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(ERs) and progesterone receptors (PRs), as well as human 
epidermal growth factor receptor 2 (HER2). It is the most 
aggressive subtype of breast cancer, affecting about 15–
20% of total breast cancer cases. Compared with other sub-
types, TNBC tumors are associated with higher histologic 
grade and larger tumor size (1, 2). The current standard 
regimen for TNBC patients is a combination of surgery and 
chemotherapy (3), which often fails to effectively slow 
down the tumor progression. Hence, TNBC patients have 
lower overall survival (81% vs. 91%) and disease-free sur-
vival (72% vs. 86%) compared with non-TNBC patients 
(4). Given the lack of ER and HER2 in this subtype, there 
is no molecular characterization that allows this subtype to 
be targeted.

Uncontrolled proliferation of cancer cells is metaboli-
cally demanding. The metabolic pathways utilized by can-
cer cells to sustain high-energy demands and biosynthesis 
differ from those employed by healthy cells (5). Chal-
lenged by hostile environments such as hypoxia and acute 
interruptions in nutrient availability, cancer cells typically 
develop metabolic plasticity, which enables the utilization 
of available nutrients as bioenergetic substrates. This meta-
bolic flexibility allows maintained ATP production under 
varying physiological and pathological conditions and is 
primarily regulated by substrate concentration, hormone 
levels, blood flow, oxygen supply, and workload (6).

Cancer-associated changes in cellular metabolism may also 
be a direct consequence of oncogenic signal transduction. 
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AKT activation augments the Warburg effect and renders 
the cancer cells addicted to glucose (7). Myc protein pro-
motes mitochondrial glutaminolysis and glutamine ad-
diction by shunting glucose away from mitochondrial 
metabolism (8). Cancer cells that fail to demonstrate meta-
bolic flexibility during nutrient deprivation could become 
vulnerable in their survival (9). Hence, metabolic vulnerabili-
ties exhibited by cancer cells can be targeted for cancer 
management (6, 10).

Alterations in lipid- and cholesterol-associated pathways 
encountered in tumors are now increasingly recognized 
and more frequently described (11, 12), but not completely 
understood. Many cancer types show a strong lipid avidity, 
in which increasing uptake of exogenous lipid sources (13) 
or overactivation of endogenous lipid synthesis (14) is ob-
served. Fatty acid binding protein 7 (FABP7), a member of 
the FABP intracellular lipid chaperone family, has been 
shown to be upregulated in TNBC compared with other 
breast cancer subtypes (15, 16). FABPs regulates lipid me-
tabolism by increasing fatty acid uptake (17), fatty acid oxi-
dation (FAO) (18), and lipolysis (19). Yet, in TNBC, 
correlation of FABP7 expression and disease prognosis is 
debatable. While one study showed that FABP7 expression 
correlates with lower overall and recurrence-free survival 
(20), several have shown that FABP7-positive basal tumors 
(synonymous with TNBC) are associated with better prog-
nosis (21, 22). It is unclear, at this point, how FABP7-gov-
erned pathways impact the survival of TNBC.

In this study, we explored the roles of FABP7 in adapta-
tion to nutrient depletion in TNBC cell lines. We showed 
that overexpression of FABP7 decreased the viability of 
Hs578T cells during serum starvation. This led to cell-cycle 
arrest and a significant increase in cell death. We further 
showed that this phenotype was mediated by PPAR--
regulated genes.

MATERIALS AND METHODS

Cell culture
All cell lines used in this study were purchased from American 

Type Culture Collection (Gaithersburg, MD). They were cultured 
in medium according to the manufacturer’s protocol and supple-
mented with 10% FBS and 1% penicillin/streptomycin (Life 
Technologies, Grand Island, NY), unless specified otherwise. 
Hs578T, MCF7, MDA-MB-231, and MDA-MB-435S were main-
tained in DMEM high glucose while BT474 was cultured in MEM. 
The cell lines were incubated at 37°C and 5% CO2 atmosphere.

For nutrient-deprivation experiments, the cells were first 
seeded in complete medium (10% FBS). The next day (hereafter 
referred to as 0 h), the cells were washed once with PBS and 
replaced with nutrient-deprived medium. For the glucose- and 
glutamine-starvation experiments, 10% FBS were added into the 
basal medium. Basal medium used for glucose starvation was 
glucose-free DMEM (Life Technologies, catalog no. 11966-025) 
that contained 4 mM l-glutamine. For the glutamine-starvation 
experiment, glutamine-free DMEM (Life Technologies, catalog 
no. 11960-044) containing 25 mM glucose was used. The serum-
starvation experiment mimicked a culture condition with deprived 
lipids. The cells were challenged with serum-free DMEM (Life 
Technologies, catalog no. 11965-092) that contains high glucose 

(25 mM) with l-glutamine (4 mM), but without sodium pyruvate, 
HEPES, lipids, and growth factors.

