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ARTICLE INFO ABSTRACT

Background: c-Src is a driver oncogene well-known for tumorigenic signaling, but little for metabolic function.
Previous reports about c-Src regulation of glucose metabolism prompted us to investigate its function in other
nutrient modulation, particularly in lipid metabolism.

Methods: Oil-red O staining, cell growth assay, and tumor volume measurement were performed to determine
lipid amount and growth inhibitory effect of treatments in lung cancer cells and xenograft model. Gene expres-
sion was evaluated by immunoblotting and relative RT-PCR. Transcriptional activity of peroxisome proliferator-
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ng\v]::/r activated receptor gamma (PPARY) was assessed by luciferase assay. Reactive oxygen species (ROS) was
Src measured using ROS sensing dye. Oxygen consumption rate was evaluated by Seahorse XF Mito Stress Test.
FABP4 Clinical relevance of candidate proteins was examined using patient samples and public database analysis.

Lipid Findings: Inhibition of Src induced lipolysis and increased intracellular ROS. Src inhibition derepressed PPARYy
Lung cancer transcriptional activity leading to induced expression of lipolytic gene fatty acid binding protein (FABP) 4
which accompanies reduced lipid droplets and decreased tumor growth. The reverse correlation of Src and
FABP4 was confirmed in pair-matched lung cancer patient samples, and further analysis using public datasets
revealed upregulation of lipolytic genes is associated with better prognosis of cancer patients.
Interpretation: This study provides an insight of how oncogenic factor Src concurrently regulates both cellular sig-
naling pathways and metabolic plasticity to drive cancer progression.
Fund: National Research Foundation of Korea and Korea Health Industry Development Institute.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cancer metabolism, as one of key cancer hallmarks, has featured
metabolic rewiring or adaptation of cancer cells in utilizing nutrients
to overcome diverse pathophysiological stresses including oncogenic
signaling, nutrient availability, and oxygen concentration [1]. Nutrient
biochemistry has been extensively studied in cancer metabolism for
fundamental nutrients including glucose, amino acids, and lipid [2].
Calorie restriction or nutrient starvation has become believed to benefit
cancer patients for anti-cancer drug treatment [3]. Hence, targeting
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metabolic alteration would be considered as a novel therapeutic ap-
proach in cancer, in particular, with acquired drug resistance. These
days, understanding cancer metabolism has become more detailed
and complicated by linking to various oncogenic signaling pathways in-
volving c-Myc, hypoxia inducible factor 1ae (HIF1at), and K-ras [4]. The
intimidate connection of biochemistry and molecular oncology in nutri-
ent utilization would not only help better understanding of cancer biol-
ogy, but also become a milestone for metabolic therapeutics to
overcome anti-cancer drug resistance [1]. c-Src, an oncogenic non-
receptor tyrosine kinase, potentiates diverse intracellular signaling
cascades promoting cancer progression [5]. Recent studies for Src in-
volvement in cancer metabolism reported critical roles of Src in glucose
metabolism where it contributes to the Warburg effect or aerobic gly-
colysis by inactivating pyruvate dehydrogenase complex, and by

2352-3964/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2019.02.015&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ebiom.2019.02.015
yjeong@yonsei.ac.kr
Journal logo
https://doi.org/10.1016/j.ebiom.2019.02.015
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.ebiomedicine.com

T.N.M. Hua et al. / EBioMedicine 41 (2019) 134-145 135

Research in context

Evidence before this study

Reprogramming lipid metabolism associated with redox balance
control has been contributed to cancer development. As a driver
oncogene, c-Src is well-studied in cancer signaling pathways.
However, little is known for its involvement in cancer lipid
metabolism.

Added value of this study

This study investigated biological function, downstream regulator
and clinical relevance of oncogene Src regulating lipid metabolism
in lung cancer. We showed that inhibition of Src can induce lipol-
ysis by derepressing PPARYy activity which upregulates the expres-
sion of FABP4, a PPARY's target gene. As lipid droplets are known
as ROS scavenger, lipolysis induced by Src suppression consis-
tently increased ROS accumulation in an FABP4 dependent man-
ner. Furthermore, the negative correlation between Src and
FABP4 was confirmed in pair-matched patient samples as well
as from analyzing public database. This study also proposed lipo-
lytic regulators as potential prognostic biomarkers which can be
translated into the clinics.

Implications of all the available evidence

These findings expands our understandings of how oncogene Src
concurrently regulates cellular signaling pathways as well as met-
abolic plasticity to drive cancer progression. Moreover, this study
proposed a good prognosis of lipolysis which indicates that
targeting lipid accumulation may be reasonable for lung cancer
treatment.

phosphorylating hexokinase 1 and 2 leading to increased glycolysis
[6,7]. These recent works would suggest the more extended potential
of oncogenic Src functioning in other nutrient modulations (e.g. lipid,
amino acid) in cancer.

Recently, several studies have reported that intratumoral lipid drop-
lets contribute to cancer maintenance, aggressiveness, and drug resis-
tance. For instance, intracellular lipid droplets become resource for
ATP generation in glioblastoma [8], contribute to chemoresistance in co-
lorectal cancer [9], and play a role as an antioxidant to protect tumor
cells from oxidative stress in breast cancer [10]. Inter- or Intracellular
lipid mobilization involves multiple mechanisms by which fatty acid
binding protein (FABP) gene family is involved in modulating lipid
fluxes and trafficking [11]. FABP4 knock-out mice showed decreased li-
polysis [12], suggesting intracellular lipolytic function of FABP4 protein.
Even with the manifest role of metabolic regulation in normal physiol-
ogy, FABP4 function in cancer is less clear and even become controver-
sial. While overexpressed FABP4 showed tumor suppressive function
leading to apoptosis in prostate cancer, FABP4 upregulation in ovarian
tumor metastasized into the omental area further promotes ovarian
cancer metastasis into that area by transporting fatty acid from the sur-
rounding adipocyte to ovarian tumor [13,14]. Similarly, the prognostic
potential of FABP4 expression is controversially reported in lung cancer,
which remains to be elucidated [15,16]. As an upstream factor of FABP4
expression [17], peroxisome proliferator-activated receptor gamma
(PPARY) belonging to the nuclear receptor superfamily is a master reg-
ulator in lipid metabolism by controlling networks of gene expression
for lipid accumulation, lipolysis and white-to-brown transition in

white adipocyte [18-20] which suggests leading role of PPARY in lipid
metabolism. Our recent study showed PPAR< as a tumor suppressor
for lipid metabolic function in lung cancer where PPARy-mediated
fatty acid synthesis decreases intracellular nicotinamide adenine dinu-
cleotide phosphate (NADPH) level, resulting in ROS-mediated cell
growth suppression in lung cancer [21].

