPGC1« (0, 5, and 40 ng/mL) significantly increased the
proliferation of downstream pathways (PI3K-mTOR and Ras-ERK1/2) compared to the
control group (Figure 5C,D).

3.7. Silencing of PGCla Inhibits BC Cell Proliferation and Increases Apoptosis-Related Factors

Figure 5E shows two sets of PGClax siRNA transfection and the absence of PGClx
expression when compared to a blank and negative control (scrambled). Silencing of
PGCla prevents the growth of all studied luminal BC cells (Figure 5F). SiIPGC1lx decreased
the expression of proliferation markers Ki67 and PCNA (Figure 6A,B) compared to the
scrambled. Similarly, PGCl«x silencing significantly increased the levels of apoptosis
markers (BAX, cytochrome c, caspase-9, cleaved caspase-9, and caspase-3) and decreased
Bcl-2 and PARP1 expression in both BC cell lines (Figure 6C,D). In addition, siPGC1o
significantly decreased the number of colonies compared with that in the negative control
group (Figure 6E,F).
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Figure 5. (A) High levels of rPGCl« inhibit apoptosis-related factors. The respective BC (E0771
and MCF?7) cell lines were treated with PGCla (5 and 40 ng/mL) for 24 h followed by the assay of
apoptosis markers using western blot. (B) The quantification of the target protein was calculated with
a densitometer. The values are expressed as the fold of change (X basal), in mean 4+ SEM, where 1 = 3.
##HH# p < 0.0001 was considered a significant result when compared to the untreated rPGClx group.
(C) Protein expression of rPGC1lu treated BC cell lines. Treatment of rPGCla (0, 5, and 40 ng/mL)
increased cell proliferation through the downstream expression of RAS-RAF-MAPK and PI3K-Akt-
mTOR pathways on respective BC cell lines. (D) The quantification of the target protein was calculated
with a densitometer. The values are expressed as the fold of change (X basal), in mean + SEM, where
n = 3. #HH p < 0.0001 was considered a significant result when compared to the untreated rPGC1x
group. (E) Deletion of the PGC1 gene in BC cells by transfection using Lipofectamine RNAiIMAX.
Represents the two sets of PGCla siRNNA transfection and thereby the absence of PGClx expression
when compared to a blank and negative control, which were analyzed by western blot. (F) Deletion of
the PGCla gene in BC cells for 24 h decreased the growth rate, which was determined by the MTT assay.
The data are presented as means =+ SEM for three replicates. Data were analyzed with one-way ANOVA
followed by group comparisons using a post hoc Tukey’s multiple comparison test. Abbreviation: Bcl2,
B-cell lymphoma 2; BAX, Bcl-2 Associated X-protein; cyc, cytochrome; Casp, caspase; PARP1, Poly

[ADP-ribose] polymerase 1; PI3K, Phosphoinositide 3-kinases; Akt, serine/threonine-protein kinase;
mTOR, mammalian target of rapamycin; RAS, rat sarcoma; ERK1/2, extracellular signal-regulated

kinase 2; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.
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Figure 6. (A) Silencing of PGCl« inhibits BC cell proliferation. Scrambled or siPGCl«x of respective
BC cells treated with the medium for 24 h followed by the assay of proliferation markers (Ki67
and PCNA) using a western blot. (B) The quantification of the target protein was calculated with a
densitometer. The values are expressed as the fold of change (X basal), in mean £ SEM, where n = 3.
##HH p < 0.0001 was considered a significant result when compared to the scrambled group. (C) Si-
lencing of PGCla promotes BC cell apoptosis-related factors. Scrambled or siPGClo of respective BC
cells treated with the medium for 24 h, followed by the assay of apoptosis markers using a western
blot. (D) The quantification of the apoptosis target protein was calculated with a densitometer. The
values are expressed as the fold of change (X basal), in mean + SEM, where n = 3. *** p < 0.01 was
considered a significant result when compared to the control, and #### p < 0.001 was considered a
significant result when compared to the scrambled group. (E) siPGC1e inhibits colony formation
in BC cells. Clonogenic assay results for E0771 and MCF7 cells treated with scrambled or siPGClox.
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(F) Quantification of colonies treated with scrambled or siPGC1x and colonies counted relative to
scrambled. The data are presented as means + SD for three replicates. Data were analyzed with a
one-way ANOVA followed by group comparisons using a post hoc Tukey’s multiple comparison
test. Abbreviation: PCNA, Proliferating cell nuclear antigen; Bcl2, B-cell lymphoma 2; BAX, Bcl-2
Associated X-protein; cyc, cytochrome; Casp, caspase; PARP1, Poly [ADP-ribose] polymerase 1;
GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.

3.8. Recombinant PGCla Promotes Expression of ERR«

Together with the estrogen-related receptor (ERR«), PGClw is a crucial regulator of
cellular metabolism and energy homeostasis that regulates mitochondrial and metabolic
gene networks. ERRo dimerization is necessary for the interactions between PGC-1 and
other coactivators, which ultimately results in transactivation. Initially, we determined
whether PGCla treatment with dose-dependent manners of rPGCla in BC cells. For
this purpose, we examined ERRa expression levels after treatment with rPGCla (0, 5,
40 ng/mL) using western blot. The results showed that rPGCl« treatment significantly
expressed ERR« in both BC cell lines (Figure 7A). Treatment of rPGC1« (0, 5, and 40 ng/mL)
significantly increased the expression of ERR« in both BC cell lines, in a dose-dependent
manner (Figure 7B). Furthermore, it was also proved that PGClx interacted with ERRa in
the co-IP assay (Figure 4F). This study indicated that ERR« binds to PGCl«x and is involved
in various cellular processes.
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Figure 7. (A) Expression of ERRa in the rPGCla-treated BC cells by Western blot analysis. The
respective BC cells were injected with rPGClax (0, 5, 40 ng/mL) for 24 h and the expression of
ERRa was dose-dependent. (B) The quantification of the target protein was calculated with a
densitometer. The values are expressed as the fold of change (X basal), in mean + SEM, where n = 3.
##H# p < 0.01 and ##H## p < 0.0001 was considered a significant result when compared to the untreated
rPGClx group. (C) ERRa antagonist (XCT-790) inhibits PGClx-induced BC proliferation. The
respective BC cells were treated with XCT-790 (5 pM) and rPGC1e (0, 5, 40 ng/mL) for 24 h, which
reduced the expression of ERRx cell proliferation markers through the downstream expression of
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RAS-RAF-MAPK and PI3K-Akt-mTOR pathways on respective BC cell lines. (D) The quantification
of the target protein was calculated with a densitometer. The values are expressed as the fold
of change (X basal), in mean + SEM, where n = 3. ##H p < 0.0001 was considered a significant
result when compared to the untreated rPGClx group. Abbreviation: ERR«, estrogen-related
receptor alpha; rPGC1e, recombinant peroxisome proliferator-activated receptor gamma coactivator
1 alpha; PI3K, Phosphoinositide 3-kinases; Akt, serine/threonine-protein kinase; mTOR, mammalian
target of rapamycin; RAS, rat sarcoma; ERK1/2, extracellular signal-regulated kinase 2; GAPDH,
Glyceraldehyde 3-phosphate dehydrogenase.