The PPAR- antagonist (GW6471) was obtained from Santa 
Cruz Biotechnology (Santa Cruz, CA) and used at a nonlethal 
concentration (2 M).

Data mining at GEO database
A microarray profile of selected TNBC was obtained from the 

publicly available Gene Expression Omnibus (GEO) database. 
The search keyword used was “triple negative breast cancer,” and 
the results were filtered with “Homo sapiens.” The search was con-
ducted from September 1 to 30, 2018.

Generation of FABP7-transduced TNBC cell lines
TNBC cell lines Hs578T and MDA-MB-231 were transduced 

with FABP7 gene using Thermo Scientific Precision LentiORF 
constructs at MOI 10 (Clone ID: PLOHS_100004067). For their 
control counterparts, the cells were transduced with Precision 
LentiORF RFP (catalog no. OHS5833). The transduced cells were 
selected with blasticidin for 30 days to generate stable cell line.

MTT assay
Cells were seeded in 96-well plates and subjected to different 

growth conditions. At time of termination, 10 l of methyl thiazo-
lyl tetrazolium (MTT) solution (5 mg/ml) (Sigma, St. Louis, MO) 
was added into each well for 4 h, before the addition of 100 l of 
10% sodium dodecyl sulfate (SDS) to dissolve the formazan crys-
tals overnight. Absorbance was measured at 575 nm with refer-
ence to 650 nm. All experiments were performed in triplicate and 
repeated three times.

RNA extraction and qRT-PCR
Total RNA extraction was carried out using Trizol (Invitrogen, 

Carlsbad, CA) following the recommended protocol. About 500 
ng of RNA was converted into cDNA using DyNAmo cDNA syn-
thesis kit (Finnzymes, Vantaa, Finland). For quantitative RT-PCR 
(qRT-PCR), 5 ng/l cDNA template was added into pool solution 
containing 5× HOT FIREPol EvaGreen qPCR Mix (Solis Biodyne, 
Tartu, Estonia), 10 pmol/l forward and reverse primers, and 
UltraPure distilled water. ABI StepOne Plus (Applied Biosystem, 
Foster City, CA) was used, and 40 cycles of amplification were per-
formed. The expression of metabolic genes was normalized to 
housekeeping genes 18S rRNA and ribosomal protein L13a. 
Sequence of the primers used is described in supplemental Table S1.

Protein extraction and Western blotting
Protein lysate was harvested by scraping the cells in cold PBS. 

After centrifugation, PBS was discarded, and the cells were incu-
bated in lysis buffer (0.1% Triton X-100, 0.1% SDS, 50 mM Tris, 
150 mM NaCl, 1× phosphatase, and 1× protease inhibitors) for 
30 min on ice. The mixture was centrifuged for 20 min, and su-
pernatant was collected as protein lysate. Protein concentration 
was quantified using Bradford assay (Bio-Rad, Hercules, CA). A 
total of 30 g of protein was resolved on 15% SDS-PAGE prior to 
transferring on PVDF membrane. Target proteins were detected 
using primary Abs FABP7 (Cell Signaling Technology) and 
ECL prime Western blotting detection reagent (Amersham, 
GE Healthcare Lifesciences, Sweden) before being visualized 
with gel-documentation system (Biospectrum 410, UVP).

BrdU cell-proliferation assay
The BrdU cell-proliferation assay kit (Cell Signaling Technol-

ogy, Beverly, MA) was used to measure the cell-proliferation rate 
at 24, 48, and 72 h after serum starvation. The data were normal-
ized to their counterparts cultured in complete medium. The 
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cells were incubated with 10X BrdU solution for three h, prior to 
fixation for 30 min and staining with 1× BrdU Detection Antibody 
for 1 h. The stained cells were washed and incubated with 1× HRP-
conjugated secondary antibody solution for 30 min, before TMB 
solution was added. STOP solution was added after 15 min, and 
absorbance was read at 450 nm.

Cell-cycle analysis with propidium iodide
Cell-cycle analysis was conducted on the cells at 0, 24, 48, and 

72 h after serum starvation. The cells were fixed with 70% ethanol 
at 4°C for 30 min, before two washes with PBS. Enzymatic removal 
of RNA was achieved by incubating the cells with 100 g/ml 
RNase for 15 min before DNA staining with 50 g/ml propidium 
iodide. The cells were analyzed using a BD FACSCanto II flow cy-
tometer, and the cell-cycle distribution of the cell was analyzed 
with Modfit LT software. The samples were run in triplicates, and 
the mean value was calculated.