In the present study, we showed functional inhibition of oncogenic
Src decreases lipid droplets by upregulating PPARy-mediated FABP4 ex-
pression, which accompanies increased intracellular ROS. In addition,
the higher expression of lipolysis genes, FABP4 and lipoprotein lipase
(LPL) in tumor showed the better prognosis of lung and renal cancer pa-
tients. Taken together, this study provides a novel understanding of Src
function in lipid metabolic reprogramming to promote tumorigenesis,
and thus an insight of cancer therapeutics into targeting lipid metabo-
lism in oncogene Src-driven tumors.

2. Materials and methods
2.1. Cell culture and reagents

Lung, renal cancer cell lines, and HEK293 cells were cultured in RPMI
1640 or DMEM medium supplemented with 5% or 10% fetal bovine
serum (FBS), 50 U/mL penicillin, and 50 U/mL streptomycin at 37 °C
with 5% CO,. Purchased are various chemicals including pioglitazone
(Cat# sc-204848) from Santa Cruz, SU6656 (Cat# sc-203286A) from
Santa Cruz or SU6656 (Cat# S7774) from Selleckchem, PP2 (Cat#
1767-1) from BioVision, HTS01037 (Cat# 10699-10) from Cayman
Chemical and Stattic (Cat# S7947), Thiazolyl Blue Tetrazolium Blue
(Cat# M2128) or Qil-red O (Cat# 01391) from Sigma-Aldrich. Included
are cell lines for relevant experiments in this study (Table S1).

2.2. Plasmids

Expression vectors include pCDNA-BLRP tagged wtPPARy and
pCDNA vector as described previously [21,22], wtSrc-GFP [23-25]
kindly provided by M. Frame (The Beatson Institute for Cancer Research,
Glasgow, Scotland) and Yoav 1. Henis (Tel Aviv University, Tel Aviv,
Israel), pCDNA c-Abl A1-81 [26] from Yosef Shaul (Weizmann Institute
of Science, Rehovot, Israel), pLL-EGFR-VIII from Jong Bae Park (National
Cancer Center, Goyang, Korea), pCMV-Stat3 and pCMV control from Ki
Woo Kim (Yonsei University, Seoul, Korea). Yes-EGFP and pcFlag-Fyn-
wt were donated by Bernardo Mainou (unpublished) (Addgene plasmid
#110497) and Lars Ronnstrand [27] (Addgene plasmid #74509), re-
spectively. Various mutant constructs including constitutive active
SrcY527F-GFP, kinase-dead SrcK295 M-GFP, SrcR175A-GFP with
inactivated SH3 domain, SrcW118A-GFP with inactivated SH2 domain,
and phospho-dead mutant PPARYY78F were generated using Pfu Plus
5x PCR Master Mix from Elpis Biotech (Cat# EBT1403) following the
site-directed mutagenesis method as in literature [28]. Refer to supple-
mentary table S2 for primer sequences.

2.3. siRNA transfection

Calub6 cells were transfected with negative control siRNA (Bioneer,
Cat #SN-1002) or SMARTpool siGENOME SRC siRNA 50 pM
(Dharmacon, Cat# M-003175-03-0005) and/or SMARTpool siGENOME
FABP4 siRNA 50 uM (Dharmacon, Cat# M-008853-00-0005). All siRNA
transfections were performed with lipofectamin 3000 (Invitrogen,
Cat# L3000015) according to the manufacturer's recommendation. All
siRNA target sequence are listed in table S3.

24. Immunoblot and immunoprecipitation assays
Cells or homogenized tumor tissues were lysed using RIPA buffer

followed by immunoblot assay as previously reported [21]. Primary an-
tibodies include B-actin (Abcam Cat# ab6276, RRID:AB_2223210),
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4HNE (Abcam Cat# ab46545, RRID:AB_722490), GAPDH (Santa Cruz
Biotechnology Cat# sc-25778, RRID:AB_10167668), FYN (BD Cat#
610164, RRID:AB_397565), phospho-Stat3 (Y705) (Cell Signaling Tech-
nology Cat# 9131, RRID:AB_331586), Stat3 (Cell Signaling Technology
Cat# 9139, RRID:AB_331757), pSrc (Y416) (Cell Signaling Technology
Cat# 6943, RRID:AB_10013641), Src (Cell Signaling Technology Cat#
2108, RRID:AB_331137), PPARy (Cell Signaling Technology Cat# 2435,
RRID:AB_2166051), FABP4 (Cell Signaling Technology Cat#
3544, RRID:AB_2278257), GFP (Cell Signaling Technology Cat# 2955,
RRID:AB_1196614), Cyclin A2 (Cell Signaling Technology Cat# 4656,
RRID:AB_2071958), PARP (Cell Signaling Technology Cat# 9542, RRID:
AB_2160739), pAMPK (Cell Signaling Technology Cat# 2535, RRID:AB_
331250), AMPK (Cell Signaling Technology Cat# 5832, RRID:AB_
10624867), Cleaved Caspase 9 (Cell Signaling Technology Cat# 9501,
RRID:AB_331424), and Cleaved Caspase 3 (Cell Signaling Technology
Cat# 9664, RRID:AB_2070042). Secondary antibodies include HRP con-
jugated anti-mouse IgG (Abcam Cat# ab6728, RRID:AB_955440),
and anti-rabbit IgG (Innovative Research Cat# G-21234, RRID:AB_
1500696). For immunoprecipitation assay, HEK293 cells were
transfected with 300 ng of biotin-protein ligase (BirA), 1000 ng of
BLRP-tagged wtPPAR<y or pCDNA control, 1000 ng of wtSrc-GFP, kinase
dead SrcK295 M-GFP or pEGFP control followed by 5 pM of SU6656
treatment for 24 h. As previously reported [21], immunoprecipitation
was carried out using streptavidin resin beads (Thermo) at 4 °C over-
night and washed four times in phosphate-buffered saline with 0-5%
NP40. The immunoprecipitates were resolved by SDS-PAGE and
immunoblotted using antibodies including PPARYy (Cell Signaling Tech-
nology Cat# 2435, RRID:AB_2166051) and GFP (Cell Signaling Technol-
ogy Cat# 2955, RRID:AB_1196614). For quantification, the signal
intensity of the blot was measured using Image].