3.9. ERRa Antagonist Inhibits PGCla-Induced BC Proliferation

High expression of PGCl«x in BC is closely connected with plenty of biological pro-
cesses, including proliferation, angiogenesis, cell motility, and metastasis [28,30,41]. XCT-
790, an ERRo antagonist, was used in this study to determine whether ERR«x coactivates
PGCla and modulates BC proliferation. Treatment with dose-dependent manners of
rPGCla (0, 5, and 40 ng/mL) and XCT-790 (5 pM) decreased the proliferation of down-
stream pathways (PI3K-mTOR and Ras-ERK1/2) compared to that in the control group
(Figure 7C,D). Thus, this study indicates that ERR«x coactivates PGClx and promotes BC
cell proliferation.

3.10. Recombinant PGC1a Promotes Migration, Invasion, and EMT Process

As previously demonstrated [26,30], PGCl« is closely related to the invasion and
migration ability of BC cancer cells. Here, the effect of PGClo on cell motility was also
examined by in vitro methods of wound healing assay, Matrigel-uncoated transwell cell
migration, and Matrigel-coated transwell cell invasion assays. Treatment with rPGC1
(40 ng/mL) significantly increased wound healing rate (Figure 8A,B), cell migration
(Figure 8C), and invasion (Figure 8D) abilities in both BC cell lines compared to control.
EMT (epithelial-mesenchymal transition) is a biological process by which epithelial cells
lose their cell-cell adhesion and cell polarity and undergo changes in cell-matrix adhesion.
As a result of EMT, invasive and migration characteristics are enhanced. Treatment with
rPGC1 (40 ng/mL) significantly increased EMT markers compared to control (Figure 8E,F).
These results indicate that PGClx directly promotes invasion and migration as well as
EMT process in BC cells.

3.11. Silencing of PGC1w Inhibits Migration, Invasion, and EMT Process

On the other hand, siPGC1« inhibits invasion, migration, and EMT processes in both
BC cells. Silencing of PGCl« significantly decreased wound healing rate (Figure 9A,B), cell
migration (Figure 9C), and invasion (Figure 9D) abilities in both BC cell lines compared
to control. Similarly, siPGC1 significantly decreased EMT markers compared to control
(Figure 9E,F). These results indicate that PGClx enhances invasive and migratory abilities
in both BC cells.
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Figure 8. (A) A high level of PGCla promotes migration. The effect of PGClx on cell motility
was analyzed by a wound-healing assay. (B) The data were analyzed with a one-way ANOVA
followed by group comparisons using a post hoc Tukey’s multiple comparison test. (C) A high level
of PGClx promotes migration. The effect of rPGC1lax on cell motility was examined by a transwell
assay. The data are presented as means £ SD for three replicates. Data were analyzed with a one-way
ANOVA followed by group comparisons using a post hoc Tukey’s multiple comparison test. (D) A
high level of PGClx promotes invasion. The effect of rlPGC1la on cell motility was examined by a
matrigel-coated transwell assay. The data are presented as means =+ SD for three replicates. Data
were analyzed with a one-way ANOVA followed by group comparisons using a post hoc Tukey’s
multiple comparison test. (E) A high level of PGClo promotes the EMT process. The markers of EMT
were determined using high levels of PGClx on respective breast cancer cells (EO771 and T47D),
which were measured by western blot. (F) The quantification of the target protein was calculated with
a densitometer. The values are expressed as the fold of change (X basal), in mean + SEM, where n = 3.
##HH p < 0.0001 was considered a significant result when compared to the untreated rPGClx group.
Abbreviation: rPGCl«, recombinant peroxisome proliferator-activated receptor gamma coactivator
1 alpha; E-cad; E-cadherin; N-cad, N-cadherin; x-SMA, alpha-smooth muscle actin; MMP, matrix
metalloproteinases; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.
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Figure 9. (A) Silencing of PGCla suppresses migration. The effect of scrambled or siPGClo on cell
motility was analyzed by wound healing assay. (B) The data were analyzed with a one-way ANOVA
followed by group comparisons using a post hoc Tukey’s multiple comparison test. (C) Silencing
of PGClx suppresses migration. The effect of PGClx on cell motility was examined by transwell
assay. The data are presented as means £ SD for three replicates. Data were analyzed with a one-way
ANOVA followed by group comparisons using a post hoc Tukey’s multiple comparison test. (D) The
silencing of PGClx suppresses invasion. The effect of PGClo on cell motility was assessed by a
matrigel-coated transwell assay. The data are presented as means =+ SD for three replicates. Data were
analyzed with one-way ANOVA followed by group comparisons using a post hoc Tukey’s multiple
comparison test. (E) Silencing of PGClax suppresses the EMT process. As a result of treatment with
the medium for 24 h, scrambled or siPGC1« cells of BC cells (EO771 and T47D) were analyzed by
western blotting. (F) The quantification of the target protein was calculated with a densitometer. The
values are expressed as the fold of change (X basal), in mean & SEM, where n = 3. **** p < 0.0001
was considered a significant result when compared to blank, and ### p < 0.0001 was considered a
significant result when compared to scrambled. Abbreviation: rPGC1la, recombinant peroxisome
proliferator-activated receptor gamma coactivator 1 alpha; E-cad; E-cadherin; N-cad, N-cadherin;
«-SMA, alpha-smooth muscle actin, MMP, matrix metalloproteinases; GAPDH, Glyceraldehyde
3-phosphate dehydrogenase.
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4. Discussion

