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Abstract. In the hypoxic tumor microenvironment, cancer 
cells undergo metabolic reprogramming to survive. The 
present study aimed to assess the effects of hypoxic condi‑
tions on the lipid metabolism of breast cancer cells to 
elucidate the mechanisms by which cancer cells survive in 
an unfavorable environment. Cell viability was assessed 
by trypan blue staining, MTT and Annexin V‑PI assays. 
Intracellular lipid levels were quantified using Nile red stain 
with immunofluorescence (IF). Autophagy was detected using 
LC3 antibody, Cyto‑ID stain, IF, Western blotting, and flow 
cytometry. Fatty acid oxidation (FAO) and ATP production 
were analyzed using specific assays, while gene expression 
was assessed by reverse transcription‑polymerase chain reac‑
tion. siRNA transfection was used for gene knockdown, and 
Kaplan‑Meier analysis was performed for survival analysis. 
Fatostatin and rapamycin served as an inhibitor of sterol regu‑
latory element‑binding protein 1 (SREBP1) and an autophagy 
inducer, respectively. Under hypoxic conditions, triple‑nega‑
tive breast cancer (TNBC) MDA‑MB‑231 cells showed 
markedly increased survival and proliferation rates compared 
with normal cells (MCF‑10A) and estrogen receptor‑positive 
cells (MCF‑7), with no change in apoptosis. Under hypoxic 

conditions, MDA‑MB‑231 cells showed increased expres‑
sion of lipogenesis, autophagy and FAO‑related enzymes and 
activation of SREBP1, a key transcription factor for lipogenic 
genes, whereas these changes were not observed in MCF‑7 
cells. When SREBP1 was inhibited with chemical inhibi‑
tors and siRNA, the expression of lipogenic, autophagic and 
FAO‑related enzymes decreased, resulting in reduced ATP 
production and viability in hypoxic MDA‑MB‑231 cells; 
however, this effect was restored when an autophagy inducer 
was added. Kaplan‑Meier analysis demonstrated that higher 
SREBP1 expression in patients with TNBC was associated 
with a worse prognosis, suggesting that SREBP1‑mediated 
reprogramming of lipid metabolism and autophagy under 
hypoxia is essential for TNBC cell survival. The results of the 
present study indicate that strategies targeting SREBP1 could 
be exploited to treat TNBC and improve prognosis.

Introduction

In the tumor microenvironment, cancer cells exhibit a greater 
ability to survive than normal cells, even under harsh condi‑
tions such as glucose deprivation or hypoxia. Whilst previous 
studies have focused primarily on elucidating the genetic and 
molecular basis of cancer, recent research has focused on the 
metabolic reprogramming of cancer cells (1). In particular, 
the concept of the ‘Warburg effect’, which states that cancer 
cells take up glucose as their primary energy sources to 
activate aerobic glycolysis, has led to important advances in 
understanding cancer metabolism (2). However, experimental 
evidence from previous research has led to the hypothesis that 
cancer cells utilize lipids instead of glucose as their primary 
energy source (3). This has led to a growing need for research 
to understand lipid metabolism in cancer cells, particularly in 
hypoxic environments (4).

Globally, breast cancer is a major contributor to 
cancer‑associated deaths, with a notable increase of 20.9% in 
mortality rate from 2010 to 2019 (5). Breast cancer is divided 
into different subtypes based on hormone receptor status, of 
which triple‑negative breast cancer (TNBC) has a worse prog‑
nosis compared with other subtypes due to the ineffectiveness 
of endocrine therapy (6). Currently, cytotoxic chemotherapy 
is the mainstay of treatment for TNBC, but resistance to 
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chemotherapy frequently develops, leading to a growing need 
for the development of new therapies. In addition, women 
with obesity‑related risk factors are more likely to develop 
TNBC (7,8), emphasizing the importance of investigating lipid 
metabolism reprogramming in this subtype (9,10).

Genes related to lipid metabolism are dysregulated in 
breast tissue before cancer diagnosis (11). Fatty acid synthase 
(FASN), a key enzyme involved in de novo fatty acid synthesis, 
is upregulated in TNBC, and FASN inhibitors have demon‑
strated anticancer effects against chemoresistant TNBC (12). 
Clinical studies are currently exploring the potential of 
combining the inhibitors of 3‑hydroxy‑3‑methylglutaryl‑coen‑
zyme A reductase, a key enzyme in cholesterol synthesis, 
with conventional therapies for the treatment of TNBC (13). 
Sterol regulatory element‑binding protein 1 (SREBP1), a key 
transcription factor, is gaining increasing attention for its role 
in regulating the genes involved in fatty acid and cholesterol 
production (13‑15). The expression of SREBP1 increases upon 
exposure to a hostile environment in glioblastoma, prostate, 
nasopharyngeal, endometrial and breast cancers (16‑19), and 
recent studies have highlighted the important role of SREBP1 
in TNBC cells, suggesting the need to explore the mechanisms 
of SREBP1 metabolism, especially under hypoxic condi‑
tions (20,21).

In hypoxic environments, increased hypoxia‑inducible 
factor (HIF)‑1α promotes the expression of de novo lipid 
synthesis genes, such as FASN and stearoyl‑CoA desaturase 
1, and lipid uptake‑related genes, such as fatty acid binding 
proteins (FABPs). This leads to the accumulation of lipid drop‑
lets (LDs) in cancer cells (22), which serves as a protective 
mechanism to alleviate endoplasmic reticulum stress (23,24). 
Recently, researchers have demonstrated that fatty acids serve 
as a major fuel source of ATP for cancer cell growth, raising an 
important question of why fatty acids can function as a source 
of ATP without causing lipotoxicity, especially in oxygen‑poor 
tumor environments. Further research is required to elucidate 
the mechanisms under hypoxic conditions (25,26).