2.5. Relative RT-PCR analysis

Total RNAs were extracted using TRIzol reagent (Invitrogen) and
followed by reverse-transcription to cDNA using ReverTra Ace® qPCR
Master Mix (Toyobo) with the treatment of DNase as the manufactur-
er's instruction. Relative RT-PCR assay was conducted using ABI Prism
7900 HT Sequence Detection System (Applied Biosystems). Triplicates
of each PCR reaction were performed using SYBR green real-time PCR
master mixes (Life Technologies). Delta-delta Ct method was used to
analyze data using 18S rRNA as an internal reference and the change
in expression of gene of interest was normalized to untreated control
sample [29]. In all RT-PCR, the y-axis represents fold change in gene ex-
pression. Refer to supplementary Table S4 for primer sequences.

2.6. Oil-red O (ORO) staining

Cells were seeded on coverslips and treated with compounds as in-
dicated in each figure. Lipid staining was performed as described previ-
ously using 0-5% ORO solution [21]. Lipid droplets in the pictures were
quantified using Image] software as in the literature [30].

2.7. Luciferase assay

Luciferase assay was performed using HEK293 cells transfected with
200 ng of renilla luciferase as a control reporter vector, 600 ng of TK-
PPRE3x-Luc plasmid expressing luciferase gene under the control of
PPAR response element and thymidine kinase promoter, and 600 ng
of plasmids of interest or control as indicated. Note that luciferase assays
were carried out in parallel with immunoblot assays. Renilla or firefly
luciferase activity was measured using Dual Luciferase Reporter Assay
System (Promega). Relative light unit (RLU) represents PPARYy tran-
scriptional activity.

2.8. Cell growth assay

To carry out cell proliferation assay, ten thousands of cells were
seeded in commercially available culture media. After treatment, cells
were stained with 0-4% methylene blue in 50% methanol. For MTT
assay, 5 mg/mL MTT solution was prepared by dissolving Thiazolyl
Blue Tetrazolium Blue in PBS. Cell viability was evaluated by incubating
with MTT solution for two hours, and followed by dissolving blue
formazan crystal in DMSO and measuring optical density at 570 nm.

2.9. Intracellular ROS measurement

Intracellular ROS level was measured using CM-H,DCF-DA (2'-7’
dichlorofluorescin diacetate) (Molecular Probes) as previously de-
scribed [31]. For ROS measurement, cells were washed twice with
Krebs-Ringer Bicarbonate (KRB) buffer and incubated in 1 or 2-5 pM of
CM-H,DCF-DA solution for H1993 or Calu6 cells, respectively, for
15 min at 37 °C. After additional washings with the KRB buffer, ten dif-
ferent regions of cell images were taken using inverted microscope
(IX81, Olympus) equipped with an array laser Nipkow spinning disk
(CSU10, Yokogawa Electric Corporation). Fluorescence intensity was
quantified using MetaMorph software (Molecular Devices).

2.10. Mitochondrial oxygen consumption rate

Both Calu6 and H1993 cells were plated at 2500 cells/well in a
96-well microplate. Cells were treated at the following day with drug
or vehicle for three days. The analysis procedure for mitochondrial
stress test was followed as the manufacturer instruction (Agilent). Oxy-
gen consumption rate was measured basally and following drug injec-
tion including 2 uM oligomycin, 0-5 uM FCCP and 0-5 uM each
rotenone/antimycin A. The reads were normalized by protein amounts
measured using Pierce BCA Protein Assay Kit (Thermo).

2.11. Gene expression analysis

A microarray dataset (GSE4824) of lung cancer cell lines from GEO
database was analyzed for lipid metabolic genes using Matrix 1.29
(Matrix Service Company) [32,33]. For expression analysis of Src,
FABP4 and LPL genes, the cohort Provisional TCGA data for lung adeno-
carcinoma and renal cell carcinoma were obtained from cbioportal.com
[34,35]. Pearson correlation analysis between the genes was carried out
in patients who have upregulation of the genes indicated by z-score > 2.

2.12. Patient samples

Fresh-frozen tissue samples were obtained from tissue bank in de-
partment of pathology (Wonju Severance Christian Hospital). Five
pairs of lung tissues include lung adenocarcinoma and the correspond-
ing normal tissues from the same patients, which are histologically con-
firmed. The sample acquirement was approved under the Committee of
Institutional Review Board (Approval number: CR318314).