It is generally accepted that dividing cells, including BC cancer cells, use cellular
metabolism to meet their energy requirements. Adaptive metabolic reprogramming, which
is triggered in part by oncogenic transformation, aids the proliferation of tumor cells during
growth [42]. Rapidly proliferating BC cells undergo autonomous metabolic reprogramming,
which encourages self-sustaining signal transduction mechanisms to support their growth
and survival [43]. The main causes of BC cancer patient deaths and metastases may be
hindered by therapeutic strategies that are informed by a better understanding of the energy
requirements of invading cancer cells [44]. To identify mechanisms of BC invasion, we
conducted preclinical experiments to investigate whether a metabolic key regulating factor
that involves distinct energy needs for cell proliferation and invasiveness of the cancer cells.
Studies have reported that obesity, diabetes, hypercholesterolemia, and NAFLD have great
impacts on the risk of BC and the prognosis of BC patients in several ways [45-47]. Earlier,
a retrospective cohort study also demonstrated that the incidence of NAFLD in patients
with BC is considerably higher than in healthy individuals [46]. NAFLD is independently
associated with the development of BC risk [11,21]. Moreover, BC patients with NAFLD
revealed poorer prognosis in the context of recurrence [48,49]. Hence, diagnostic assessment
for NALFD and its metabolic factor is significant in dealing with BC.

NAFLD is an advanced, progressive metabolic disease that arises globally. Hence,
the requirement for cellular models of human steatosis and high-throughput assays for
determining intracellular lipid levels is ever-increasing. A high concentration of PA repre-
sents a cellular model of steatosis which promotes acute toxicity due to over accumulation
of fat in the liver [50,51]. Lipotoxicity is implicated in the pathogenesis of non-alcoholic
steatohepatitis and saturated long-chain fatty acids are the major contributor to lipotoxic-
ity [52]. PA treatment causes cellular toxicity and low viability resulting in the pathogenesis
of hepatic steatosis [53]. Moreover, this toxicity was time and doses of exogenously added
fatty acid-dependent [54]. The outcome of the present study is also consistent with the
earlier reports that PA treatment provides acute liver toxicity, which is time (12, 24, and
48 h) and dose-dependent (0.2, 0.4, and 0.8 mM). PA was initially complexed with BSA
prior to the addition to media, which prevented the fatty acid aggregation and considerably
improved the solubility [55]. As a result, PA was taken up more efficiently by the hepato-
cytes and fattened within 12 h and increased the toxicity when increasing the incubation
time [53]. The time-course fatting of hepatocytes indicated that cell viability decreased after
incubating cells with 0.8 mM PA for 24 and 48 h, however, cytotoxicity was detected as
quick as 12 h of incubation.

Accumulation of intracellular lipid levels is often visualized and quantified using
ORO staining, which is a simple and reliable technique [40,56-58]. In the present study, we
observed more lipid droplet accumulation at high concentrations of PA-treated hepatocytes.
PGClo is an upstream molecule in the progression of hepatic steatosis. In the present study,
we found that PA treatment elevated PGClx levels in the hepatocytes and was involved
in lipogenic signaling pathways and inflammation in vitro. PGC1l« is a critical metabolic
regulator in various tissues, particularly involved in carbohydrate and lipid metabolism in
the liver [24,52]. In this study, PGClx was significantly increased in the dose-dependent
manners of PA-treated hepatocytes and is implicated in the pathophysiology of hepatic
lipogenesis and inflammation.

Previously, co-culture models have been developed, which are more accurate, mimic
structural and functional changes in breast architecture, and increase their use as preclinical
screens of therapies [59]. In the present study, we used CM obtained from PA-treated
hepatocytes, which were treated with BC cell lines, resulting in robust cell proliferation.
Although studies have supported a link between NAFLD and BC [10,60], our in vitro study
also supports this link by examining the link between PA-induced fatty liver and BC via
PGCla. However, to validate this hypothesis, animal studies are necessary. Several clinical
studies have linked metabolic syndrome to BC risk in postmenopausal women [12,61-63].
Figure 1C also shows that PGClx expression is very high in postmenopausal women; it is
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also closely associated with BC risk and reduced overall survival. More recently, NAFLD
has been identified as a possible contributor to BC progression in women [60].

This study found that PGClo mediated BC cell proliferation, migration, and decreased
apoptosis-related factors are functionally relevant for invasive dissemination. Invading
cancer cells relied on PGCla to accelerate the EMT during transit. Silencing of PGClx
significantly impaired BC proliferation, invasion, and migration, decreased the frequency
of EMT processes, and promoted apoptosis-related factors. Our results are consistent
with an earlier investigation that found that invasive BC showed a robust connection
between PGClo and the growth of distant migration [42]. Although it has to be highlighted
that more animals and clinical investigations are needed to authenticate whether PGC1o
induces invasion and metastasis, these in vitro outcomes make evident that the invasion
and migratory properties of BC cancer cells are dependent on PGClx and recognize PGCla
as a possible target for therapeutic intervention.

A transcriptional regulatory node crucial for the expression of genes involved in
metabolism is formed by the interaction of PGClax and ERR«x [64]. As a key regulator
of energy metabolism, the PGClx/ERRx axis is now well established. PGClx/ERRo
axis is a central regulator of metabolism in cancers, notably BC [28]. ERRa and PGCla
have highly adaptable expression and activity that can react to a variety of physiological
and pathological cues [65]. This study provides further evidence that PGCl is a crucial
component of the energy-sensing signaling cascade [64]. Estrogen can exert its action
through an extranuclear estrogen receptor pathway that is implicated in cell proliferation,
migration, and apoptosis, particularly in BC; however, its function and mechanisms are
not fully understood [66]. Our findings indicate that ERR« binds to PGCl«, promoting BC
proliferation through the downstream expression of RAS-RAF-MAPK and PI3K-Akt-mTOR
pathways. Treatment with the ERRx antagonist (XCT-790) prevents this binding, thereby
inhibiting the protein markers associated with BC proliferation. Earlier clinical analyses
of human invasive BC revealed a significant correlation between PGClx expression in
invasive cancer cells and the formation of distant metastases. Notably, the expression of
the ERRa-PGC1a-axis in invasive ductal carcinoma patients is also correlated with poor
prognosis [67]. Our in vitro results support previous findings that the ERRx-PGC1«x axis
promotes BC cell proliferation.

The present study suggests that PGCla has both extrinsic and intrinsic effects that
promote BC. The hepatic PGCl« circulates and binds with ERR«, which is known to
regulate metabolism in BC and is considered an extrinsic effect. Our findings indicate that
ERR« binds to PGCl«, promoting BC proliferation through the downstream expression of
RAS-RAF-MAPK and PI3K-Akt-mTOR pathways. In addition, we examined the effects of
intrinsic PGClo expressed in BC cells through siRNA-mediated knockdown experiments.
Our findings are consistent with earlier studies that suggest PGClx derived from tumor
intrinsic sources also plays a role in BC [42,68-70]. Based on these findings, we explicitly
state that both tumor intrinsic and extrinsic mechanisms may contribute to the malignant
transformation of BC cells.

