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ABSTRACT: Adipose triglyceride lipase (ATGL) catalyzes the rate limiting step in
triacylglycerol breakdown in adipocytes but is expressed in most tissues. The enzyme
was shown to be lost in many human tumors, and its loss may play a role in early
stages of cancer development. Here, we report that loss of ATGL supports a more-
aggressive cancer phenotype in a model system in which ATGL was deleted in A549
lung cancer cells by CRISPR/Cas9. We observed that loss of ATGL led to triac-
ylglycerol accumulation in lipid droplets and higher levels of cellular phospholipid and
bioactive lipid species (lyso- and ether-phospholipids). Label-free quantitative prote-
omics revealed elevated expression of the pro-oncogene SRC kinase in ATGL depleted
cells, which was also found on mRNA level and confirmed on protein level by Western
blot. Consistently, higher expression of phosphorylated (active) SRC (Y416 phospho-
SRC) was observed in ATGL-KO cells. Cells depleted of ATGL migrated faster, which
was dependent on SRC kinase activity. We propose that loss of ATGL may thus increase
cancer aggressiveness by activation of pro-oncogenic signaling via SRC kinase and
increased levels of bioactive lipids.
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■ INTRODUCTION

Metabolic switching is one of the main hallmarks of malignant
transformation.1 While the increased uptake of glucose and the
Warburg effect are well-known metabolic changes occurring in
cancer cells, changes in lipid metabolism have attracted more
attention recently.2 Lipids, in addition to their most prominent
nutritional and structural roles, can act as signaling molecules and
influence proliferation, cell cycle, migration, and invasiveness of
cancer cells. To sustain their fast growth, many cancer types alter
their metabolism to meet higher energy requirements.3 In lipid
metabolism, this is usually manifested through increased uptake
of dietary lipids4 and enhanced de novo lipogenesis.5 Such lipid-
rich cancer cells eventually have to store excess lipids in the form
of lipid droplets (LDs).4 LDs are specialized organelles that are
mainly composed of neutral lipids, triacylglycerol (TG), and
sterolesters and are surrounded by an amphipathic layer of
phospholipids and proteins.6,7 A small number of LDs is present
in most mammalian cells, and the highest concentration of LDs is
found in adipocytes.8 However, it has been reported that LD

content increases dramatically in certain cancer types in com-
parison to surrounding normal tissue.9 Evidence that accumu-
lation of neutral lipids plays an important role in tumorigenesis
can be found in hepatocellular carcinoma (HCC), in which the
nonalcoholic fatty liver phenotype highly increases the proba-
bility of HCC.10 High lipid content has been reported to drive
metastatic potential and facilitate spheroid formation of different
cancer cells exposed to hypoxia,11 correlate with high metastatic
potential of melanoma cells,12−14 and endorse the tumorigenic
potential of colon cancer.9 It has also been shown that cancer
cells rich in LDs tend to be more resistant to cancer therapy.15

Thus, nowadays LDs are becoming one of the main indicators of
cancer aggressiveness.4

Intriguingly, increase in uptake and accumulation of lipids in
cancer cells is rarely described to be followed by higher expres-
sion of enzymes that can degrade TG. Quite the contrary, a lack
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of adipose triglyceride lipase (ATGL) can play a role in cancer
initiation.16 The strongest phenotype in support of this finding
was observed in lungs, where a loss of ATGL causes the sponta-
neous development of neoplasia, as shown in the model of
ATGL−/− heart-rescue mice.16 The same authors also reported
that ATGL is down-regulated in various different tumor types.16

Because a lack of ATGL works in favor of LD formation,17 it is
possible that the reduction in the expression of this lipase is one
of the initial events in malignant transformation and that its loss
may render cancer cells more-aggressive. To investigate the role
of ATGL in cancer cells, particularly in lungs, we selectively
knocked out ATGL in the lung carcinoma cell line A549 using
CRISPR/Cas9 and investigated its phenotype by fluorescence
microscopy, lipidomics, proteomics, qPCR, and biochemical and
cellular assays. We observed that lack of ATGL was correlated
with accumulation of LDs, TG, and bioactive lipids, such as
lysophospholipids and etherlipids, and an increase in proto-
oncogene SRC kinase expression and activity. Moreover, ATGL
knock out cells (ATGL-KO) migrated faster compared to con-
trol cells, which was dependent on SRC kinase activity. We
conclude that loss of ATGL may contribute to cancer aggres-
siveness, and the expression level of ATGL could act as a marker
for prognosis.