Annexin V apoptosis assay
Cells were harvested for apoptosis assay at 0, 24, 48, and 72 h 

after serum starvation. Floating cells in the culture medium and 
the trypsinized cells were collected and washed once with ice-cold 
PBS, before they were resuspended in 100 l of assay buffer (1 
part buffer: 9 parts distilled water) with 5 l of annexin V-PE and 
5 l of 7AAD (BD Bioscience, Franklin Lakes, NJ). The cells were 
vortexed gently and kept in the dark for 15 min, before adding 
400 l of buffer. The staining was analyzed using a BD FACSCanto 
II flow cytometer and viewed using FACS DiVa Software (BD Bio-
science, San Jose, CA). All samples were run in triplicates, and 
mean value was calculated.

Metabolic activity assays
GAPDH, glutaminase (GSL), and FAO enzyme activities were 

measured using calorimetric assay kits from Biomedical Research 
Service Center, State University of New York (Buffalo, NY). All 
samples were harvested using 1× Cell Lysis Solution. Protein con-
centration of the samples was assessed with a Bradford assay and 
normalized to 1 mg/ml. GAPDH activity was measured using 
GAPDH enzyme assay kit (catalog no. E-101). Briefly, 10 l of 
sample or water (as blank) was incubated in 50 l of GAPDH assay 
solution. After gentle agitation, the plate was kept in a non-CO2 
incubator at 37°C for 60 min. For GSL assay (catalog no. E-133), 
10 l of sample was incubated in either 40 l of glutamine solu-
tion or water. Following a 2 h incubation period in a non-CO2 in-
cubator at 37°C, 50 l of TA assay solution was added, and the 
plate was further incubated for another 1 h. For FAO enzyme as-
say (catalog no. E-141), 50 l of FAO Assay Solution or control 
solution was added to 10 l of the protein sample. The plate was 
kept in a non-CO2 incubator at 37°C for 60 min. All experiments 
were terminated by adding 50 l of 3% acetic acid, and the plate  
was read at optical density of 492 nm (OD 492) with a spectropho-
tometer. Blank reading was subtracted from the sample reading. 
GAPDH activity in IU/l unit was determined by multiplying 
OD by 16.98. Glutaminase (GLS) activity in IU/l unit = mol/
(l·min) = (OD × 1,000 × 150 l) ÷ (120 min × 0.6 cm × 18 × 10 l) = 
OD × 11.58. For FAO assay, the subtracted OD represents the 
FAO activity of the sample.

Measurement of OCR
Basal oxygen consumption rate (OCR) was carried out with a 

Mito Fuel Flex Test Kit on XFe96 Bioanalyzer (Agilent). Briefly, 
4,000 cells were seeded on a Seahorse XF96-well assay plate in 
complete medium. The cells grown in complete medium were 
terminated at 24 h after seeding. For the serum-starvation experi-
ment, the cells were left incubated overnight before they were 

washed with PBS and incubated in serum-free medium for 24 h. 
Upon termination, all wells were replaced with assay medium, and 
baseline OCR was immediately measured for 18 min. The basal 
OCR was normalized to protein concentration of the cells.

Immunofluorescence staining
The cells were seeded on a coverslip in complete medium. Af-

ter overnight incubation, the cells were either harvested or chal-
lenged with serum-free medium for 24 h. The cells were fixed 
with 4% formaldehyde for 30 min, washed with PBS, and permea-
bilized in 0.1% Triton X-100 for 1 h. The cells were incubated 
with FABP7 primary antibody (1:2,000; Cell Signaling catalog 
no. 13347S) and PPAR- primary antibody (1:400; Santa Cruz 
Biotechnology, catalog no. sc-398394), followed by Alexa Fluor 
488 donkey anti-rabbit IgG and Alexa Fluor 647 goat anti-mouse 
IgG (Invitrogen, Thermofisher Scientific). The incubation time 
was 90 min for primary antibody and 60 min for secondary anti-
body. The cells were washed three times with PBS after staining 
with each antibody. All the procedures were carried out on ice. 
The coverslips were mounted with 4′,6-diamidino-2-phenylindole 
(DAPI) mounting medium (Vector Laboratories Cat#H-1200) 
and analyzed with a Leica TCS SP5 II laser microscope (Leica, 
Heidelberg, Germany) using 60× objective.

Statistical analysis
Statistical analysis assessing the difference between the means 

of two groups was performed using Student’s t-test with Graph-
Pad-Prism (GraphPad Software, San Diego, CA). A P-value <0.05 
was considered statistically significant.