The crucial question is whether hepatic PGClw is reliable enough to be used as a
marker to predict prognosis in patients with BC. We expected to concentrate on hepatic
PGCla because of the following factors. First, it has been hypothesized that hepatic PGClx
expression is linked to the invasiveness of luminal BC cells and tumorigenesis in the
mammary gland; however, the function of PGClx as a biomarker in a non-selected BC
population has not yet been established, according to the earlier studies. Second, consider-
ing that PGClw is involved in several cellular pathways, we investigated whether hepatic
PGC1«x exhibited prognostic characteristics in BC. Based on our in vitro results, we found
that hepatic PGCla contributes to the growth, invasion, migration, and tumorigenesis of
BC. Animal and human studies are still required to validate our in vitro findings.
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5. Conclusions

The functions of PGClea involve its role as a tumor-promoting factor. PA stimulates
the expression of PGCla as well as lipogenesis and inflammation. The CM obtained from
PA-treated hepatocytes significantly increased BC cell proliferation. Similarly, treatment
with rPGCla in the BC cells increased cell growth, migration, and invasive behavior. The
silencing of PGClx showed a decreasing trend. PGClax interacts with ERR«, thereby
facilitating BC cell proliferation. Targeting the metabolic PGCla-ERRo axis may be a
potentially effective candidate for BC treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells12182311/s1, Table S1: Silencing of PGC1o gene in BC cells
by transfection using Lipofectamine RNAiIMAX. Table S2: List of antibodies used in this study.

Author Contributions: Conceptualization, methodology, validation, investigation, writing—review
and editing, K.G.; methodology, software, validation, formal analysis, data curation, C.X., Q.L. and
Y.S.; supervision, project administration, funding acquisition, J.C. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the Guangxi Science and Technology Key Research and
Development Program (No. AB16450012), and the Midstream Research Programme for Universities
from the Innovation and Technology Commission of Hong Kong (No. MRP /027 /18X).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The corresponding author can provide the data for this article upon
reasonable request.

Acknowledgments: Thanks to the technical assistance, data curation, and validation of our in vitro
research by Linxin Chen and Xiaohe Luo from the Department of Laboratory Medicine, Chongqing
University Three Gorges Hospital, School of Medicine, Chongging University, Chongqing, China.

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

References

1.  Trépo, E.; Valenti, L. Update on NAFLD genetics: From new variants to the clinic. J. Hepatol. 2020, 72, 1196-1209. [CrossRef]

2. Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of nonalcoholic fatty liver
disease-Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 2016, 64, 73-84. [CrossRef]

3. Pouwels, S.; Sakran, N.; Graham, Y.; Leal, A.; Pintar, T.; Yang, W.; Kassir, R.; Singhal, R.; Mahawar, K.; Ramnarain, D.; et al.
Non-alcoholic fatty liver disease (NAFLD): A review of pathophysiology, clinical management and effects of weight loss. BMC
Endocr. Disord. 2022, 22, 63. [CrossRef]

4. Bellini, M.I; Urciuoli, I.; Del Gaudio, G.; Polti, G.; Iannetti, G.; Gangitano, E.; Lori, E.; Lubrano, C.; Cantisani, V.; Sorrenti, S.; et al.
Nonalcoholic fatty liver disease and diabetes. World J. Diabetes 2022, 13, 668—-682. [CrossRef]

5. Mantovani, A.; Petracca, G.; Beatrice, G.; Csermely, A.; Lonardo, A.; Schattenberg, ].M.; Tilg, H.; Byrne, C.D.; Targher, G.
Non-alcoholic fatty liver disease and risk of incident chronic kidney disease: An updated meta-analysis. Gut 2022, 71, 156-162.
[CrossRef]

6. Mantovani, A.; Csermely, A.; Petracca, G.; Beatrice, G.; Corey, K.E.; Simon, T.G.; Byrne, C.D.; Targher, G. Non-alcoholic fatty
liver disease and risk of fatal and non-fatal cardiovascular events: An updated systematic review and meta-analysis. Lancet
Gastroenterol. Hepatol. 2021, 6, 903-913. [CrossRef]

7. Mantovani, A.; Petracca, G.; Beatrice, G.; Tilg, H.; Byrne, C.D.; Targher, G. Non-alcoholic fatty liver disease and risk of incident
diabetes mellitus: An updated meta-analysis of 501 022 adult individuals. Gut 2021, 70, 962-969. [CrossRef]

8.  Mantovani, A.; Petracca, G.; Beatrice, G.; Csermely, A.; Tilg, H.; Byrne, C.D.; Targher, G. Non-alcoholic fatty liver disease and
increased risk of incident extrahepatic cancers: A meta-analysis of observational cohort studies. Gut 2021, 71, 778-788. [CrossRef]

9.  Bilici, A.; Ozguroglu, M.; Mihmanli, I.; Turna, H.; Adaletli, I. A case-control study of non-alcoholic fatty liver disease in breast
cancer. Med. Oncol. 2007, 24, 367-371. [CrossRef]

10. Thomas, J.A.; Kendall, B.J.; Dalais, C.; Macdonald, G.A.; Thrift, A.P. Hepatocellular and extrahepatic cancers in non-alcoholic
fatty liver disease: A systematic review and meta-analysis. Eur. |. Cancer 2022, 173, 250-262. [CrossRef]

11. Park, J.H,; Choi, LS.; Han, K.D.; Park, H.; Kim, K.H.; Kim, J.S. Association Between Fatty Liver Index and Risk of Breast Cancer: A

Nationwide Population-Based Study. Clin. Breast Cancer 2020, 20, e450-e457. [CrossRef]


https://www.mdpi.com/article/10.3390/cells12182311/s1
https://www.mdpi.com/article/10.3390/cells12182311/s1
https://doi.org/10.1016/j.jhep.2020.02.020
https://doi.org/10.1002/hep.28431
https://doi.org/10.1186/s12902-022-00980-1
https://doi.org/10.4239/wjd.v13.i9.668
https://doi.org/10.1136/gutjnl-2020-323082
https://doi.org/10.1016/S2468-1253(21)00308-3
https://doi.org/10.1136/gutjnl-2020-322572
https://doi.org/10.1136/gutjnl-2021-324191
https://doi.org/10.1007/s12032-007-0034-8
https://doi.org/10.1016/j.ejca.2022.06.051
https://doi.org/10.1016/j.clbc.2020.02.004

Cells 2023, 12, 2311 21 0f 23

12.