■ EXPERIMENTAL SECTION

Reagents

If not stated otherwise, chemicals were obtained from Sigma-
Aldrich.

Cell Culture

A549 lung adenocarcinoma cells were obtained from CLS
(Eppelheim, Germany) and cultured under standard conditions
at 37 °C and 5% CO2, in Ham’s F-12K (Kaighn’s) (F12K)
medium supplemented with 2 g/L sodium bicarbonate, 10% fetal
bovine serum (FBS), 1%penicillin/streptomycin (P/S), and 2 g/L
glucose. LLC1/LL2 cells were purchased from ATCC and
cultured in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% FBS and 1% P/S.

ATGL Knockout with CRISPR-Cas9

A total of 24 h prior to transfection with CRISPR-Cas9, 100 000
A549 cells were seeded in a 6-well plate. Growth medium was
exchanged for serum-free F12Kmediumwithout antibiotics. The
transfection of CRISPR plasmids was performed using Lipofect-
amine3000 (Thermo Scientific) according to the manufacturerś
protocol. ATGL CRISPR-Cas9 KO plasmid for the knockout of
human ATGL was obtained from Santa Cruz (sc-401711). For
the site-specific repair of the Cas9-induced double strand break a
homology directed repair (HDR) plasmid (sc-401711-HDR)
was co-transfected with the Cas9-plasmid. The HDR plasmid
contained the red fluorescent protein (RFP) used for later
evaluation of the transfection and fluorescence-activated cell
sorting (FACS). A total of 1.25 μg of each plasmid per well was
used during the transfection. A total of 4 hours post-transfection,
1 volume (1.5 mL) of F12K medium containing 20% FBS was
added. Cells were then expanded, and single RFP-positive cells
were sorted in separate wells of a 96-well plate using FACS.
Single cell clones were expanded and checked for ATGL protein
expression by Western blot and mRNA levels of ATGL using
qPCR. As a control, A549 cells were transfected with a control
plasmid from Santa Cruz (sc-418922) as stated above. Cells were
then subjected to serial dilution to obtain single cell clones.
Single cell clones were expanded and checked for ATGL protein

expression and mRNA levels of ATGL. Furthermore, the geno-
mic DNA of all clones (ATGL-KO and control) was extracted,
and the region of the ATGL gene, where the double-strand break
was induced by Cas9, was amplified by PCR and subjected to
DNA sequencing (LGC Genomics, Berlin, Germany). Sequen-
ces and primers used for PCR and sequencing are shown in the
supplement.

LD Imaging and Volume Analysis

A549 ATGL-KO cells and control cells were seeded on KOH-
treated coverslips 24 h prior to staining. HCS LipidTOX Deep
Red Neutral Lipid Stain (Thermo Fisher Scientific) and
BODIPY 493/503 (Thermo Fisher Scientific) were used as
lipid droplet stains. Cells were incubated with a 1:1000 dilution
of boron-dipyrromethene (BODIPY) for 10 min at 37 °C and
fixed for 10 min with 3.7% formaldehyde in PBS. For LipidTOX
Deep Red staining, cells were first fixed with 3.7% formaldehyde
in PBS for 10 min at room temperature, rinsed three times with
PBS, and then stained with a 1:750 dilution of LipidTOX Deep
Red. In the case of BODIPY, another twowashing steps with PBS
were performed prior to mounting with VECTASHIELD
antifade mounting medium containing DAPI (Szabo-Scandic).
Images were acquired using a Zeiss LSM 100 and a Nikon A1+
confocal laser scanning microscope with a 405 nm diode laser
and 450/50 BP filter for DAPI, a 488 nm argon laser with a 525/
50 BP filter for BODIPY, and a 642 nm NeHe laser and 700/75
BP filter for LipidTOX Deep Red. The analysis was performed
with the FIJI (version 1.51h). For each image, a region of interest
(ROI) was defined to exclude cells clipped on the edges of the
images. A maximum intensity projection and application of auto-
threshold using the Kapur-Sahoo-Wong (maximum entropy)
method was performed prior to LD volume quantification. Based
on a nucleus count, the LD volume per cell for each ROI was
calculated and averaged from 55 to 86 cells derived from each of
three individual knock out clones (in a total of 198 cells) and
three control cell clones (in a total of 228 cells), respectively.