2.13. Survival analysis

For prognostic analysis, datasets were obtained from TCGA and GEO
databases. The datasets include clinical information and gene expres-
sion of the cohort Provisional TCGA database, GSE8894, and GSE11117
for lung cancer patients or GDC TCGA kidney clear cell carcinoma for
renal cancer patients [34-38]. Kaplan-Meier plot shows patient survival
on FABP4 or LPL expression and log-rank test shows statistical
significance.
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2.14. Xenograft experiment

Animal experiments were approved by the Institutional Animal Care
and Use Committee (IACUC) of Yonsei University Wonju College of
Medicine (Approval number: YWC-170907-3). To establish the mouse
xenograft model, five millions of Calu6 cells were subcutaneously
injected into the right flank region of 4-week old female Balb/c nude
mice. When tumors grew enough to be tangible, mice were randomly
divided into two groups (Vehicle group n = 5, SU6656 group n = 7).
Mice were intraperitoneally treated with SU6656 (20 mg/kg) every
other day for 23 days. Tumor volume and body weight were measured
every two days, and tumor weight was measured after sacrificing
mice at the end of the experiment. Tumor volumes were determined
with a digital caliper and calculated using the formula % x (width?
x length). The animal experiments were compliant with the animal
care guideline of Yonsei University Wonju College of Medicine.

2.15. Statistics

All graphing and statistical analysis including two-tailed Student's
t-test, ANOVA, Pearson correlation coefficient and log-rank test were
performed using GraphPad Prism version 6.0. Data were presented as
mean + SEM (n > 3).

3. Results
3.1. Oncogenic Src is involved in lipid droplet accumulation in cancer cells

Since recent studies proposed oncogenic Src regulation of glucose
metabolism, we asked if the Src is also involved in regulating cancer
lipid metabolism [6,7]. To answer for this question, we first investigated
how Src expression is correlated to intracellular lipid amount in several
cancer cell lines. For comparative study, we selected a panel of cancer
cell lines including non-small cell lung cancer (NSCLC) and renal cell
carcinoma (RCC). The NSCLC cells include A549 and H2347 cells with
high expression of Src and H1993 and Calu6 cells with low Src expres-
sion. The RCC cells include Cakil, Caki2 cells for high Src expression
and ACHN cells for low Src expression. To see the intracellular lipid con-
tents in the panel, we carried out Oil-red O (ORO) staining that interest-
ingly revealed the more lipid storage in the high Src expression group
compared to the low expression group (Fig. 1a). From the correlation
of Src to lipid accumulation, we further wanted to identify downstream
factors of Src to see the underlying mechanism by analyzing lipid meta-
bolic genes in the four lung cancer cell lines using the microarray
datasets available in public (Fig. S1a). Interestingly, we found that
FABP4 and LPL genes in the microarray dataset were highly upregulated
in Calu6 and H1993 cells, which is confirmed using the RT-PCR assay
(Fig. S1aand 1b). Using The Cancer Genome Atlas (TCGA) data obtained
from the Provisional dataset of cbioportal [34,35], further biostatistics
analysis showed significant reverse Pearson correlation between Src
and FABP4 or LPL in both lung cancer and RCC, which is consistent
with the result from in vitro NSCLC cell lines in Fig. 1a (Fig. 1c). However,
RCC cells unexpectedly showed very low expression of FABP4 and LPL
genes in cancer cell line encyclopedia (CCLE) database [39] (Fig. S1b).
Thus, lung cancer cell lines have been used for further mechanistic stud-
ies. To see the functional hierarchy between Src and the lipolytic genes,
we pharmacologically inhibited kinase activity of Src by treating specific
inhibitor SU6656 [40]. Interestingly, we found that SU6656 treatment
increased FABP4 expression in the cell lines with low Src expression
but not in the high Src expressing group while LPL expression was not
affected or marginally induced by the Src inhibitor (Fig. 1d and S1c).
Consistent with this, knockdown of Src significantly increased FABP4
expression while exogenous overexpression of Src significantly sup-
pressed FABP4 expression or marginally suppressed LPL expression
which was rescued by SU6656 treatment in Calu6 cells (Fig. S1d, 1e,
and S1e). Collectively, our data show that Src negatively regulates

lipolysis gene expression, which may result in intracellular lipid accu-
mulation in cancer.

3.2. Src inhibition induces PPARy-mediated FABP4 expression

As knowing that Src is involved in cancer lipid metabolism, we next
wondered the underlying mechanism by which Src suppresses lipolytic
gene expression to control intracellular lipid metabolism in cancer.
Since previously reported that FABP4 is a direct target gene of PPARy
in lipid metabolism [17], we investigated if PPARYy is involved in the
Src regulation of FABP4 expression and intracellular lipid droplet in
cancer. We first found positive correlation of basal PPARy and FABP4
expression in the NSCLC panel and further PPARYy activation by pioglit-
azone strongly induced FABP4 expression in a PPARYy activation-
dependent manner, confirming that FABP4 is a direct target of the
receptor in cancer (Fig. 2a and S2a). Interestingly, note that LPL, also
known as a PPARY target gene in the literature [41], is not strongly in-
duced by PPARYy activation in cancer cells (Fig. S2b). To further confirm
the PPARYy specific regulation of FABP4 expression, we next took advan-
tage of two independent gain-of-functional systems, an inducible cell
line for PPARYy expression and a PPARy-negative cell line with exoge-
nously overexpressed PPARY. Regarding the inducible system, we
previously developed a human bronchial epithelial cell line (HBEC-C1-
PPAR<) which inducibly expresses PPARY mRNA upon tetracycline
treatment [22]. We found that FABP4 expression is dramatically in-
duced, but not or marginally for LPL expression, on PPAR+ activation
by pioglitazone treatment (Fig. 2b left and S2c). Furthermore, FABP4 ex-
pression was also markedly induced by the Src specific inhibitor treat-
ment only under tetracycline-induced overexpression of PPARYy,
indicating that Src-mediated FABP4 suppression is dependent on
PPARry (Fig. 2b right). Note that pStat3 was decreased showing the spe-
cific inhibition of Src activity under SU6656 treatment in HBEC cells
(Fig. S2d). In addition, this pharmacological result from the HBEC cells
was confirmed using H1299 cells with exogenous overexpression of
PPARYy. Consistently, the overexpression of PPARYy in the PPARy-
negative H1299 cells showed significant induction of FABP4 mRNA ex-
pression, which was further upregulated under SU6656 treatment
(Fig. 2c). Taken together, this suggests that Src inhibition releases
PPARY activity leading to induction of FABP4 expression in cancer.