13.

14.
15.
16.
17.
18.
19.
20.
21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Park, Y.M.; White, A.J.; Nichols, H.B.; O’Brien, K.M.; Weinberg, C.R.; Sandler, D.P. The association between metabolic health,
obesity phenotype and the risk of breast cancer. Int. J. Cancer 2017, 140, 2657-2666. [CrossRef]

Wellberg, E.A.; Corleto, K.A.; Checkley, L.A ; Jindal, S.; Johnson, G.; Higgins, J.A.; Obeid, S.; Anderson, S.M.; Thor, A.D.; Schedin,
PJ.; et al. Preventing ovariectomy-induced weight gain decreases tumor burden in rodent models of obesity and postmenopausal
breast cancer. Breast Cancer Res. 2022, 24, 42. [CrossRef]

Naaman, S.C.; Shen, S.; Zeytinoglu, M.; Iyengar, N.M. Obesity and Breast Cancer Risk: The Oncogenic Implications of Metabolic
Dysregulation. J. Clin. Endocrinol. Metab. 2022, 107, 2154-2166. [CrossRef]

Onkar, S.S.; Carleton, N.M.; Lucas, P.C.; Bruno, T.C.; Lee, A.V,; Vignali, D.A.A_; Oesterreich, S. The Great Inmune Escape:
Understanding the Divergent Inmune Response in Breast Cancer Subtypes. Cancer Discov. 2023, 13, 23—40. [CrossRef]
Criscitiello, C.; Corti, C. Breast Cancer Genetics: Diagnostics and Treatment. Genes. 2022, 13, 1593. [CrossRef]

Zannetti, A. Breast Cancer: From Pathophysiology to Novel Therapeutic Approaches 2.0. Int. ]. Mol. Sci. 2023, 24, 2542. [CrossRef]
Starek-Swiechowicz, B.; Budziszewska, B.; Starek, A. Alcohol and breast cancer. Pharmacol. Rep. 2023, 75, 69-84. [CrossRef]
Kopke, M.M.; Aktas, B.; Ditsch, N. Recommendations for the diagnosis and treatment of patients with early breast cancer: Update
2023. Curr. Opin. Obstet. Gynecol. 2023, 35, 67-72. [CrossRef]

Chen, Y.; Wen, Y.Y,; Li, Z.R; Luo, D.L.; Zhang, X.H. The molecular mechanisms between metabolic syndrome and breast cancer.
Biochem. Biophys. Res. Commun. 2016, 471, 391-395. [CrossRef]

Nseir, W.; Abu-Rahmeh, Z.; Tsipis, A.; Mograbi, ].; Mahamid, M. Relationship between Non-Alcoholic Fatty Liver Disease and
Breast Cancer. Isr. Med. Assoc. |. 2017, 19, 242-245. [PubMed]

Yoon, J.C.; Puigserver, P.; Chen, G.; Donovan, J.; Wu, Z; Rhee, J.; Adelmant, G.; Stafford, J.; Kahn, C.R.; Granner, D.K,; et al.
Control of hepatic gluconeogenesis through the transcriptional coactivator PGC-1. Nature 2001, 413, 131-138. [CrossRef] [PubMed]
Sharabi, K.; Lin, H.; Tavares, C.D.J.; Dominy, ].E.; Camporez, ].P; Perry, R.J.; Schilling, R.; Rines, A.K; Lee, J.; Hickey, M.; et al.
Selective Chemical Inhibition of PGC-1a Gluconeogenic Activity Ameliorates Type 2 Diabetes. Cell 2017, 169, 148-160.e115.
[CrossRef] [PubMed]

Park, M.].; Kim, D.I.; Lim, S.K.; Choi, J.H.; Kim, J.C.; Yoon, K.C.; Lee, ].B.; Lee, ].H.; Han, H.].; Choi, I.P; et al. Thioredoxin-
interacting protein mediates hepatic lipogenesis and inflammation via PRMT1 and PGC-1« regulation in vitro and in vivo.
J. Hepatol. 2014, 61, 1151-1157. [CrossRef] [PubMed]

Kobayashi, M.; Uta, S.; Otsubo, M.; Deguchi, Y.; Tagawa, R.; Mizunoe, Y.; Nakagawa, Y.; Shimano, H.; Higami, Y. Srebp-
1c/Fgf21/Pgc-1x Axis Regulated by Leptin Signaling in Adipocytes-Possible Mechanism of Caloric Restriction-Associated
Metabolic Remodeling of White Adipose Tissue. Nutrients 2020, 12, 2054. [CrossRef]

Klimcakova, E.; Chénard, V.; McGuirk, S.; Germain, D.; Avizonis, D.; Muller, W.J.; St-Pierre, ]. PGC-1x promotes the growth of
ErbB2/Neu-induced mammary tumors by regulating nutrient supply. Cancer Res. 2012, 72, 1538-1546. [CrossRef]

Girnun, G.D. The diverse role of the PPARY coactivator 1 family of transcriptional coactivators in cancer. Semin. Cell Dev. Biol.
2012, 23, 381-388. [CrossRef]

Deblois, G.; St-Pierre, J.; Giguere, V. The PGC-1/ERR signaling axis in cancer. Oncogene 2013, 32, 3483-3490. [CrossRef]

Arany, Z.; Foo, S.Y.; Ma, Y,; Ruas, ].L.; Bommi-Reddy, A.; Girnun, G.; Cooper, M.; Laznik, D.; Chinsomboon, J.; Rangwala, S.M.;
et al. HIF-independent regulation of VEGF and angiogenesis by the transcriptional coactivator PGC-1alpha. Nature 2008, 451,
1008-1012. [CrossRef]

McGuirk, S.; Gravel, S.P; Deblois, G.; Papadopoli, D.J.; Faubert, B.; Wegner, A.; Hiller, K.; Avizonis, D.; Akavia, U.D.; Jones, R.G,;
et al. PGC-1« supports glutamine metabolism in breast cancer. Cancer Metab. 2013, 1, 22. [CrossRef]

Guzman, C.; Bagga, M.; Kaur, A.; Westermarck, J.; Abankwa, D. ColonyArea: An ImageJ Plugin to Automatically Quantify
Colony Formation in Clonogenic Assays. PLoS ONE 2014, 9, €92444. [CrossRef] [PubMed]