RESULTS

FABP7 overexpression decreased viability of Hs578T, but 
not MDA-MB-231, cells in serum starvation

The expression of FABP7 was determined in human 
breast cancer tissues and TNBC cell lines. Analysis from the 
GEO database (dataset GSE65194) revealed that FABP7 ex-
pression was significantly higher in TNBC (n = 55) com-
pared with non-TNBC (n = 98) subtypes (Fig. 1A). When 
examined in a panel of breast cancer cell lines, FABP7 
showed low expression in all cells including MCF7 (lumi-
nal A), BT474 (luminal B), MDA-MB-231, and Hs578T 
(TNBC) cells, when compared with MDA-MB-435S, a mela-
noma cell line reported to express high FABP7 (Fig. 1B). 
Correspondingly, FABP7 protein was not detected in these 
breast cancer cell lines (Fig. 1C).

To understand the functional role of FABP7 in TNBC 
cells, we established FABP7-overexpressing Hs578T and 
MDA-MB-231 TNBC cells by transduction using lentiviral 
particles containing FABP7 open reading frame (Hs-FABP7 
and 231-FABP7, respectively) and their control counter-
parts using lentiviral particles containing red fluorescent 
protein (Hs-RFP and 231-RFP, respectively) (Fig. 1D). 
When the cells were cultured in complete medium for 72 
h, there was no difference in cell growth between cells ex-
pressing FABP7 and their respective RFP controls (Fig. 2). 
However, when cultured in glucose- or glutamine-deprived 
condition, both FABP7-overexpressing cells and RFP con-
trols demonstrated substantial reduction in cell viability 
with greater effect observed in glucose-deprived than gluta-
mine-deprived medium (Fig. 2A,B).
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Interestingly, when lipids were significantly reduced dur-
ing serum starvation, overexpression of FABP7 resulted in 
decreased viability of Hs578T cells (Fig. 2C). At 24 h after 
serum starvation, the cell viability of Hs-FABP7 cells de-
creased by 10%, which progressively decreased to approxi-
mately 70% at 72 h after starvation (P < 0.0001 vs. Hs-RFP 
cells). Cell viability of Hs-RFP cells was not affected by se-
rum starvation, indicating that the decreased viability in 
Hs-FABP7 cells may be related to FABP7 expression. This 
phenotype appeared to be specific to Hs578T cells, as 
FABP7 expression did not affect the viability of MDA-
MB-231 cells in serum-free medium (Fig. 2C).

Decreased viability of Hs-FABP7 cells in serum starvation 
was due to reduced proliferation, cell-cycle arrest, and cell 
death

The reduction in cell viability of Hs-FABP7 cells during 
serum starvation resulted from a decrease in cell prolifera-
tion. Hs-FABP7 cells demonstrated a 70% reduction in 
BrdU uptake as early as 24 h after serum starvation, whereas 
the control Hs-RFP cells only showed a decrease by 20% 
(Fig. 3A). The nonresponsive MDA-MB-231 cells main-
tained their proliferation rate in the range of 85–89% dur-
ing serum starvation, regardless of FABP7 expression.

Flow-cytometry analysis showed that FABP7 induced cell-
cycle arrest in Hs578T cells during serum starvation (Fig. 
3B and supplemental Fig. S1). Hs-RFP cells showed a 
higher distribution of cells (80%) in G1 phase through-
out serum starvation, indicating that the cells were able to 
complete the cell cycle and proliferate, parallel to in-
creased cell viability over time. In contrast, Hs-FABP7 cells 
demonstrated a consistently higher percentage of cells in S 

and G2 phase upon serum starvation. For instance, at 48 h 
after serum starvation, 24% of Hs-FABP7 cells were accu-
mulated in S phase and 8.23% in G2 phase, whereas only 
5.15% and 1.99% of Hs-RFP cells were detected at S and G2 
phase (P = 0.0052 for S phase and P = 0.0241 for G2 phase). 
The percentage of cells in S/G2 phase increased to 40.15% 
in Hs-FABP7 cells compared with 14.29% in Hs-RFP cells at 
72 h after serum starvation. Cell arrest in S/G2 phase in 
Hs-FABP7 cells may partly contribute to the decreased cell 
viability during serum starvation. This effect was not ob-
served in MDA-MB-231 cells (Fig. 3B).