The present study aimed to assess the effects of hypoxia 
on cell survival via lipid reprogramming in breast cancer 
cells. The results demonstrated that SREBP1‑mediated lipid 
reprogramming, along with autophagy, promotes cell survival 
under hypoxic conditions by facilitating ATP production via 
fatty acid oxidation (FAO) in TNBC cells.

Materials and methods

Cell culture and reagents. The non‑cancerous human breast 
epithelial MCF‑10A cell line was donated by Dr Je‑Yoel Cho 
(Seoul National University; Seoul, South Korea); the estrogen 
receptor (ER)‑positive human breast cancer MCF‑7 cell line 
was donated by Dr So Yeong Lee (Seoul National University); 
and the TNBC MDA‑MB‑231 cell line was purchased from 
the Korean Cell Line Bank (KCLB). MCF‑10A was cultured 
in mammary epithelial cell growth medium BulletKit™ 
(Lonza Group, Ltd.) supplemented with 1% penicillin/strep‑
tomycin (Gibco; Thermo Fisher Scientific, Inc.) and 10% 
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.). 
MCF‑7 and MDA‑MB‑231 cells were cultured in RPMI 
1640 medium (Gibco; Thermo Fisher Scientific, Inc.) supple‑
mented with 1% penicillin/streptomycin, 1  mM sodium 

pyruvate (Sigma‑Aldrich; Merck KGaA), 10  mM sodium 
bicarbonate (Sigma‑Aldrich; Merck KGaA), 10 mM HEPES 
(Sigma‑Aldrich; Merck KGaA) and 10% fetal bovine serum. 
The authenticity of the cell lines used in the present study was 
confirmed using short tandem repeat markers at the KCLB. 
All cells were tested using e‑Myco™ Plus Mycoplasma PCR 
Detection Kit (Intron Biotechnology, Inc.). For hypoxic condi‑
tions, cells were placed in a sealed hypoxic incubator chamber 
(Stemcell Technologies, Inc.) containing 1% O2, 5% CO2 and 
95% N2 at 37˚C for 48 h and monitored using an oxygen meter 
(GOX‑100; GHM Messtechnik GmbH). For the control group, 
cells were maintained under normoxic conditions with 21% 
O2 at 37˚C. Fatostatin, an SREBP1 inhibitor, and rapamycin, 
an autophagy inducer, were purchased from Sigma‑Aldrich 
(Merck KGaA) and Selleck Chemicals, respectively. Fatostatin 
at concentrations of 5, 10, and 15  µM and rapamycin at 
concentrations of 0.1, 1, and 10 µM were administered at 37˚C 
for 48 h.

Cell viability and proliferation assays. Cell viability was 
assessed using the 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyl 
tetrazolium bromide (MTT; Sigma‑Aldrich; Merck KGaA) 
assay. MCF‑10a, MCF‑7, and MDA‑MB‑231 cells were seeded 
in 96‑well plates at a concentration of 0.5x104 cells/well. After 
24 h incubation, the cells were maintained under normoxic or 
hypoxic conditions at 37˚C for 48 h. MTT solution dissolved 
in phosphate‑buffered saline (PBS) at 5 mg/ml was added to 
each well and incubated for 1 h at 37˚C. Subsequently, 100 µl 
of a solution composed of dimethyl sulfoxide (Sigma-Aldrich; 
Merck KGaA) and 2‑propanol (Merck KGaA) in a 9:1 ratio 
was added to each well. Absorbance was determined at 570 nm 
using a BioTek Epoch microplate spectrophotometer (Agilent 
Technologies, Inc.).

For the cell proliferation assay, 3x105 MCF‑10A, MCF‑7, 
and MDA‑MB‑231 cells/well were seeded into 60‑mm dishes. 
After 24 h incubation, the cells were further incubated under 
normoxic or hypoxic conditions at 37˚C for 48 h. The cells 
were stained with 0.4% trypan blue dye (Gibco; Thermo Fisher 
Scientific, Inc.) at room temperature for 5 min and surviving 
cells were counted manually using an inverted microscope 
(cat. no. KS‑TCM4; Korea Scope).

Apoptosis assay. The apoptotic rate was measured using an 
EzWay Annexin V‑FITC apoptosis Kit (Koma Biotech Inc.) 
according to the manufacturer's instructions. The harvested 
MCF‑10A, MCF‑7, and MDA‑MB‑231 were washed with a 
binding buffer and incubated with FITC‑Annexin V reagent 
in binding buffer for 15 min at room temperature in the dark, 
protected from light. After washing with the binding buffer, 
the cells were resuspended in PI/RNase staining solution (BD 
Biosciences) and immediately analyzed using FACSVerse 
(BD Biosciences). The data were gated based on forward 
and side scatter to exclude cell debris using BD FACSuite™ 
Application software version 1.6 (BD Biosciences). Total apop‑
tosis included late apoptotic cells (double positive for annexin 
V and PI) and early apoptotic cells (positive for annexin V and 
negative for PI).