Gyorfty, B.; Lanczky, A.; Eklund, A.C.; Denkert, C.; Budczies, J.; Li, Q.; Szallasi, Z. An online survival analysis tool to rapidly
assess the effect of 22,277 genes on breast cancer prognosis using microarray data of 1,809 patients. Breast Cancer Res. Treat. 2010,
123, 725-731. [CrossRef] [PubMed]

Bartha, A.; Gy®6rffy, B. TNMplot.com: A Web Tool for the Comparison of Gene Expression in Normal, Tumor and Metastatic
Tissues. Int. J. Mol. Sci. 2021, 22, 2622. [CrossRef] [PubMed]

Xu, W.; Zhang, X.; Wu, J.L,; Fu, L,; Liu, K,; Liu, D.; Chen, G.G.; Lai, P.B.; Wong, N.; Yu, J. O-GlcNAc transferase promotes fatty
liver-associated liver cancer through inducing palmitic acid and activating endoplasmic reticulum stress. J. Hepatol. 2017, 67,
310-320. [CrossRef]

Zhang, X.; An, T.; Zhang, X.; Shen, T.; Li, H.; Dou, L.; Huang, X.; Man, Y.; Tang, W.; Li, ]. DDX17 protects hepatocytes against oleic
acid /palmitic acid-induced lipid accumulation. Biochem. Biophys. Res. Commun. 2022, 612, 169-175. [CrossRef]

Wang, X.; de Carvalho Ribeiro, M.; Iracheta-Vellve, A.; Lowe, P.; Ambade, A.; Satishchandran, A.; Bukong, T.; Catalano, D.; Kodys,
K.; Szabo, G. Macrophage-Specific Hypoxia-Inducible Factor-1a Contributes to Impaired Autophagic Flux in Nonalcoholic
Steatohepatitis. Hepatology 2019, 69, 545-563. [CrossRef]

Wu, X; Poulsen, K.L.; Sanz-Garcia, C.; Huang, E.; McMullen, M.R.; Roychowdhury, S.; Dasarathy, S.; Nagy, L.E. MLKL-dependent
signaling regulates autophagic flux in a murine model of non-alcohol-associated fatty liver and steatohepatitis. . Hepatol. 2020,
73, 616-627. [CrossRef]


https://doi.org/10.1002/ijc.30684
https://doi.org/10.1186/s13058-022-01535-x
https://doi.org/10.1210/clinem/dgac241
https://doi.org/10.1158/2159-8290.CD-22-0475
https://doi.org/10.3390/genes13091593
https://doi.org/10.3390/ijms24032542
https://doi.org/10.1007/s43440-022-00426-4
https://doi.org/10.1097/GCO.0000000000000835
https://doi.org/10.1016/j.bbrc.2016.02.034
https://www.ncbi.nlm.nih.gov/pubmed/28480679
https://doi.org/10.1038/35093050
https://www.ncbi.nlm.nih.gov/pubmed/11557972
https://doi.org/10.1016/j.cell.2017.03.001
https://www.ncbi.nlm.nih.gov/pubmed/28340340
https://doi.org/10.1016/j.jhep.2014.06.032
https://www.ncbi.nlm.nih.gov/pubmed/25003952
https://doi.org/10.3390/nu12072054
https://doi.org/10.1158/0008-5472.CAN-11-2967
https://doi.org/10.1016/j.semcdb.2012.01.007
https://doi.org/10.1038/onc.2012.529
https://doi.org/10.1038/nature06613
https://doi.org/10.1186/2049-3002-1-22
https://doi.org/10.1371/journal.pone.0092444
https://www.ncbi.nlm.nih.gov/pubmed/24647355
https://doi.org/10.1007/s10549-009-0674-9
https://www.ncbi.nlm.nih.gov/pubmed/20020197
https://doi.org/10.3390/ijms22052622
https://www.ncbi.nlm.nih.gov/pubmed/33807717
https://doi.org/10.1016/j.jhep.2017.03.017
https://doi.org/10.1016/j.bbrc.2022.04.129
https://doi.org/10.1002/hep.30215
https://doi.org/10.1016/j.jhep.2020.03.023

Cells 2023, 12, 2311 22 0f 23

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Rossmeislovd, L.; Malisova, L.; Kracmerov4, J.; Tencerova, M.; Kovacové, Z.; Koc, M.; Siklova-Vitkova, M.; Viquerie, N.; Langin,
D,; Stich, V. Weight loss improves the adipogenic capacity of human preadipocytes and modulates their secretory profile. Diabetes
2013, 62, 1990-1995. [CrossRef]

Koc, M.; Mayerova, V.; Kra¢merova, J.; Mairal, A.; MaliSova, L.; Stich, V.; Langin, D.; Rossmeislova, L. Stress of endoplasmic
reticulum modulates differentiation and lipogenesis of human adipocytes. Biochem. Biophys. Res. Commun. 2015, 460, 684-690.
[CrossRef]

Kraus, N.A.; Ehebauer, F.; Zapp, B.; Rudolphi, B.; Kraus, B.].; Kraus, D. Quantitative assessment of adipocyte differentiation in
cell culture. Adipocyte 2016, 5, 351-358. [CrossRef]

Cai, FF,; Xu, C.; Pan, X,; Cai, L.; Lin, X.Y.; Chen, S.; Biskup, E. Prognostic value of plasma levels of HIF-1a and PGC-1a in breast
cancer. Oncotarget 2016, 7, 77793-77806. [CrossRef]

LeBleu, V.S.; O’Connell, ].T.; Gonzalez Herrera, K.N.; Wikman, H.; Pantel, K.; Haigis, M.C.; de Carvalho, FM.; Damascena, A.;
Domingos Chinen, L.T.; Rocha, R.M.; et al. PGC-1a mediates mitochondrial biogenesis and oxidative phosphorylation in cancer
cells to promote metastasis. Nat. Cell Biol. 2014, 16, 992-1003. [CrossRef]

Lou, C,; Xiao, M.; Cheng, S.; Lu, X,; Jia, S.; Ren, Y.; Li, Z. MiR-485-3p and miR-485-5p suppress breast cancer cell metastasis by
inhibiting PGC-1cx expression. Cell Death Dis. 2016, 7, €2159. [CrossRef] [PubMed]

Zhang, S.; Liu, X,; Liu, J.; Guo, H.; Xu, H.; Zhang, G. PGC-1 alpha interacts with microRNA-217 to functionally regulate breast
cancer cell proliferation. Biomed. Pharmacother. 2017, 85, 541-548. [CrossRef] [PubMed]