3.3. Kinase activity of Src is dispensable for suppressing PPARy activity

Having demonstrated that pharmacological inhibition of Src releases
PPARYy transcriptional activity accompanying lipolytic gene induction,
we further wanted to understand the more detailed regulatory mecha-
nism of Src on the receptor activity. Using luciferase assay for PPARy
transactivation activity, we first confirmed that Src inhibits transcrip-
tional activity of PPARy in a dose-dependent manner of Src expression
(Fig. 3a). Note that luciferase construct PPRE3x-luc contains PPARY re-
sponse element as previously reported [21]. To see whether the
PPARY inhibition is Src specific or not, included are other tyrosine ki-
nases, cAbl kinase (A1-81) and epidermal growth factor receptor vari-
ant [l (EGFRVIII) that are constitutive active forms of tyrosine kinases
as negative controls [26,42] or other Src family kinases including Fyn
and Yes [5]. Note that transfection efficiency of cAbl kinase and EGFRvIII
is represented as mRNA expression in Fig. S3a. The inhibition of PPARYy-
activated luciferase activity was mediated only by Src but not by the
other kinases including Fyn and Yes, and consistently treatment of Src
specific inhibitors, SU6656 and PP2, rescued the PPARY transcriptional
activity (Fig. 3b, S3b, and 3c). This suggests that Src is a specific kinase
regulating PPARY transcriptional activity. Based on our previous report
that Src phosphorylates at tyrosine 78 of PPARY, we next examined if
the Src suppression is mediated by posttranslational modification of
the nuclear receptor PPARY [43]. To answer for this question, a PPARYy
mutant construct replaced tyrosine with phenylalanine at residue 78
was tested using luciferase assay. We showed the mutant PPARYy
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Fig. 1. Src negatively regulates lipolysis. (a) Correlation of endogenous Src expression to lipid droplets in a panel of lung cancer (left) and renal cell carcinoma cell lines (right). Together
with basal protein expression of pSrc and Src, lipid contents were assayed using Oil-red O staining in the panel. (b) Expression of lipolytic genes in lung cancer cells. The mRNA expression
of FABP4 and LPL was shown using the RT-PCR assay. (c) Reverse correlation between Src and FABP or LPL. The analysis showed negative Pearson's correlation coefficient for the expression
pattern between Src and FABP4 as well as Src and LPL. For biostatistics analysis, data were obtained for lung adenocarcinoma or RCC patients from the cbioportal database. (d-e)
Pharmacological inhibition of Src induces FABP4 expression. (d) Expression of FABP4 mRNA (left) and protein (right) was assayed upon treatment of Src inhibitor SU6656 compound
in the lung cancer cell lines. Cells were treated with 5 pM of SU6656 for 24, 48, and 72 h and assayed for FABP4 protein expression or 24 h for mRNA expression. (e) Oncogenic Src
was exogenously overexpressed in Calu6 cells and followed by FABP4 expression upon SU6656 treatment. Cells were transfected with pEGFP control or wtSrc-GFP followed by SU6656
treatment for 24 h. Data represent mean + SEM of triplicates. Similar results were observed in at least two independent experiments. Asterisks refer to **P < 0.01; ***P < 0-001; ***P <
0-001 (Student's t-test (d) and one-way ANOVA, Tukey's post test (e)). In all RT-PCR data, y-axis represents fold change in gene expression.

construct is transcriptionally active and, surprisingly enough, found the
Src is still able to inhibit the mutant PPARy activity (Fig. 3d). This sug-
gests the tyrosine 78 phosphorylation is not required for Src suppres-
sion of the PPARYy transcriptional activity. Along with this, we further

evaluated the PPARy transcriptional activity using multiple Src kinase
mutants [23]. This includes various mutant Src constructs for being con-
stitutive active (Y527F), kinase-dead (K295M), or SH2 domain
(W118A) and SH3 domain (R175A) which are defective for protein-



T.N.M. Hua et al. / EBioMedicine 41 (2019) 134-145 139

“ N~ o™ 30 c 30
©
2 3 8 3 O Vehicle
2 £ 8 20| M Pioglitazone
<
FABP4 S N P 20
< 104 -
PPARy pr— a
0- < -l
B-actin | e - |- s H1299 A549 H1993 Calug 104
PPARYy (-) PPARYy (+)
p 5 4000
Kkk 0.
e
- - +
g 3x10+ 3
< < 20004 PrARy | D | .
2x10%+
B-actin | e -— - 45
1x10° 1000
0- pSrc z - ! - 60
Tetracycline - = & + Tetracycline
Pioglitazone - * - + SU6656 pStat3 | e w— |
FABPA el FABPA B-actin | " - - - 15
B-actin | " e - - s B-actin
Stat3 | P — |
B-actin | AEEGE—_G—-— 5

Fig. 2. Src suppression increases PPARy-mediated FABP4 expression. (a) Induced expression of FABP4 mRNA upon PPARY activation. Basal expression of FABP4 and PPARYy was determined
using immunoblot assay in A549, H2347, H1993 and Calu6 cells (left). Using RT-PCR assay, FABP4 mRNA induction was evaluated in PPARy-negative cells (H1299) and PPARy-positive
cells (A549, H1993, Calu6) treated with DMSO or 10 uM of pioglitazone for 24 h (right). (b) FABP4 expression upon PPARY activation or Src inhibition in HBEC-C1-PPARYy cells. HBEC-
C1-PPARYy cells were treated with tetracycline overnight, followed by 10 uM of pioglitazone or 5 uM of SU6656 treatment for 24 h. QPCR (upper) and immunoblot (lower) assays were
performed to determine FABP4 expression. (c) FABP4 expression in H1299 cells with PPARy overexpression. H1299 cells were transfected with empty vector or PPARYy and followed
by 5 uM of SU6656 treatment for 24 h. Data represent mean 4 SEM of triplicates. Similar results were observed in at least two independent experiments. Asterisks refer to ***P <
0-001; ****P < 0-001 (Student's t-test (a) and one-way ANOVA, Tukey's post test (b,c)). In all RT-PCR data, y-axis represents fold change in gene expression.