Immunofluorescence. MCF‑7 and MDA‑MB‑231 cells were 
cultured in 35‑mm confocal dishes (SPL Life Sciences), 
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fixed with 4% formaldehyde and permeabilized with 
0.1% Triton X‑100, each for 20 min at room temperature. 
They were first blocked with 5% bovine serum albumin 
(Bovostar) for 1 h at room temperature and then incubated 
with 5 µg/ml Nile Red (Sigma‑Aldrich; Merck KGaA) or 
microtubule associated protein 1 light chain 3‑β (LC3B; cat 
no. NB100‑2220; Novus Biologicals, LLC; Bio‑Techne) and 
lysosomal associated membrane protein 2 (LAMP2; cat. 
no. CSB‑PA012740EA01HU; Cusabio Technology, LLC) anti‑
bodies, each diluted at 1:200, for 30 min at room temperature 
in the dark. The secondary antibody, Alexa Fluor™ 488 (cat. 
no. A‑11008; Thermo Fisher Scientific, Inc.), was then added 
at a 1:1,000 dilution and incubated for 1 h at room temperature 
in the dark. Nuclei were stained with DAPI Fluoromount‑G 
(SouthernBiotech) for 5 min at room temperature. Fluorescence 
images of the control and experimental groups were captured 
under identical conditions including magnification, brightness, 
laser intensity and channel settings, using the EVOS M7000 
Imaging System (cat. no. AMF7000; Thermo Fisher Scientific, 
Inc.). For enhanced clarity, contrast for all group images was 
adjusted to the same values using the Celleste™ 6 Image 
Analysis Software (Thermo Fisher Scientific, Inc.) according 
to the guidelines (27).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was isolated from MCF‑7 and MDA‑MB‑231 cells using 
TRIzol™ reagent (Invitrogen™; Thermo Fisher Scientific, 
Inc.). A total of 500 ng RNA was reverse‑transcribed into 
single‑stranded complementary DNA for 30 min at 50˚C using 
TOPscript™ RT DryMIX (dT 18plus; Enzynomics Co., Ltd.). 
RT‑qPCR was performed to evaluate the expression levels of 
very low‑density lipoprotein receptor (VLDLR), CD36, FABP3 
and FABP7, perilipin 2, hypoxia‑inducible lipid droplet associ‑
ated, patatin‑like phospholipase domain containing 2, lipin 1, 
diacylglycerol O‑acyltransferase 1, sterol regulatory element 
binding transcription factor 1 (SREBF1) and FASN using the 
SYBR Green Real‑Time PCR Kit (Enzynomics Co., Ltd.) 
according to the manufacturer's instructions. Using β‑actin as 
a control, the level of the target product relative to that of the 
internal control was calculated using the 2‑ΔΔCq method (28). 
The primer sequences for these genes are listed in Table SI.

Western blot analysis. Whole‑cell lysates from MCF‑7 
and MDA‑MB‑231 cells were prepared by treatment of the 
cells with EzRIPA buffer (ATTO Corporation) and protein 
concentration was measured using the Bradford assay 
(Bio‑Rad Laboratories, Inc.). A total of 10 µg total lysate was 
applied to a 10% sodium dodecyl sulfate‑polyacrylamide gel 
and subsequently transferred onto a nitrocellulose membrane 
(Cytiva). For blocking, the membranes were incubated with 
5% skimmed milk in PBS containing 0.05% Tween 20 
(PBST) at 37˚C for 60 min. After washing with PBST three 
times, the membrane was incubated overnight at 4˚C using 
primary antibodies in PBST containing 5% bovine serum 
albumin. The primary antibodies used were against HIF‑1α 
(cat. no. 3716S; Cell Signaling Technology, Inc.), SREBP1 
(cat. no. SC‑365513; Santa Cruz Biotechnology, Inc.), LC3B 
(cat. no. NB100‑2220; Novus Biologicals, LLC; Bio‑Techne) 
and β‑actin (cat. no. SC‑47778; Santa Cruz Biotechnology, 
Inc.), a l l 1:1,000 dilution. Secondary horseradish 

peroxidase‑conjugated anti‑rabbit (cat. no. SC‑2004; Santa 
Cruz Biotechnology Inc.) or anti‑mouse (cat. no. SC‑2357; 
Santa Cruz Biotechnology Inc.) antibodies were added at a 
1:4,000 dilution and incubated for 2 h at room temperature. 
Immunocomplexes were detected using an enhanced chemi‑
luminescence detection system (Bio‑Rad Laboratories, Inc.), 
and image acquisition was performed with the ImageQuant™ 
LAS‑4000 mini (FUJIFILM Corporation). Densitometry 
analysis was performed using the ImageJ software version 
1.50i (National Institutes of Health) based on a previous 
reference (29).

Cyto‑ID autophagy detection. Autophagy activation was 
assessed using the Cyto‑ID Autophagy Kit (Enzo Life 
Sciences, Inc.) following the manufacturer's instructions. 
Briefly, MCF‑7 and MDA‑MB‑231 cells were washed with 
assay buffer and subsequently incubated with Cyto‑ID 
(cat. no.  ENZ‑51031; Enzo Life Sciences) at a 1:2,000 
dilution in assay buffer for 30 min at 37˚C in the dark. 
After washing and resuspending the cells in assay buffer, 
they were immediately analyzed by flow cytometry using 
a FACSVerse instrument (BD Biosciences). As a positive 
control for autophagy, cells were treated with 20 µM chlo‑
roquine (Sigma‑Aldrich; Merck KGaA) for 16 h at 37˚C for 
confirming the accumulation of autophagosomes as previ‑
ously described (30). Data were gated based on forward and 
side scatter to exclude cell debris, using BD FACSuite™ 
Application version 1.6 (BD Biosciences).