Wang, C.; Zhou, Y.; Huang, W.; Chen, Z.; Zhu, H.; Mao, F; Lin, Y.; Zhang, X.; Shen, S.; Zhong, Y.; et al. The impact of pre-existed
and SERM-induced non-alcoholic fatty liver disease on breast cancer survival: A meta-analysis. J. Cancer 2020, 11, 4597—-4604.
[CrossRef] [PubMed]

Lee, Y.S.; Lee, H.S.; Chang, SSW.; Lee, C.U,; Kim, J.S.; Jung, Y.K,; Kim, ].H.; Seo, Y.S.; Yim, H.].; Lee, C.H.; et al. Underlying
nonalcoholic fatty liver disease is a significant factor for breast cancer recurrence after curative surgery. Medicine 2019, 98, e17277.
[CrossRef] [PubMed]

Lee, S.; Jung, Y.; Bae, Y.; Yun, S.P; Kim, S.; Jo, H.; Seo, H.I. Prevalence and risk factors of nonalcoholic fatty liver disease in breast
cancer patients. Tumori 2017, 103, 187-192. [CrossRef] [PubMed]

Pafili, K.; Paschou, S.A.; Armeni, E.; Polyzos, S.A.; Goulis, D.G.; Lambrinoudaki, I. Non-alcoholic fatty liver disease through the
female lifespan: The role of sex hormones. J. Endocrinol. Investig. 2022, 45, 1609-1623. [CrossRef] [PubMed]

Lee, ].I; Yu, ].H.; Anh, S.G.; Lee, HW.; Jeong, ].; Lee, K.S. Aromatase Inhibitors and Newly Developed Nonalcoholic Fatty Liver
Disease in Postmenopausal Patients with Early Breast Cancer: A Propensity Score-Matched Cohort Study. Oncologist 2019, 24,
e653—e661. [CrossRef]

Gomez-Lechén, M.].,; Donato, M.T.; Martinez-Romero, A.; Jiménez, N.; Castell, ].V.; O’Connor, ]J.E. A human hepatocellular
in vitro model to investigate steatosis. Chem. Biol. Interact. 2007, 165, 106-116. [CrossRef]

Hetherington, A.M.; Sawyez, C.G.; Zilberman, E.; Stoianov, A.M.; Robson, D.L.; Borradaile, N.M. Differential Lipotoxic Effects of
Palmitate and Oleate in Activated Human Hepatic Stellate Cells and Epithelial Hepatoma Cells. Cell Physiol. Biochem. 2016, 39,
1648-1662. [CrossRef] [PubMed]

Dou, X.; Wang, Z.; Yao, T.; Song, Z. Cysteine aggravates palmitate-induced cell death in hepatocytes. Life Sci. 2011, 89, 878-885.
[CrossRef] [PubMed]

Malhi, H.; Bronk, S.F.; Werneburg, N.W.; Gores, G.J. Free fatty acids induce JNK-dependent hepatocyte lipoapoptosis. J. Biol.
Chem. 2006, 281, 12093-12101. [CrossRef] [PubMed]

Akazawa, Y.; Cazanave, S.; Mott, J.L.; Elmi, N.; Bronk, S.F.; Kohno, S.; Charlton, M.R.; Gores, G.J. Palmitoleate attenuates
palmitate-induced Bim and PUMA up-regulation and hepatocyte lipoapoptosis. . Hepatol. 2010, 52, 586-593. [CrossRef]

Ricchi, M.; Odoardi, M.R.; Carulli, L.; Anzivino, C.; Ballestri, S.; Pinetti, A.; Fantoni, L.I.; Marra, F.; Bertolotti, M.; Banni, S.; et al.
Differential effect of oleic and palmitic acid on lipid accumulation and apoptosis in cultured hepatocytes. J. Gastroenterol. Hepatol.
2009, 24, 830-840. [CrossRef]

Zheng, F.; Cai, Y. Concurrent exercise improves insulin resistance and nonalcoholic fatty liver disease by upregulating PPAR-y
and genes involved in the beta-oxidation of fatty acids in ApoE-KO mice fed a high-fat diet. Lipids Health Dis. 2019, 18, 6.
[CrossRef]

Ganesan, K.; Sukalingam, K.; Xu, B. Solanum trilobatum L. Ameliorate Thioacetamide-Induced Oxidative Stress and Hepatic
Damage in Albino Rats. Antioxidants 2017, 6, 68. [CrossRef]

Sukalingam, K.; Ganesan, K.; Xu, B. Protective effect of aqueous extract from the leaves of justicia tranquebariesis against
thioacetamide-induced oxidative stress and hepatic fibrosis in rats. Antioxidants 2018, 7, 78. [CrossRef]

Brock, E.J; Ji, K,; Shah, S.; Mattingly, R.R.; Sloane, B.F. In Vitro Models for Studying Invasive Transitions of Ductal Carcinoma In
Situ. J. Mammary Gland. Biol. Neoplasia 2019, 24, 1-15. [CrossRef]

Kim, G.A; Lee, H.C.; Choe, J.; Kim, M.].; Lee, M.]J.; Chang, H.S.; Bae, L.Y,; Kim, HK,; An, J.; Shim, ].H.; et al. Association between
non-alcoholic fatty liver disease and cancer incidence rate. . Hepatol. 2017, in press. [CrossRef]

Kabat, G.C.; Kim, M.Y; Lee, ].S.; Ho, G.Y.; Going, S.B.; Beebe-Dimmer, J.; Manson, ].E.; Chlebowski, R.T.; Rohan, T.E. Metabolic
Obesity Phenotypes and Risk of Breast Cancer in Postmenopausal Women. Cancer Epidemiol. Biomarkers Prev. 2017, 26, 1730-1735.
[CrossRef] [PubMed]