Targeted Lipidomics

A total of 2×106 A549 ATGL-KO (derived from three individual
clones) and control cells were serum starved for 1 h, washed once
with PBS, and harvested by scraping in PBS. Nonpolar metab-
olite extraction and measurement was performed as previously
described.18,19 Briefly, cell pellets were resuspended in 1 mL of
PBS and added to a chloroform:methanol mixture (2:1), together
with internal standards (dodecylglycerol for positive and pentade-
canoic acid for negative mode). Phases were separated by cen-
trifugation, and the chloroform phase containing the lipids was dried
under stream of nitrogen. Dried lipids were resuspended in
120 μL of chloroform, and 10 μL of each sample was used
for liquid chromatography−tandem mass spectrometry
(LC−MS/MS) analysis based on multiple-reaction monitoring
(MRM).19 Lipid metabolites were separated on a Luna reverse-
phase C5 column (50 mm × 4.6 mm, 5 μm, Phenomenex).
Mobile phase A was 95:5 water/methanol, while B was 60:35:5
isopropanol/methanol/water. For the positive mode, 0.1%
formic acid and 5 mM ammonium formate were added to both
A and B; for the negative mode, solvents were supplemented with
0.1% ammonium hydroxide. The flow rate was 0.5 mL/min.
Agilent 6430 QQQ was used for MS analysis with following
parameters: capillary voltage, 3.0 kV; fragmentor voltage, 100 V;
drying gas temperature, 350 °C; drying gas flow, 10 L/min,
and nebulizer gas pressure, 35 psi. Different collision ener-
gies were used for each SRM transition according to previous
optimization.
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Relative abundance of each monitored metabolite was obtained
by integrating the area under the peak for selected transition,
normalized on the area of the internal standard from the corre-
sponding run. To correct for slight differences in amounts of
injected samples, the obtained relative abundance of each metab-
olite was further normalized on the area of the total ion chro-
matogram of the corresponding sample, which represents the
sum of all monitored transitions. The normalized result list was
imported to Perseus (version 1.5.8.5),20 in which the cutoff
criteria for significance upon multiple-testing correction was:
unpaired Student t test p-value of <0.05, a permutation-based
false discovery rate (FDR) of <0.05, and an S0 value of 1.5.

Proteomics

Cell pellets from 4 ATGL-KO and 4 control A549 cell clones
were collected after trypsinization, washed 3 times with PBS, and
lysed by sonication in lysis buffer (100 mM Tris, pH = 8, 1%
sodium dodecyl sulfate (SDS), 10 mM tris(2-carboxyethyl)-
phosphine hydrochloride (TCEP), 40 mM 2-chloroacetamide).
A total of 200 μg of protein per sample was further processed and
digested according to a modified FASP protocol.21 LC−MS/MS
was performed by nano-LC on an Acclaim PepMap RSLC C18
nanocolumn (2 μm, 50× 75 μm) (Thermo Scientific) coupled to
a maXis II ETD Q-TOF (Bruker Daltonics, Germany) run in
positive mode.
For label-free quantitative proteomics data and statistical anal-

ysis, MaxQuant (version 1.5.8.3)22 and Perseus (version 1.5.8.5)20

were employed, respectively. MaxQuant parameters included the
match between run feature in a retention time window of 1 min
and an alignment window of 20 min. For the database search, a
FDR of 1% was allowed.
Statistical analysis in Perseus was performed after filtering the

data set under the criteria that all four values in at least one group
must be valid (greater than zero), with the consequent imputing
of missing values from normal distribution with regards to the
total data matrix. Following steps included two-sided unpaired
t test with a S0 value of 2 and permutation-based FDR control at a
level of 1%.
Principle component analysis (PCA) was carried out on the

preprocessed data set with centered variables and hierarchical
clustering (HC) employing Euclidean distance measure and
Ward’s agglomeration method.23 For these purposes, the R statis-
tical computing software (v. 3.2.2, https://www.r-project.org/)
was used. PCA was performed with the function “prcomp”, while
for HC, the functions “dist” and “hclust” as well as the function
heatmap.2 in R gplots (v. 3.0.1) were employed (https://CRAN.
R-project.org/package=gplots).
For functional analysis of proteomic data, enrichment of gene

ontology (GO) terms of biological processes of proteins with a
minimum absolute difference of log2 label-free quantitation
(LFQ) intensities between groups of 0.5 was performed as
described in detail in the Supporting Information. The mass spec-
trometry proteomics data was deposited to the ProteomeXchange
Consortium24 (http://proteomecentral.proteomexchange.org)
via the PRIDE partner repository with the data set identifier
PXD007223.