Fatty acid oxidation assay. The key FAO enzymes [acyl‑CoA 
dehydrogenase very long chain (ACADVL), acyl‑CoA dehy‑
drogenase medium chain (ACADM) and hydroxyacyl‑CoA 
dehydrogenase trifunctional multienzyme complex subunit a 
(HADHA)] were assessed using an FAO kit (cat. no. ab118183; 
Abcam) following the manufacturer's protocol. Briefly, the 
MDA‑MB‑231 cells were harvested, fixed with 4% form‑
aldehyde and permeabilized with Triton X‑100. They were 
incubated with primary antibodies for 1 h at room tempera‑
ture, followed by incubation with the secondary antibody 
Alexa Fluor 488 (cat. no. A‑11001; Thermo Fisher Scientific, 
Inc.) for 1 h at room temperature in the dark. Finally, the 
samples were analyzed by flow cytometry using FACSVerse 
(BD Biosciences). Data were gated based on forward and 
side scatter to exclude cell debris, using BD FACSuite™ 
Application software version 1.6 (BD Biosciences).

Assessment of ATP concentration. ATP production 
was measured using a commercial ATP assay kit (cat. 
no. BM‑ATP‑100; Biomax Co., Ltd.) according to the manu‑
facturer's recommendations. Briefly, a mixture containing 
ATP assay buffer, probe, converter and developer was added 
to cell lysates prepared from 1x106 cells of MDA‑MB‑231. The 
samples were incubated in this solution in a 96‑well plate for 
30 min at room temperature. The absorbance was measured at 
570 nm using a BioTek Epoch microplate spectrophotometer 
(Agilent Technologies, Inc.), and ATP concentration of each 
sample was calculated based on a standard curve.

Small interfering (si)RNA transfection. Gene knockdown 
experiments were performed by transfection with AccuTarget 
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negative control siRNA (cat. no. SN‑1011; Bioneer Corporation) 
and AccuTarget Genome‑wide Predesigned siRNA targeting 
Human SREBF1 (Bioneer Corporation). The sense and anti‑
sense sequences of the SREBP1 siRNAs were 5'‑CCA​CCG​
UUU​CUU​CGU​GG​AU‑3' and 5'‑AUC​CAC​GAA​GAA​ACG​
GUG​G‑3', respectively. Control and SREBP1 siRNAs (100 nM 
were mixed with Lipofectamine® 3000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) and transfected into MCF‑7 and 
MDA‑MB‑231 cells according to the manufacturer's recom‑
mendations. MCF‑7 and MDA‑MB‑231 cells were incubated 
for 24 h at 37˚C in RPMI 1640 medium supplemented with 
10% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Inc.). After 24 h, the adhered cells were transfected with 
siRNAs using a Lipofectamineâ 3000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) in Opti‑MEM reduced‑serum medium 
(Gibco; Thermo Fisher Scientific, Inc.). After 6 h of incubation, 
the Opti‑MEM was replaced by a fresh culture medium and 
the cells were further cultured for 48 h at 37˚C under normoxic 
and hypoxic conditions.

Kaplan‑Meier analysis. Kaplan‑Meier plotter tools were used 
to assess the association between SREBF1 mRNA expression 
and recurrence‑free survival (RFS) and distant metastasis‑free 
survival (DMFS) in patients with ER+/progesterone receptor 
(PR)‑/human epidermal growth factor receptor 2 (HER2)‑ and 
ER‑/PR‑/HER2‑subtypes of breast cancer (http://kmplot.
com/analysis/index.php?p=service&cancer=breast). The 
analysis was conducted with ‘auto‑select best cut‑off’ option to 
determine the cut‑off value and patients were stratified based 
on hormone receptor and HER2 status for the dichotomization 
of SREBF1 mRNA expression level. Hazard ratios along with 
their corresponding 95% confidence intervals and log‑rank 
P‑values were reported for each result.

Statistical analysis. Data are presented as the mean ± standard 
error of the mean based on a minimum of three independent 
experiments. Statistical analyses were performed using 
GraphPad PRISM software version 5.01 (Dotmatics). Datasets 
with two groups were analyzed using one‑way analysis of vari‑
ance (ANOVA) and two‑way ANOVA was used for multiple 
group comparisons with Bonferroni post hoc to identify 
significant differences. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Hypoxia increases survival of MDA‑MB‑231 cells and 
decreases the viability of MCF‑10a and MCF‑7 cells. The 
effect of hypoxia on cell viability was evaluated using MTT, 
trypan blue and apoptosis assays. MTT assay revealed that 
cell viability significantly increased in MDA‑MB‑231 cells 
under hypoxic conditions compared with under normoxic 
conditions (Fig.  1A). By contrast, compared with under 
normoxic conditions, cell viability significantly decreased 
in MCF‑10a cells under hypoxic conditions; however, no 
significant change was observed in MCF‑7 cells. In the 
trypan blue assay, the live cell number significantly increased 
in MDA‑MB‑231 cells under hypoxic conditions compared 
with under normoxic conditions; however, the live cell 
number was significantly reduced in both MCF‑10a and 

MCF‑7 cells (Fig. 1B). The apoptosis assay demonstrated 
that the apoptotic rates of MCF‑10a and MCF‑7 cells were 
significantly increased under hypoxic conditions compared 
with under normoxic conditions; however, no significant 
change was observed in MDA‑MB‑231 cells (Fig. 1C).