The decrease in Hs-FABP7 cell viability during serum 
starvation was potentially attributed to apoptosis and ne-
crosis (Fig. 3C). More necrotic cell death and late apopto-
sis was observed in Hs-FABP7 cells (34.26% and 21.3%) 
than in Hs-RFP cells (18.83% and 4.63%) at 72 h after se-
rum starvation (P < 0.0001). Upon serum starvation, in-
creasing cell death was observed in MDA-MB-231 cells, but 
with no significant difference observed between 231-RFP 
and 231-FABP7 cells. Taken together, the decreased cell 
viability in Hs-FABP7 cells during serum starvation was due 
to reduced proliferation rate, cell cycle arrest at S and G2 
phase, and cell death.

Perturbations in the metabolism and mitochondrial 
oxygen consumption in Hs-FABP7 cells during serum 
starvation

Given the role of FABP7 in fatty acid metabolism, we in-
vestigated the mechanism of FABP7-induced cell death by 
exploring a panel of genes and enzyme activities involved 
in the metabolism of glucose, glutamine, and fatty acid 
(Fig. 4 and supplemental Figs. S2, S3).

Fig.  1.  Generation of FABP7-overexpressing TNBC cells. A: The result shows data mining on FABP7 expression in non-TNBC versus TNBC 
tumors from online database Geodataset. *** P < 0.0001. FABP7 mRNA (B) and protein expressions (C) of breast cancer cell lines were ana-
lyzed using qRT-PCR and Western blotting, respectively. D: Western blot was performed for FABP7 protein detection to confirm FABP7 ex-
pression posttransduction in the selected TNBC cell lines. Data represent the mean ± SEM of duplicates and are representative of two 
independent experiments.
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In complete medium, despite the increase in glucose 
transporter 1 (GLUT1) mRNA expression, glycolysis-related 
genes phosphofructokinase 1 (PFK1) and GAPDH remained 
unchanged in Hs-FABP7 cells, whereas the genes regulat-
ing FAO, carnitine palmitoyltransferase 1A (CPT1A), 
and medium-chain acyl-CoA dehydrogenase (MCAD) were 

markedly upregulated (Fig. 4A). In Hs-FABP7 cells, the ex-
pression of GLS1, encoding the rate-limiting enzyme 
for glutaminolysis, was not significantly different than 
in Hs-RFP cells. When cultured in complete medium, 
Hs-FABP7 cells did not show any differences in GAPDH, 
GLS, and FAO activities when compared with Hs-RFP cells 

Fig.  2.  The effect of FABP7 on TNBC cell viability in various nutrient-deprived conditions. MTT assay was used to investigate the viability 
of Hs578T and MDA-MB-231 cells in glucose-starved (A), glutamine-starved (B), and serum-starved (C) conditions. The cells were cultured 
in either complete medium or nutrient-deprived medium. Data represent the mean ± SEM of triplicates and are representative of three in-
dependent experiments. ** P < 0.001; *** P < 0.0001. CM, complete medium; SFM, serum-free medium.
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Fig.  3.  Decreased viability of Hs-FABP7 cells in serum starvation was due to decreased proliferation, cell- 
cycle arrest, and cell death. A: Proliferation of Hs578T and MDA-MB-231 cells cultured in serum-starved con-
ditions and in complete medium for 24, 48, and 72 h was measured using BrdU assay. Data shown are the 
mean ± SEM of triplicates and are representative of two independent experiments. B: Effects of FABP7 on cell 
cycle in serum starvation were detected by flow cytometry using propidium iodide staining. The analysis on 
cell-cycle distribution were performed using Modfit LT software. Data shown are the mean ± SEM of triplicates 
and are representative of three independent experiments; coefficient of variation (CV) values shown were 
also the average of the triplicates. C: Percentage of necrotic and apoptotic cells was measured using an an-
nexin V/7-AAD apoptosis assay. Data shown are the mean ± SEM of triplicates and are representative of two 
independent experiments. The P value represents the statistical significance when the Hs-FABP7 group was 
compared with the control group. * P < 0.05; ** P < 0.001; *** P < 0.0001.
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Fig.  4.  FABP7 altered the metabolism in Hs578T cells during serum starvation. A: Diagram showing genes involved in glycolysis, glutami-
nolysis, and FA metabolism, as highlighted in the box. The heatmap compares the expression of metabolic genes in FABP7-overexpressing 
cells to control cells cultured in complete medium and serum-free medium. The genes were normalized to housekeeping gene 18S rRNA. 
Data represent the mean ± SEM of duplicates and are representative of two independent experiments. Enzymatic assays evaluating GAPDH 
(B), GLS (C), and FAO (D) activities were conducted. Data shown are mean ± SEM of duplicates. E: Basal OCR of the cells (n = 18 for each 
group) was measured with a Seahorse Mito Fuel Flex Test Kit. Data shown are mean ± SEM of replicates, a representative of two experiments. 
* P < 0.05; ** P < 0.01; *** P < 0.0001. CM, complete medium; SFM, serum-free medium.
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(Fig. 4B–D). Subsequently, mitochondrial OCR was similar 
in Hs-FABP7 cells and in the control Hs-RFP cells (Fig. 4E).