protein interaction. Strikingly, both kinase-dead (K295 M) and constitu-
tive active (Y527F) forms of Src are still able to suppress PPARY tran-
scriptional activity to the similar extent of inhibition as wildtype Src
(Fig. 3e). Moreover, the suppression of PPARY activity by both types of
Src is rescued by Src inhibitors, indicating additional inhibitory role of
Src inhibitors beyond simply suppressing the Src kinase activity
(Fig. 3f). It is important to note that kinase-dead mutant of Src showed
similar binding ability to PPARYy as wildtype Src does (Fig. S3c). This in-
dicates Src suppression of PPARYy activity may also occur through
direct interaction between Src and PPARvy. In addition, as a well-
known downstream factor of Src, Stat3 was previously reported to
interact with PPARYy [44]. To see if Stat3 is an intermediator for Src sup-
pression of PPARY, we executed the similar transactivation assay in-
cluding Stat3 co-transfection with PPARy in the presence or absence
of Stat3 specific inhibitor Stattic. Interestingly, exogenous overexpres-
sion of Stat3 showed neither activation nor inhibition of PPARYy
transactivation. Further, Stattic treatment showed no rescue of PPARy
transcriptional activity in the presence of Src, indicating that Src sup-
pression of PPARY activity is independent of Stat3 (Fig. 3g). Taken
together, our data suggests that Src suppresses FABP4 expression
by inhibiting PPAR<y transcriptional activity in a kinase activity-
independent manner, which may be regulated through protein interac-
tion with PPARYy.

Both in vitro and in vivo models confirm Src regulation of lipid drop-
lets in an FABP4-dependent manner.

Identification of the molecular mechanism by which Src suppresses
PPARY-FABP4 axis further pushed us to verify the lipid accumulation
upon FABP4 inhibition. The treatment of Src inhibitor SU6656 reproduc-
ibly reduced lipid droplets, which is rescued by FABP4 specific inhibitor
HTS01037 in both Calu6 and HBEC-C1-PPARYy lung cell lines (Fig. 4a).
Consistent with pharmacological approach, Src knockdown also re-
duced lipid droplets which was rescued by FABP4 inhibitor treatment
or FABP4 knockdown (Fig. S4a and S4b). We next established in vivo xe-
nograft tumor model using Calu6 cells to confirm the in vitro results. The
xenografted athymic nude mice were intraperitoneally administered
with 20 mg/kg SU6656 or vehicle every other day for 23 days. Consis-
tent with the anti-proliferative effect of SU6656 in Calu6 cells
(Fig. 4b), the in vivo treatment of SU6656 showed decreased tumor
growth without any change of body weight (Fig. 4c, S4c and S4d). More-
over, SU6656 treatment significantly decreased intratumoral lipid accu-
mulation, which consistently accompanied the upregulated FABP4
expression in the group with drug treatment (Fig. 4d). Taken together,
this data support that inhibition of Src induces FABP4 expression to de-
crease lipid accumulation, which may contribute to suppress cancer
progression.

3.4. Src suppression induces FABP4-mediated intracellular ROS generation

Here, we wanted to see how Src inhibition-mediated lipolysis con-
tributes to lung cancer growth inhibition. To this point, as a previous
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Fig. 3. Src suppression of PPARYy transcriptional activity in a kinase activity-independent manner. PPARYy transcriptional activity was assessed using luciferase assay in which both PPARy
and TK-PPRE3x-luc constructs were co-transfected into HEK293 cells with various forms of kinase constructs including Src, EGFR, and c-Abl as indicated in each figure. (a) Src repression of
PPARYy transcriptional activity in a dose-dependent manner of wtSrc-GFP construct. Note that the amount of PPARYy is 0 or 600 ng, and wtSrc-GFP is increased as 0, 6, 60, 300, or 600 ng,
respectively. (b) Src specific-suppression of PPARY transcriptional activity. Luciferase assay was carried out for PPARYy transcriptional activity in the presence of several oncogenic tyrosine
kinases including cAbl (A1-81), EGFRVIII and wtSrc-GFP. (¢) Rescue of PPARY activity by Src-specific inhibitors. Included are Src specific inhibitors, SU6656 and PP2, targeting kinase
activity. (d-e) Src inhibition of PPARy transcriptional activity independent of PPARYY78 phosphorylation (d) and also independent of Src kinase activity (e). Luciferase assay was
performed in various conditions including PPARYY78F construct in the presence of wtSrc-GFP (d) or wt-PPARYy construct in the presence of different mutant forms of Src (e). Note that
included are kinase-dead Src K295M-GFP, constitutive active Src Y527F-GFP constructs, or SrcW118A and SrcR175A Src mutants for SH2 or SH3 domain, respectively. (f) Both
wildtype Src and kinase-dead Src suppress PPARY activity. Using luciferase assay, PPARY transactivation was assayed with wildtype or kinase-dead Src construct upon treatment of
two specific inhibitors. (g) Src suppression of PPARy transactivation is independent of Stat3 activity. PPARYy transactivation was assayed with Stat3 co-transfection in the presence or
absence of 2 pM Stattic treatment targeting Stat3 for assessing PPARYy transcriptional activity. Note that all transfections in HEK293 cells were confirmed using immunoblot assay in
each figure. RLU indicates relative light unit. Similar results were observed in at least two independent experiments.