SREBP1 is required for lipogenesis in MDA‑MB‑231 cells 
under hypoxic conditions. To determine whether lipid 
reprogramming is involved in cell survival under hypoxic 
conditions, the number of lipid droplets was evaluated using 
Nile Red staining. Under hypoxic conditions, the fluorescence 
intensity of Nile Red significantly increased in MDA‑MB‑231 
cells, but not in MCF‑7 cells (Fig. 2A). Using RT‑qPCR, the 
expression of lipid‑related genes was assessed in MCF‑7 and 
MDA‑MB‑231 cells under normoxic and hypoxic conditions. 
Under hypoxic conditions, the expression levels of lipid‑related 
genes were significantly downregulated in MCF‑7 cells, 
whereas the expression levels of SREBF1, VLDLR and 
FABP3 were significantly upregulated in MDA‑MB‑231 
cells, compared with those under normoxic conditions 
(Fig. S1). Notably, expression of the lipid synthesis‑related 
gene FASN was significantly downregulated in both MCF‑7 
and MDA‑MB‑231 cells under hypoxic conditions, compared 
with under normoxic conditions. Given that SREBP1 is a 
transcription factor that upregulates the synthesis or uptake 
of enzymes involved in lipid metabolism  (15), SREBP1 
levels were evaluated using western blotting. Expression of 
SREBP1 was significantly increased in MDA‑MB‑231 cells 
under hypoxic conditions compared with under normoxic 
conditions, whereas no change was observed in MCF‑7 cells 
(Fig. 2B). Treatment with fatostatin, an SREBP1 inhibitor, 
markedly reduced SREBP1 levels in both MCF‑7 and 
MDA‑MB‑231 cells under hypoxic conditions compared 
with normoxic conditions (Fig. 2C). Moreover, the treatment 
significantly decreased the fluorescence intensity of Nile Red 
in MDA‑MB‑231 cells under hypoxic conditions compared 
with under normoxic conditions (Fig. 2A). The data collec‑
tively indicate that SREBP1 is crucial for lipogenesis under 
hypoxic conditions in TNBC cells.

SREBP1 enhances autophagy in MDA‑MB‑231 cells under 
hypoxic conditions. Autophagy is a key process of cell 
survival in a hostile microenvironment (31,32). Under hypoxic 
conditions, the level of LC3, a marker of autophagy, was 
significantly increased in MDA‑MB‑231 cells and decreased 
in MCF‑7 cells, in comparison with under normoxic condi‑
tions (Fig. 2B). To evaluate the effect of SREBP1 on autophagy 
under hypoxic conditions, the initial staining with Nile Red 
(Fig. 2A) was re‑stained for LC3. Under hypoxic conditions, 
the fluorescence intensity of LC3 significantly increased in 
MDA‑MB‑231 cells comparison with normoxic conditions and 
the effect was reversed by treatment with fatostatin; however, 
no significant change was observed in MCF‑7 cells (Fig. 3A). 
The conversion of LC3 to its lower migrating form, LC3‑II, 
is commonly used as a marker of autophagy (30). Western 
blot analysis revealed significantly decreased LC3‑II protein 
levels following treatment with fatostatin in MDA‑MB‑231 
cells under hypoxic conditions (Fig. 3B). This suggests that 
SREBP1 regulates autophagy in MDA‑MB‑231 cells under 
hypoxic conditions.
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SREBP1 knockdown simultaneously alters lipogenesis and 
autophagy in MDA‑MB‑231 cells under hypoxic conditions. 
To evaluate whether SREBP1 directly mediates autophagy 
and lipid reprogramming in cancer cells under hypoxic condi‑
tions, siRNA was used to knockdown SREBP1 expression. 
Transfection with SREBP1 siRNA significantly reduced 
SREBP1 protein expression in both MCF‑7 and MDA‑MB‑231 
cells under normoxic and hypoxic conditions compared with 
the negative control siRNA (Fig.  4A). The expression of 
LC3‑II protein was significantly increased in MDA‑MB‑231 
cells under hypoxic conditions compared with under normoxic 
conditions, although it was reversed by SREBP1 siRNA 
treatment. However, no significant changes were observed in 
the MCF‑7 cells after siRNA treatment under normoxic or 
hypoxic conditions.

To confirm whether lipids are directly involved in the 
autophagy process, immunofluorescence staining was 
performed using the autophagosome marker LC3 and lyso‑
some marker LAMP2, and their co‑localization with lipids 
was analyzed using Nile Red staining following SREBP1 
siRNA transfection. The co‑localization of LC3 and LAMP2 
with Nile Red notably increased in MDA‑MB‑231 cells 
under hypoxic conditions compared with normoxic condi‑
tions but decreased upon transfection with SREBP1 siRNAs 
(Fig. 4B and C). However, in MCF‑7 cells, no changes in 
the colocalization of LC3 and LAMP2 with Nile Red were 
observed under varying oxygen concentrations or siRNAs 
treatments, suggesting that SREBP1‑mediated lipogenesis 
serves a direct role in autophagy in MDA‑MB‑231 cells under 
hypoxic conditions.

SREBP1‑mediates autophagy‑enhanced cell viability in 
MDA‑MB‑231 cells under hypoxic conditions. To determine 
the impact of SREBP1‑mediated autophagy on cancer cell 
survival under hypoxic conditions, cell viability was evalu‑
ated using MTT and trypan blue assays in cells treated with 
fatostatin and rapamycin. To determine the appropriate 
concentration of rapamycin, cells were treated with several 
concentrations of rapamycin, followed by the measurement of 
autophagy using a Cyto‑ID detection kit. In MCF‑7 cells under 
hypoxic conditions, autophagy was significantly induced by 
1 µM rapamycin but decreased upon treatment with 10 µM 
rapamycin. However, autophagy was significantly induced 
upon treatment of MDA‑MB‑231 cells with 0.1, 1 and 10 µM 
of rapamycin. Based on these findings, a concentration of 1 µM 
rapamycin was selected, as it induced autophagy maximally in 
both the cell lines (Fig. S2).