https://doi.org/10.2337/db12-0986
https://doi.org/10.1016/j.bbrc.2015.03.090
https://doi.org/10.1080/21623945.2016.1240137
https://doi.org/10.18632/oncotarget.12796
https://doi.org/10.1038/ncb3039
https://doi.org/10.1038/cddis.2016.27
https://www.ncbi.nlm.nih.gov/pubmed/27010860
https://doi.org/10.1016/j.biopha.2016.11.062
https://www.ncbi.nlm.nih.gov/pubmed/27916422
https://doi.org/10.7150/jca.44872
https://www.ncbi.nlm.nih.gov/pubmed/32489477
https://doi.org/10.1097/MD.0000000000017277
https://www.ncbi.nlm.nih.gov/pubmed/31574842
https://doi.org/10.5301/tj.5000536
https://www.ncbi.nlm.nih.gov/pubmed/27647227
https://doi.org/10.1007/s40618-022-01766-x
https://www.ncbi.nlm.nih.gov/pubmed/35303270
https://doi.org/10.1634/theoncologist.2018-0370
https://doi.org/10.1016/j.cbi.2006.11.004
https://doi.org/10.1159/000447866
https://www.ncbi.nlm.nih.gov/pubmed/27626926
https://doi.org/10.1016/j.lfs.2011.09.022
https://www.ncbi.nlm.nih.gov/pubmed/22008477
https://doi.org/10.1074/jbc.M510660200
https://www.ncbi.nlm.nih.gov/pubmed/16505490
https://doi.org/10.1016/j.jhep.2010.01.003
https://doi.org/10.1111/j.1440-1746.2008.05733.x
https://doi.org/10.1186/s12944-018-0933-z
https://doi.org/10.3390/antiox6030068
https://doi.org/10.3390/antiox7070078
https://doi.org/10.1007/s10911-018-9405-3
https://doi.org/10.1016/j.jhep.2017.09.012
https://doi.org/10.1158/1055-9965.EPI-17-0495
https://www.ncbi.nlm.nih.gov/pubmed/28939589

Cells 2023, 12, 2311 23 0f 23

62.

63.

64.

65.

66.

67.

68.

69.

70.

Rosato, V.; Bosetti, C.; Talamini, R.; Levi, F; Montella, M.; Giacosa, A.; Negri, E.; La Vecchia, C. Metabolic syndrome and the risk
of breast cancer in postmenopausal women. Ann. Oncol. 2011, 22, 2687-2692. [CrossRef] [PubMed]

Ademi-Islami, D.; Manxhuka-Kerliu, S.; Tarifa-Koroveshi, D.; Koliqi, R.; Mujaj, B. Metabolic Syndrome and Breast Cancer
Molecular Subtypes: An Observational Patient Study. Breast Cancer 2022, 16, 11782234221080555. [CrossRef]

Audet-Walsh, E.; Papadopoli, D.J.; Gravel, S.P; Yee, T.; Bridon, G.; Caron, M.; Bourque, G.; Giguere, V.; St-Pierre, ]. The PGC-
la/ERRo Axis Represses One-Carbon Metabolism and Promotes Sensitivity to Anti-folate Therapy in Breast Cancer. Cell Rep.
2016, 14, 920-931. [CrossRef] [PubMed]

Deblois, G.; Giguere, V. Oestrogen-related receptors in breast cancer: Control of cellular metabolism and beyond. Nat. Rev. Cancer
2013, 13, 27-36. [CrossRef]

Bolli, A.; Marino, M. Current and future development of estrogen receptor ligands: Applications in estrogen-related cancers.
Recent. Pat. Endocr. Metab. Immune Drug Discov. 2011, 5, 210-229. [CrossRef]

Suzuki, T.; Miki, Y.; Moriya, T.; Shimada, N.; Ishida, T.; Hirakawa, H.; Ohuchi, N.; Sasano, H. Estrogen-related receptor alpha in
human breast carcinoma as a potent prognostic factor. Cancer Res. 2004, 64, 4670-4676. [CrossRef]

Andrzejewski, S.; Klimcakova, E.; Johnson, R.M.; Tabaries, S.; Annis, M.G.; McGuirk, S.; Northey, ].].; Chénard, V.; Sriram, U.;
Papadopoli, D.J.; et al. PGC-1x Promotes Breast Cancer Metastasis and Confers Bioenergetic Flexibility against Metabolic Drugs.
Cell Metab. 2017, 26, 778-787.€775. [CrossRef]

Im, YK; Najyb, O.; Gravel, S.P.; McGuirk, S.; Ahn, R.; Avizonis, D.Z.; Chénard, V.; Sabourin, V.; Hudson, ]J.; Pawson, T.; et al.
Interplay between ShcA Signaling and PGC-1« Triggers Targetable Metabolic Vulnerabilities in Breast Cancer. Cancer Res. 2018,
78, 4826-4838. [CrossRef]

Zu, Y.,; Chen, X.E; Li, Q.; Zhang, S.T.; Si, L.N. PGC-1 activates SIRT3 to modulate cell proliferation and glycolytic metabolism in
breast cancer. Neoplasma 2021, 68, 352-361. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/annonc/mdr025
https://www.ncbi.nlm.nih.gov/pubmed/21415236
https://doi.org/10.1177/11782234221080555
https://doi.org/10.1016/j.celrep.2015.12.086
https://www.ncbi.nlm.nih.gov/pubmed/26804918
https://doi.org/10.1038/nrc3396
https://doi.org/10.2174/187221411797265881
https://doi.org/10.1158/0008-5472.CAN-04-0250
https://doi.org/10.1016/j.cmet.2017.09.006
https://doi.org/10.1158/0008-5472.CAN-17-3696
https://doi.org/10.4149/neo_2020_200530N584

	Introduction 
	Materials and Methods 
	Chemicals 
	Cell Culture 
	Fatty Acid Treatment 
	Cell Viability Assay of Hepatocytes and BC Cells 
	Oil Red O Staining 
	Transfection 
	Western Blotting 
	Immunoprecipitation (IP) Assay 
	Detection of PGC1 by ELISA 
	Colony Formation Assay 
	Wound Healing Assay 
	Transwell Migration Assay 
	Analysis of Biological Information 
	Statistical Analysis 

	Results 
	Relationship between PGC1 Expression in Postmenopausal Women and Overall Survival Curves 
	PA Treatment Decreases the Viability of Hepatocytes 
	PA Treatment Promotes Lipid Accumulation in the Liver Cells 
	PA Treatment Promotes PGC1 Expression and Lipogenic Markers in the Hepatocytes 
	PA-Treated Hepatic Cell-Derived Conditioned Medium Promotes BC Growth 
	Recombinant PGC1 Promotes BC Cell Proliferation and Decreases Apoptosis-Related Factors 
	Silencing of PGC1 Inhibits BC Cell Proliferation and Increases Apoptosis-Related Factors 
	Recombinant PGC1 Promotes Expression of ERR 
	ERR Antagonist Inhibits PGC1-Induced BC Proliferation 
	Recombinant PGC1 Promotes Migration, Invasion, and EMT Process 
	Silencing of PGC1 Inhibits Migration, Invasion, and EMT Process 

	Discussion 
	Conclusions 
	References