study reported that lipid droplets play an antioxidant role contributing
to cancer cell survival [10], we investigated if lipid droplet reduction
by Src suppression might affect intracellular ROS level. Using CM-
H,DCF-DA as a ROS sensing dye, we measured intracellular ROS level
with Src and/or FABP4 inhibition. As shown in Fig. 5a, Src suppression
by SU6656 treatment showed significantly increased intracellular ROS
level, which was markedly blunted by FABP4 inhibitor HTS01037, sug-
gesting that FABP4 activity is associated with the increased ROS. Consis-
tent with the pharmacological inhibition, Src knockdown also induced
ROS accumulation which is blunted by FABP4 knockdown (Fig. S5a). Re-
garding biological consequences relevant to the intracellular ROS accu-
mulation, we further examined lipid peroxidation and AMPK activation
under treatment of Src and/or FABP4 inhibitor [45,46]. The Src inhibitor

increased pAMPK which FABP4 inhibitor treatment turned back to the
normal level, while lipid peroxidation remains unchanged (Fig. 5b and
S5b). Since FABP4 facilitates lipolysis and -oxidation [47], we next
wondered if the Src inhibition-mediated lipolysis also led to increased
-oxidation of fatty acid. Seahorse assay measuring mitochondrial res-
piration showed no significant difference for oxygen consumption rate
(OCR) between SU6656 and vehicle treatments, whereas HTS01037
treatment decreased basal level of intracellular OCR in Calu6 and
H1993 lung cancer cell lines (Fig. 5¢), which suggest that lipolysis may
not provide fatty acid for 3-oxidation-mediated ATP production. Along
with the ROS generation, we also examined cell growth response
under treatment of both inhibitors. The Src inhibitor alone induced
both apoptosis and cell cycle arrest in Calu6 and induced apoptosis in
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Fig. 4. Src regulation of tumor growth and lipid droplet is FABP4-dependent in vitro and in vivo. (a) Lipid staining (left) and quantification (right) in HBEC-C1-PPARY (upper) and Calu6
(lower) cells. Cells were treated with 5 uM of SU6656 (SU), 20 uM of HTS01037 (HTS) or both for 3 days. (b) In vitro cell growth assay upon Src inhibitor treatment. Cell proliferation (left)
and MTT (right) assays showed inhibition of cell proliferation upon SU6656 treatment for 7 days in Calu6. (c-d) In vivo analysis of the xenograft tumors by inhibiting oncogenic Src. Five
millions of Calu6 cells were injected into the flank region of athymic nude mice. When tumors were tangible, mice were intraperitoneally administered with vehicle (n = 5) or SU6656
20 mg/kg (n = 7) for 23 days every other day. (c) Tumor growth suppression upon SU6656 treatment. Both tumor volume (left) and tumor weight (right) were measured every other day
or at the end of the experiment, respectively. Tumor growth were represented as mean relative tumor size 4= SEM. Statistical analysis was determined using 2-way ANOVA.
(d) Intratumoral lipid amount and FABP4 protein expression. Intratumoral lipid content (upper) or FABP4 expression (lower) were assayed in the residual tumor tissues at the end of
in vivo experiment. Note that a pair of representative figures was shown for lipid staining. Values are mean 4 SEM. Statistical significance was assessed using Student's t-test. Asterisks
refer to *P < 0-05; **P < 0-01; ***P < 0-001; ****P < 0-0001 (One-way ANOVA, Tukey's post test (a), Student's t-test (b, c (right) and d) and two-way ANOVA, Sidak's post test (c (left))).

H1993. However, the treatment of the FABP4 specific inhibitor showed
no rescue of the SU6656-mediated cell growth suppression and even
additive growth suppression with Src inhibition. (Fig. 5d and e),
which might be due to the suppression of basal OCR dominating the
lipolysis inhibition effect. Taken together, our data suggest that Src sup-
pression induces FABP4 to decrease lipid droplets which subsequently
induce endogenous ROS level.

3.5. Increased expression of lipolytic genes represents the better prognosis
of lung and renal cancer patients

In this study, we have shown that PPARy derepression by Src inhibi-
tion induces FABP4 expression followed by lipid droplet breakdown,
which potentially contributes to decreased tumor progression by in-
creasing endogenous ROS level. Hereby, we wanted to know if the
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Fig. 5. Intracellular ROS generation upon lipolysis regulation. (a) Measurement of intracellular ROS. Cells were treated with 5 uM of SU6656 (SU) in the presence or absence of 20 pM of
FABP4 inhibitor HTS01037 (HTS) for 3 days and followed by incubation with 1 uM of CM-H,DCF-DA for H1993 or 2-5 pM of CM-H,DCF-DA for Calu6 cells. Pictures were taken using
confocal microscope followed by quantitative analysis using MetaMorph 6.3 software (Molecular Devices). Scale bar = 20 um (b) AMPK phosphorylation upon inhibitor treatment.
Cells treated with SU or HTS for 3 days were assayed for AMPK and pAMPK expression in H1993 and Calu6 cells. (c) Oxygen consumption rates in lung cancer cell lines with inhibitor
treatment. Calu6 and H1993 cells were treated with SU, HTS or both for 3 days. The OCRs were measured as in materials and methods. (d) Cell growth assay with inhibitor treatment.
Cell proliferation and MTT assays show cell viability under SU, HTS, or both treatment for 3 days. (e) Protein expression involved in regulation of cell cycle or apoptosis in Calu6 and
H1993 upon indicated treatment for 24 h. Values are mean 4 SEM. Results represent data from at least two independent experiments. Asterisks refer to *P < 0-05; **P < 0-01; ****P <

0-0001 (One-way ANOVA, Tukey's post test).

biological finding provides any translational interpretation in the clini-
cal setting. To that end, five pair-matched normal and tumor tissues
were obtained from lung cancer patients under IRB approval. We
found Src expression is higher in the tumors compared to the corre-
sponding normal tissues while basal PPARy expression is consistently
opposite to the Src expression pattern, and more interestingly, the
FABP4 expression showed the reverse correlation to the Src expression
in the panel (Fig. 6a and table S5). This is consistent with the previous
analysis using the public datasets shown in Fig. 1c. Furthermore, using
multiple datasets from TCGA and GEO databases, we next sought to de-
termine the prognostic value of lipolysis gene FABP4 and LPL. Interest-
ingly, our data showed that the higher FABP4 and LPL expression is
significantly associated with the better survival of both disease free
and overall survival in lung cancer as well as RCC (Fig. 6b, c and S6), sug-
gesting tumor suppressive role of FABP4 and LPL in lung cancer and RCC.
Based on our study, here the schematic model was proposed in Fig. 6d.
Taken together, the biological finding for the oncogenic Src function in

lipolytic gene regulation and thus cancer lipid metabolism would be
therapeutically translated into the clinics.