The MTT and trypan blue assays demonstrated that 
fatostatin or rapamycin did not significantly reduce the viability 
or live cell number of MCF‑7 cells under hypoxic conditions 
compared with the untreated control (Fig. 5). However, signifi‑
cant decreases in viability and cell number were observed 
with both treatments together under hypoxic conditions 
compared with the untreated control group. Treatment of 
hypoxic MDA‑MB‑231 cells with fatostatin and rapamycin 
significantly reduced cell viability and cell number compared 
with the control (Fig.  5). Notably, combination treatment 
led to a significant increase in viability and live cell number 
compared with fatostatin treatment alone. Taken together, the 
findings indicate that SREBP1‑mediated autophagy serves 
a crucial role in the survival of MDA‑MB‑231 cells under 

Figure 1. Hypoxia promotes cell viability in MDA‑MB‑231 cells. Assessment of (A) cell viability using an MTT assay, (B) cell proliferation using a trypan blue 
assay and (C) apoptosis in MCF‑10a, MCF‑7 and MDA‑MB‑231 cells under normoxic and hypoxic conditions for 48 h. *P<0.05 and ***P<0.001. ns, not significant.
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Figure 2. SREBP1 enhances lipogenesis in MDA‑MB‑231 cells under hypoxic conditions. (A) Assessment of the amount of lipids using Nile Red staining 
by immunofluorescence with or without fatostatin in MCF‑7 and MDA‑MB‑231 cells under normoxic and hypoxic conditions for 48 h. Scale bar, 150 µm. 
The graphs indicate the quantitative analysis of fluorescence intensity. (B) Expression levels of hypoxia indicators, HIF‑1α, autophagy‑related markers, 
LC3‑I/II and lipogenesis‑related protein, SREBP1, in MCF‑7 and MDA‑MB‑231 cells under normoxic and hypoxic conditions for 48 h. The graphs indicate 
the semi‑quantitative analysis of HIF‑1α, LC3‑II and SREBP1 protein levels normalized to β‑actin expression. (C) Expression levels of SREBP1 and β‑actin 
proteins following treatment with different concentrations of fatostatin in MCF‑7 and MDA‑MB‑231 cells under hypoxic conditions for 48 h. *P<0.05; **P<0.01; 
***P<0.001. HIF‑1α, hypoxia inducible factor‑1α; LC3, microtubule associated protein 1 light chain 3; SREBP1, sterol regulatory element‑binding protein 1; 
Nor, normoxia; Hypo, hypoxia; ns, not significant.
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hypoxic conditions, as evidenced by decreased cell viability 
upon SREBP1 inhibition, followed by a subsequent increase in 
autophagy induction.

ATP production is induced via SREBP1‑mediated FAO in 
MDA‑MB‑231 cells under hypoxic conditions. To assess 
whether fatty acids derived from SREBP1‑mediated autophagy 
serve as energy sources for cell survival, the expression of 
FAO‑related enzymes was assessed in MDA‑MB‑231 cells 
treated with fatostatin and rapamycin under hypoxic condi‑
tions. The expression levels of ACADVL, ACADM and 
HADHA were significantly increased in MDA‑MB‑231 cells 
under hypoxic conditions compared with under normoxic 
conditions, but the expression was significantly decreased with 
fatostatin treatment (Fig. 6A). Notably, the combined treat‑
ment led to a significant increase in the expression levels of all 
three enzymes compared with fatostatin treatment alone under 

hypoxic conditions. The results suggest that FAO is regulated 
by SREBP1‑mediated autophagy.

ATP concentration was measured to determine whether 
ATP production occurs through FAO in MDA‑MB‑231 cells 
under hypoxic conditions. ATP levels were significantly higher 
in MDA‑MB‑231 cells under hypoxic conditions compared 
with under normoxic conditions, but treatment with fatostatin 
and rapamycin significantly reduced the ATP levels. Notably, 
the combined treatment significantly increased ATP levels 
compared with fatostatin alone under hypoxic conditions 
(Fig. 6B).

Expression of SREBF1 mRNA is negatively associated 
with the survival of patients with TNBC. To evaluate the 
prognostic value of SREBP1 based on SREBF1 mRNA 
expression for survival analysis, Kaplan‑Meier plots were 
generated for patients with breast cancer with ER‑positive 

Figure 3. Autophagy is activated via SREBP1 in MDA‑MB‑231 cells under hypoxic conditions. (A) Assessment of autophagy using LC3 staining by immu‑
nofluorescence with or without fatostatin in MCF‑7 and MDA‑MB‑231 cells under normoxic and hypoxic conditions for 48 h. Scale bar, 150 µm. The 
graphs indicate the quantitative analysis of fluorescence intensity. (B) Expression levels of SREBP1 and LC3‑I/II with or without fatostatin in MCF‑7 and 
MDA‑MB‑231 cells under hypoxic conditions for 48 h. The graphs indicate the semi‑quantitative analysis of SREBP1 and LC3‑II protein levels normalized 
to β‑actin expression. *P<0.05; **P<0.01; ***P<0.001. LC3, microtubule associated protein 1 light chain 3; SREBP1, sterol regulatory element‑binding protein 
1; ns, not significant.
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(ER+/PR‑/HER2‑) and TNBC (ER‑/PR‑/HER2‑) subtypes 
with a follow‑up period of 250 months. In patients with the 
ER‑positive subtype, RFS and DMFS were independent of 

SREBF1 mRNA expression (Fig. 7A). However, in patients 
with the TNBC subtype, the patients with low SREBF1 
mRNA expression had a significantly longer RFS and DMFS 