However, when challenged with serum starvation, a 
widespread downregulation of glucose and glutamine me-
tabolism-related genes were observed in Hs-FABP7 cells 
when compared with Hs-RFP cells. Interestingly, despite 
the absence of serum (lipids) during serum starvation, the 
gene expression of CPT1A and MCAD was about 2-fold 
higher in Hs-FABP7 cells than Hs-RFP cells (Fig. 4A). Se-
rum starvation generally decreased glycolytic enzyme activ-
ity in Hs578T cells, but FABP7-overexpressing cells had a 
further 30% reduction (P = 0.0121) in GAPDH activity 
compared with Hs-RFP cells (Fig. 4B). Although GLS activ-
ity remained not significantly different in both cells during 
serum starvation, GLS activity was significantly lower (P = 
0.0296) in Hs-FABP7 cells cultured in serum starvation 
than in complete medium (Fig. 4C). Interestingly, FAO  
activity in Hs-FABP7 remained similar with the control 
Hs-RFP cells (Fig. 4D), despite upregulation of FAO-related 
genes. This may be explained by the lack of fatty acid in the 
culture medium to activate the metabolic pathway. Conse-
quently, mitochondrial oxidative capacity of both Hs-RFP 
and Hs-FABP7 cells was generally lower during serum star-
vation (P = 0.0001 for both cells); however, Hs-FABP7 cells 
had much lower OCR (16.69 pmol/min/µg) compared 
with Hs-RFP cells (21.7 pmol/min/µg) (P < 0.05) (Fig. 
4E). These data indicate a lower mitochondrial oxidative 
capacity particularly in Hs-FABP7 cells, probably due to 
limited bioenergetic substrates during serum starvation.

It is worthwhile to note that, unlike Hs578T, MDA-
MB-231 cells showed a rather different metabolic profile, 
as indicated by the expression of metabolic genes (Fig. 4A 
and supplemental Fig. S2B). When cultured in complete 
medium, although FABP7 was not affecting the cell viabil-
ity, glycolysis was upregulated in 231-FABP7 cells, with 
about a 1.7-fold increase in GAPDH expression. Mean-
while, a 4-fold decrease in GLS1 expression was observed, 
indicative of a downregulation of the glutaminolysis path-
way. Upon serum starvation, 231-FABP7 cells demonstrated 
a marked increase in glucose and glutamine metabolism-
related genes, with more than 4-fold increase in GLUT1 
and GLS1 expression.

Taken together, our data show that Hs-FABP7 cells, 
when challenged with a serum-starved condition, were not 
able to metabolically adapt and effectively utilize other 
available energetic substrates, especially glucose, and, as a 
consequence, could not survive.

PPAR- signaling mediated FABP7-induced cell death in 
Hs578T cells under serum starvation

The upregulation of CPT1A and MCAD mRNA, accom-
panied with a downregulation of Glut1 mRNA in Hs-FABP7 
cells, indicated a possible role of PPAR- signaling, as these 
genes are direct targets of PPAR- transcription factor. Im-
munofluorescence staining showed that the expression of 
PPAR- protein was increased in the nucleus during serum 
starvation (Fig. 5A and supplemental Fig. S4A). Similarly, 
FABP7 protein was observed to translocate into the nucleus 
(Fig. 5A and supplemental Fig. S4B) in Hs-FABP7 cells 

upon serum starvation, potentially acting as fatty acid chap-
erones to deliver ligands to PPAR- protein (23). This sug-
gests that nuclear localization of FABP7 enhanced the 
action of PPAR- transcriptional activity during serum star-
vation in Hs-FABP7 cells.

To investigate whether PPAR- activation was respon-
sible for FABP7-mediated inhibition of cell viability in 
Hs-FABP7 cells, we treated the cells with a PPAR--specific 
inhibitor (GW6471). In both Hs578T and MDA-MB-231 
cells, treatment of GW6471 at a concentration of 2 M in 
complete medium had no significant effect on cell viability 
(Fig. 5B). Yet, the same concentration of GW6471 reversed 
the cell-growth inhibition observed in Hs-FABP7 cells when 
exposed to serum-starved conditions (Fig. 5B and supple-
mental Fig. S5). Subsequent gene-expression analysis re-
vealed that PPAR- target genes were downregulated 
(CPT1A: 2.43-fold; MCAD: 1.54-fold), when compared 
with vehicle-treated cells (Fig. 5C). A significant 2-fold 
increase of GLUT1, PFK1, glucose-6-phosphate dehydro-
genase (G6PD), and isocitrate dehydrogenase 1 (IDH1) 
mRNA expression was observed in GW6471-treated  
Hs-FABP7 cells (Fig. 5C), indicating that the rescue of 
cell viability may be due to the switch from lipid to glucose 
as bioenergetic substrates in these cells. Taken together, 
FABP7-induced cell death in Hs578T cells during serum 
starvation is due to activated PPAR- signaling.