4. Discussion

Cancer cells display diverse metabolic reprogramming including the
Warburg effect for aerobic glycolysis and reductive carboxylation in
citric acid cycle to utilize glutamine into intracellular lipid storage.
This metabolic adaptation enables cancer cells to deal with bioenerget-
ics for energy requirement, reducing power for intracellular ROS con-
trol, and biosynthesis of building blocks for cancer proliferation, which
are essential prerequisites for cancer survival. Amongst major nutrient
sources (e.g., glucose, fatty acid, protein), intracellular lipid has become
a crucial source for energy demand, but also proposed for protecting
cancer cells from cellular ROS stress [48]. Metabolic alteration in fast
growing cancers indispensably accompanies high ROS generation
which should be resolved for maintaining cancer progression. To handle
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Fig. 6. High FABP4 or LPL expression shows the better prognosis. (a) Expression of pSrc, Src, PPARy and FABP4 in pair-matched patient tissues. Five pair-matched tissue samples were
obtained from lung cancer patients upon IRB approval, and followed by measuring proteins of interest expression. (b-c) Kaplan-Meier plots for lung and renal cancer patient survival.
Data were obtained from TCGA database for lung cancer and RCC or from GEO database (Fig. S6) for lung cancer. Disease free or overall survival was analyzed for groups with high
(high, >75" percentile), in-between (middle, from 25™ percentile to 75™ percentile) or low expression (low, <25 percentile) of FABP4 or LPL in lung (c) and renal (c) cancer
patients. Note that log-rank test was used for the statistical analysis. (d) Proposed model for Src regulation on lipid droplets.

this hazardous situation, cancer cells have extensively advanced various
ROS scavenging systems balancing intracellular redox homeostasis [49].
Many of recent studies have proposed that the metabolic adaptability of
cancer shows intimidate connection to the oncogenic alterations in the
tumorigenic process [4]. Src is a well-known oncogene regulating key
signal transduction pathways to promote tumor progression [5]. Recent
studies reported Src-mediated metabolic rewiring of cancer cells in
which Src inhibits pyruvate dehydrogenase and activates hexokinase 1

and 2, contributing to the Warburg effect or aerobic glycolysis [6,7].
Considering Src regulation of glucose utilization in cancer, one might
reasonably think of Src involvement in metabolism of other intracellular
nutrients including amino acids and lipid. Thus, we hereby hypothe-
sized oncogenic Src regulates cancer lipid metabolism for cancer main-
tenance and progression. To that end, we executed several independent
approaches using in vitro as well as in vivo systems including a panel of
cancer cell lines and xenograft model. The preclinical results were
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further correlated to the patient outcome of survival using public data-
bases. In summary, we found that Src inhibition induces lipolysis lead-
ing to cancer growth inhibition, which notably accompanies several
significant biological and clinical consequences as follows: 1) Inhibition
of oncogenic Src induces lipolysis. 2) Mechanistically, we identified
Src-PPARY-FABP4 axis in regulating intracellular lipid mobilization in
cancer. Strikingly, the Src inhibition of PPARYy is independent of kinase
activity function. 3) High expression of lipolysis genes, FABP4 or LPL,
shows the better prognosis of lung and renal cancer patients.

From this study, it is of interest that a couple of issues would be
raised to be discussed further. Firstly, we found the mode of Src action
regulating PPARy activity is independent of kinase activity, which may
be controlled by the interaction of the oncogene to the receptor. We
previously reported that Src phosphorylates PPARYy at tyrosine 78 resi-
due to regulate inflammation and insulin sensitivity [43]. However but
interestingly, the Src inhibition of PPARY activity in this study turns
out to be independent of tyrosine 78 phosphorylation of the receptor.
This would support the notion for the potential interaction between on-
cogene Src and PPARYy. Further, it is also possible for some factors to be
involved between Src and PPARy which may explain the binary modes
of Src action for regulating PPARYy transcriptional activity. Secondly, LPL
expression was marginally responded to the PPARY activation in this
study while it is known as a PPARYy target in other study [41]. It would
be of interest to identify other transcriptional factors modulating the
LPL expression and thus regulating cancer lipid metabolism. Lastly, the
Src inhibition-mediated cancer growth suppression was not rescued
by the pharmacological inhibition of FABP4 and unexpectedly showed
the more additive growth suppression when treated with the Src inhib-
itor SU6656 compound. Also, we interestingly found that the FABP4 in-
hibition markedly decreased the basal level of OCR, potentially leading
to the overall reduction of the intracellular ATP level. Consequently,
this might be compounding or dominating the potential rescue of the
FABP4 inhibitor for the SU6656-mediated cell growth effect by
inhibiting intracellular ROS generation.

Taken together, this study provides evidence on how the oncogene
Src to modulate lipid droplets contributing to the intracellular ROS de-
crease, and an insight of the metabolic plasticity for cancer cells to
cope with the cellular stress encountered during the oncogene-driven
cancer progression. This finding extends our understanding of the onco-
genic Src as a metabolic regulator beyond a simple signal transducer,
which could be potentially developed into Src-targeted therapeutic
strategies linking signal transduction and metabolic regulation in
cancer.
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