Figure 4. Reduced lipogenesis and autophagy in MDA‑MB‑231 cells under hypoxic conditions following SREBP1 knockdown. (A) Expression levels of 
precursor SREBP1 and LC3‑I/II with or without SREBP1 siRNA in MCF‑7 and MDA‑MB‑231 cells under normoxic and hypoxic conditions for 48 h. The 
graphs indicate the semi‑quantitative analysis of SREBP1and LC3‑II protein levels normalized to β‑actin expression. Assessment of the co‑localization of lipid 
accumulation and (B) autophagy using Nile Red and LC3 and (C) lysosomes using Nile Red and LAMP2 staining by immunofluorescence with or without 
SREBP1 siRNA in MCF‑7 and MDA‑MB‑231 cells under normoxic and hypoxic conditions for 48 h. Scale bar, 75 µm. *P<0.05; **P<0.01. LC3, microtubule 
associated protein 1 light chain 3; SREBP1, sterol regulatory element‑binding protein 1; LAMP2, lysosomal associated membrane protein 2; ns, not significant.
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compared with those with high SREBF1 mRNA expression 
(Fig. 7B). Specifically, the upper quartile survival of patients 
with TNBC with low SREBF1 mRNA expression was 38.7 
and 67.09 months for RFS and DMFS, respectively; whereas 
for those with high SREBF1 mRNA expression, both RFS 
and DMFS were 25 months.

Discussion

Oxygen scarcity in the tumor microenvironment poses a 
notable challenge for cancer cells in achieving their metabolic 
requirements. In response to hypoxia, cancer cells mobilize 
an adaptive mechanism that activates less oxygen‑dependent 

metabolic pathways via HIF‑1α activation  (33). HIF‑1α 
regulates the transcription of the glucose transporter and 
corresponding enzyme genes, thereby promoting ATP produc‑
tion through these processes. Previous studies have reported 
that cancer cells surpass this process by activating additional 
pathways, including nucleotide, amino acid and lipid metabo‑
lism, to enhance tumor malignancy (3). The results of the 
present study revealed that different breast cancer cell types 
survive under hypoxic conditions in different ways and that 
SREBP1‑mediated lipogenesis and autophagy may serve a 
key role in MDA‑MB‑231 cells. The findings also highlighted 
that the survival of MDA‑MB‑231 cells is maintained by ATP 
production through FAO.

Figure 5. Sterol regulatory element‑binding protein 1‑mediated autophagy is involved in cell survival in MDA‑MB‑231 cells under hypoxic conditions. 
Assessment of (A) cell viability using an MTT assay and (B) live cell number using a trypan blue assay with fatostatin and rapamycin in MCF‑7 and 
MDA‑MB‑231 cells under normoxic and hypoxic conditions for 48 h. *P<0.05; **P<0.01; ***P<0.001. ns, not significant.

https://www.spandidos-publications.com/10.3892/ol.2025.14921


JUNG et al:  SREBP1-MEDIATED LIPID REPROGRAMMING PROMOTES CELL SURVIVAL10

In cancer research, higher survival rates under hypoxic 
conditions are positively associated with cancer severity (34). In 
particular, TNBCs exhibit higher HIF‑1α‑mediated activity than 
other breast cancer subtypes, resulting in higher malignancy 
in molecular and prognostic terms (35,36). The results of the 
present study are consistent with these findings and demonstrate 
that MDA‑MB‑231 cells are more proliferative under hypoxic 
conditions compared with MCF‑10a and MCF‑7 cells.

In the present study, SREBP1 expression in MDA‑MB‑231 
cells was demonstrated to be significantly upregulated in the 
regulation of lipogenesis under hypoxic conditions. First discov‑
ered in yeast, the role of SREBP1 in the hypoxic environment 
has gained increasing importance in cancer research (37‑39). 
Given the ability of SREBP1 to promote the expression of lipid 
metabolism‑related genes, studying SREBP1‑related lipid 
metabolism in cancer has become increasingly important. 
Bensaad et al (38) reported that LD accumulation was higher 
in TNBC cell lines than in ER‑positive cell lines under hypoxic 
conditions, which aligns with the results of the present study. 
Furthermore, the authors suggested that LD accumulation in 
TNBC under hypoxic conditions occurs mainly through fatty 
acid uptake by FABP rather than de novo lipogenesis via FASN. 
The present study showed similar results in MDA‑MB‑231 
cells under hypoxic conditions. By contrast, Bensaad et al (38) 
identified an oxygen‑independent role of SREBP1 in MCF‑7 
cells but did not investigate it in MDA‑MB‑231 cells.

The importance of SREBP1‑mediated lipid metabolism 
in TNBC has been increasingly recognized  (20,21). The 

Kaplan‑Meier analysis in the present study demonstrated that 
high SREBF1 mRNA expression was associated with poor 
survival in patients with TNBC, suggesting that SREBP1 may 
serve as a potential prognostic biomarker. Therefore, elucidating 
the specific role of SREBP1 for the survival of MDA‑MB‑231 
cells under hypoxic conditions is an important research challenge.

The present study also demonstrated that SREBP1 promotes 
autophagy in MDA‑MB‑231 cells under hypoxic conditions. 
Autophagy is a highly conserved process that supplies energy 
and macromolecular precursors essential for cell survival and 
can be induced by several stressors, including radiation, drugs 
and glucose and oxygen deprivation (31). Previous studies have 
highlighted that hypoxia‑induced autophagy is particularly 
important for cell survival, including selective forms of autophagy 
such as mitophagy, pexophagy, endoplasmic reticulum‑phagy 
and lipophagy (32,40). Although the relationship between lipid 
metabolism and autophagy is controversial (41‑43), lipophagy, 
which involves the degradation of LDs, is considered to serve an 
important role in cancer research (44). The results of the present 
study revealed that SREBP1‑mediated lipogenesis increased the 
expression of both autophagy and lysosome markers, suggesting 
the possibility of lipophagy in MDA‑MB‑231 cells under 
hypoxic conditions.