DISCUSSION

In this study, we showed that overexpression of FABP7 
disabled TNBC cell line Hs578T to metabolically adapt 
during serum starvation. FABP7-overexpressing cells failed 
to efficiently utilize glucose as bioenergetics substrates, 
when challenged with serum starvation. This was accompa-
nied by increased expression of genes controlling FAO as it 
attempts to utilize free fatty acids liberated by lipolysis from 
the lipid storage that resulted from preexposure to com-
plete medium (24). However, as free fatty acid storage was 
depleted, serum-starved FABP7-overexpressing cells were 
not able to further metabolically adapt and sustain ATP 
production. The failure of the cells to efficiently utilize glu-
cose for ATP generation leads to cell death. We further 
showed that the metabolic impact of FABP7 in Hs578T 
cells during serum starvation is mediated by PPAR- 
signaling.

FABP7 is predominantly expressed in the nervous system 
and mammary gland. In the mammary gland, FABP7 inhib-
its proliferation and promotes differentiation of mammary 
cells (25). Similarly, in the nervous system, FABP7 is in-
volved in the differentiation of neurons and development 
of the cortex (26, 27). The expression of FABP7 at the edge 
of astrocytes also suggested that FABP7 may regulate the 
motility of astrocytes by increasing the uptake of polyun-
saturated fatty acids (28). Yet, the evidence of FABP7 ex-
pression in TNBC cell lines was rather limited (20, 29). A 
previous study demonstrating the function of endoge-
nous FABP7 in TNBC was reported using MDA-MB-435S, a 
melanoma cell line formerly misidentified as a TNBC cell 
line (30). Our study, however, provides evidence on the 
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role of FABP7 as a mediator for tumor cell death during 
nutrient-deprived conditions. This finding indicates an 
anti-tumorigenic role of FABP7 in TNBC, which is medi-
ated by specific nutrient availability.

The metabolic vulnerabilities of FABP7-overexpressing 
Hs578T cells resulted in S/G2-phase arrest, which subse-
quently led to cell death. Serum starvation typically induces 
cell-cycle arrest at G1 phase (31, 32), which is observed in 
Hs-RFP and MDA-MB-231 cells. These cells were able to 
proliferate, despite a lower proliferation rate, indicating 
that the lower mitochondrial activity in these cells during 
serum starvation was sufficient to overcome the metabolic 
checkpoint and complete the cell cycle (33). Hs-FABP7 
cells, however, arrested at the S/G2 phase. G2 arrest has 
been described as another growth-restricting mechanism 
in mitogen-starved conditions, likely due to elevated E2F 
activity (34). Cell arrest could potentially lead to cell death, 
in which both apoptosis and necrosis were observed in 
Hs-FABP7 cells upon serum starvation. Apoptosis is a cellular 
suicide program triggered by stress signals such as nutrient 
deprivation, which results in the execution of caspase-
mediated cell death (35). Serum starvation has been shown 

to induce apoptosis in hepatocellular carcinoma cells (36) 
and MCF7 breast cancer cells (37), in which the latter 
was associated with an altered ratio of apoptosis regulating 
proteins Bax and Bcl-2. Necrosis, on the other hand, may 
occur when the minimal bioenergetic demands are not 
met (38), a condition similar to our observations where 
Hs-FABP7 cells may have limited bioenergetic substrates 
during serum starvation. In fact, there are common media-
tors of apoptosis and necrosis, which could potentially con-
tribute to the two modes of cell death observed in our 
model (39). It is worth noting that FABP7 did not induce 
cell death in MDA-MB-231 cells during serum starvation, 
indicating that this cell line is probably more resilient to 
nutrient deprivation than Hs578T cells. The disparity in 
the response of Hs578T and MDA-MB-231 cells to serum 
starvation may also be attributed to differences in their 
metabolic profiles (40). Hence, it would be worthwhile to 
examine other TNBC cells with differing metabolic pro-
files, in delineating the molecular heterogeneity involved 
in cell death induced by metabolic vulnerabilities.

During serum starvation, cancer cells sense and adapt to 
nutrient deprivation by upregulating glucose metabolism 

Fig.  5.  FABP7-induced cell death in Hs578T cells 
during serum starvation was mediated by the action of 
PPAR- signaling. A: Confocal microscopy of immuno-
fluorescence staining of FABP7 (green) and PPAR- 
(red) proteins in Hs578T and MDA-MB-231 cells after 
culture in either complete medium or serum-free me-
dium for 24 h. Blue, DAPI. Scale bar, 50 m. Data 
shown are representative of two independent experi-
ments. B: Cells were treated with PPAR- inhibitor 
GW6471 (2 M) in complete or serum-starved me-
dium for 72 h, before analyzing for cell viability using 
an MTT assay. Data shown are mean ± SEM of tripli-
cates; this is a representative of three independent ex-
periments. *** P < 0.0001. C: mRNA expression of key 
metabolic genes after treatment with 2 M GW6471 
in Hs-FABP7 cells for 24 h in serum starvation when 
compared with vehicle-treated cells. The genes were 
normalized to housekeeping gene 18S rRNA. CM, 
complete medium; SFM, serum-free medium.
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(41, 42), besides releasing fatty acids from the lipid droplet 
through lipolysis for  oxidation (24). Central to such 
adaption, PPAR- is known to be a lipid sensor that main-
tains cellular energy homeostasis. It is a ligand-activated 
class of nuclear hormone receptor that binds to peroxi-
some proliferator response elements (PPREs) to induce 
transcription of genes such as lipid processing. Its activa-
tion aims at increasing lipid combustion in order to yield 
more energy production, especially in a challenged envi-
ronment (43). It was shown in rat hepatocytes that PPAR- 
expression is increased by fasting- and starvation-induced 
glucocorticoids (44), suggesting the role of PPAR- to 
maintain cell survival.

In our model, increased PPAR- expression was ob-
served when the cells were serum-starved, possibly as an 
adaptation strategy of the cells. The activation of PPAR- 
was observed in Hs-FABP7 cells during serum starvation, as 
reflected in the increase of PPAR- target genes, CPT1A 
and MCAD, which are involved in fatty acid mitochondrial 
uptake and oxidation (45). Our observation may indicate 
the usage of fatty acids liberated from lipid droplets as the 
substrates for FAO. However, the attempt of the cells to 
survive serum starvation failed as the lipid storage was lim-
ited and fatty acids were absent in the serum-free media. In 
addition, PPAR- activation also potentially inhibited glucose 
metabolism by targeting the consensus PPRE motif in the 
promoter region of Glut1, hence repressing its transcrip-
tion (46). As a result, Hs-FABP7 cells could not efficiently 
utilize glucose as bioenergetic substrates when serum-
starved, which eventually led to cell death.

Our data suggest that PPAR--induced changes are 
FABP7-dependent. Literature evidence shows that in Cos-7 
cells where FABPs and PPAR- are not detected, transfec-
tion of the proteins showed that PPAR- activity is ampli-
fied by FABP1 and FABP2 (47). In another study, PPAR- 
transactivation is proportional to levels of L-FABP in hu-
man hepatoma HepG2 cells line (48). In our model, upon 
serum starvation, increased nuclear FABP7 expression was 
observed, suggesting the role of FABP7 as fatty acids chap-
erones to transport PPAR- ligands into the nucleus for 
PPAR- activation. In murine L cells, transduction with 
FABP1 had dramatically enhanced the uptake of fatty acid 
into the nucleus (49). Incubation of rat liver nuclei with 
fluorescence-tagged FABP1 together with fatty acids dem-
onstrated a strong fluorescence response in the nuclei, 
which otherwise did not happen when fatty acids were absent 
(50). There has been evidence indicating physical interac-
tion between FABP1 and PPAR- in primary hepatocytes 
(51). Ablation of L-FABP gene expression significantly im-
paired fatty acid distribution in the nucleus and affected 
PPAR- activation in these cells (52). Hence, whether 
FABP7 and PPAR- require direct contact to induce cell 
death in TNBC needs to be further investigated. In short, 
our data suggest that FABP7 facilitates PPAR- activation in 
serum-starved condition by transporting its ligand (fatty ac-
ids) into the nucleus, before enhancing its transcriptional 
activity.

Our study provides an understanding on the role of 
FABP7 in regulating the metabolic adaptation of TNBC 

cell lines. Transcriptional activation of PPAR- in FABP7-
overexpressing cell can limit their metabolic plasticity 
when challenged with serum starvation and resulted in 
reduced survival of these cells. Hence, manipulating 
metabolic stress in cells expressing FABP7 protein may po-
tentially be an effective targeted therapeutic strategy in 
FABP7-positive TNBC patients.
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