Moreover, the present study demonstrated that inhibiting 
SREBP1 decreased the survival of MDA‑MB‑231 cells; however, 
combining SREBP1 inhibition with autophagy induction under 
hypoxic conditions increased survival and regulated FAO and 
ATP production. This indicated that autophagy via SRBP1 may 

Figure 6. ATP production via sterol regulatory element‑binding protein 1‑mediated FAO observed in MDA‑MB‑231 cells under hypoxic conditions. Assessment 
of (A) FAO‑related enzymes, ACADVL, ACADM and HADHA staining using flow cytometry and (B) ATP concentration with fatostatin and rapamycin in 
MDA‑MB‑231 cells under normoxic and hypoxic conditions for 48 h. *P<0.05; **P<0.01; ***P<0.001. FAO, fatty acid oxidation; ACADVL, acyl‑CoA dehydro‑
genase very long chain; ACADM, acyl‑CoA dehydrogenase medium chain; HADHA, hydroxyacyl‑CoA dehydrogenase trifunctional multienzyme complex 
subunit a; MFI, mean fluorescence intensity; Fato, fatostatin; Rapa, rapamycin; ns, not significant.
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serve an important role in cell survival and as a source of fatty 
acids for ATP production. The results also suggest that free fatty 
acids can provide the necessary fuel for FAO through autophagy 
induction, even when SREBP1‑mediated lipogenesis is inhibited. 
However, treatment with the autophagy inducer rapamycin alone 
resulted in decreased FAO‑related enzymes and ATP production 
along with decreased survival, likely because excessive autophagy 

can cause cell death (31). With SREBP1‑mediated autophagy 
already activated under hypoxic conditions, further autophagy 
induction likely promoted cell death. Although research on this 
is still limited, other studies have reported that leptin‑induced 
autophagy simultaneously activates FAO and ATP production 
and increases SREBP1 expression, promoting lipogenesis (45). 
However, this effect was observed only in ER‑positive cells 

Figure 7. SREBP1, analyzed through SREBF1 mRNA expression, serves as a prognostic marker for survival outcomes among patients with triple nega‑
tive breast cancer. The recurrence‑free survival and distant metastasis‑free survival rates of (A) ER+/PR‑/HER2‑(n=200 and 118, respectively) and 
(B) ER‑/PR‑/HER2‑(n=392 and 306, respectively) patients with breast cancer were analyzed over 250 months using Kaplan‑Meier plots to assess the impact 
of SREBF1 mRNA expression. SREBF1, sterol regulatory element‑binding transcription factor 1; ER, estrogen receptor; PR, progesterone receptor; HER2, 
human epidermal growth factor receptor 2; HR, hazard ratio.
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under normoxic conditions and was not assessed in TNBC cells 
under hypoxic conditions. Thus, the present findings contribute 
to understanding the mechanisms linking SREBP1‑mediated 
lipogenesis, autophagy and FAO in TNBC cells under hypoxia, 
suggesting new avenues for investigation.

The present study also demonstrated that SREBP1 
increases mitochondrial FAO‑related enzymes and ATP 
production in MDA‑MB‑231 cells under hypoxic conditions. 
Although oxidative phosphorylation is generally considered 
to be inhibited under hypoxic conditions, several studies have 
reported that ATP production by oxidative phosphorylation 
continues to occur even at low oxygen levels (46,47). Previous 
studies have provided a new perspective by revealing that the 
primary energy source for cancer cell survival in hypoxia is 
fatty acids rather than glucose (25). This suggests that FAO 
is an important metabolic pathway and a potential target for 
cancer therapy. The results of the present study also support 
this, demonstrating that FAO remains active and generates 
ATP even under hypoxic conditions in MDA‑MB‑231 cells.

The present study has some limitations. First, the study 
focused on three representative cell lines for each breast cancer 
subtype. While this approach has significantly enhanced our 
understanding of the unique role of SREBP1 in MDA‑MB‑231 
cells under hypoxic conditions, further studies using addi‑
tional TNBC cell lines and tissues are needed to validate these 
findings. Second, the study lacks detailed mechanistic data for 
MCF‑7 cells under hypoxia. In this cell line, precursor SREBP1 
levels remained unchanged, while mature SREBP1 levels 
significantly decreased, suggesting differential regulation of 
SREBP1 processing or stability compared to MDA‑MB‑231 
cells, where both forms were increased. Moreover, discrep‑
ancies between LC3 levels of IF and western blot in MCF‑7 
cells may reflect differences in LC3 spatial distribution or 
dynamics under hypoxia and fatostatin treatment. In contrast, 
MDA‑MB‑231 cells showed consistent results across both 
methods, suggesting more straightforward regulatory mecha‑
nisms. These findings underscore the complexity of SREBP1 
and LC3 regulation in MCF‑7 cells, warranting further inves‑
tigation to fully understand these processes.

In conclusion, the present study revealed that 
SREBP1‑mediated lipogenesis and autophagy signifi‑
cantly increase under hypoxic conditions, which is 
essential for the survival of MDA‑MB‑231 cells. The inter‑
action of SREBP1‑mediated lipogenesis and autophagy is 
likely to promote ATP production via FAO to support cell 
survival. Furthermore, the results suggest that SREBP1 may 
serve as a promising prognostic marker for TNBC. These 
findings demonstrate that a therapeutic strategy that targets 
SREBP1‑mediated lipid reprogramming and autophagy 
together may offer a promising approach to address the 
limitations of existing therapies.
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