MS-Based Validation of Differential SRC Protein Abundance

Samples were prepared as described in the Proteomics section.
In addition, the sameLC setupwas used but coupled to anOrbitrap
Velos Pro as detector (Thermo Scientific), operated as well in
positive mode with dynamic exclusion enabled. A parent mass list
of expected SRC peptides was introduced as an inclusion list
(masses: 443.73, 446.76, 494.26, 516.77, 520.30, 608.30, 642.83,

736.05, and 856.92). Data were analyzed with MaxQuant as
described above.

qPCR

Total RNA was isolated from cells using the RNA easy kit
(Qiagene, Netherlands). qPCR was performed according to the
manufacturerś instructions with Maxima SYBR Green (Thermo
Fisher Scientific, USA). Corresponding cDNA was synthesized
either with Maxima RT (Thermo Fisher Scientific, USA) or
QuantiTect Reverse Transcription Kit (Qiagen, Netherlands).
Cyclophilin A was used as housekeeping gene with the prim-
ers 5′-CCCACCGTGTTCTTCGACATT-3′ (forward) and
5′-GGACCCGTATGCTTTAGGATGA-3′ (reverse). The primers
for SRC were 5′-TGTTCGGAGGCTTCAACTCC-3′ (forward)
and 5′-TGTGTTGTTGACAATCTGGAGC-3′ (reverse). For
ATGL, two sets of primers were used: (1) forward 5′-GCTTC
CTCGGCGTCTACTAC-3′ and reverse 5′-CAATGAA
CTTGGCACCAGCC-3′ and (2) 5′- GGCTTCCTCGGCGTC
TACTA-3′ (forward) and 5′-TTTACCAGGTTGAAG-
GAGGGG-3′ (reverse).
Lentiviral ATGL Knock-in

Lentiviral constructs for human ATGL (pLV[Exp]-Neo-EFS >
hPNPLA2[ORF016935]) and control green fluorescent protein
(GFP) vector (pLV[Exp]-Neo-EFS > EGFP) were acquired
from VectorBuilder (Cyagen Bioscience). IDs for ATGL vector
VB17120-1187tqx and for GFP vector VB171206-1221hfs can
be used to access detail vector information on www.vectorbuilder.
com. Third-generation packaging system needed to support the
formation of viral particles was obtained from Addgene and
consisted of pMD2.G (Addgene plasmid no. 12259), pRSV-Rev
(Addgene plasmid no. 12253), and pMDLg/pRRE (Addgene
plasmid no. 12251). HEK293 cells were obtained from CLS
(Eppelheim, Germany).
The day before transfection (day 0), HEK293 cells were

seeded in 10 cm dishes in triplicates for each of the two con-
structs (ATGL and GFP). The next day (day 1), medium from
HEK293 was exchanged for 6 mL of DMEM containing 10%
heat-inactivated serum (HIS). For every transfection, 600 μL of
serum-free DMEM was combined with 24 μL of Lipofectamine
LTX (Thermo Scientific) in a 1.5 mL Eppendorf tube and
incubated for 5 min. In another tube, 600 μL of DMEM was
mixed with 2 μg of each packaging plasmid and 2 μg of ATGL or
GFP vector. The contents of both tubes were combined and
incubated for 30 min before their addition to HEK293 cells and
overnight incubation. On the following day, the medium from
the HEK293 cells was replaced with fresh DMEM/HIS medium,
and the target cells (three individual ATGL-KO A549 clones)
were seeded to reach 50% confluency. On day 4, the medium of
the target cells was replaced with 5 mL of full DMEM containing
10 μg/mL polybrene. Viral soup from the HEK293 cells was
aspirated using a 10 mL syringe and filtered onto the target cells
through a 0.45 μm filter. Same procedure was repeated the
following day (day 5). Target cells were incubated for 24 h, after
which the medium was replaced (day 6). On day 7, the medium
was changed to 10 mL of full RPMI containing 1000 μg/mL
gentamicin. Antibiotic containing medium was refreshed every
2−3 days, and the cells were kept in culture for 2 weeks prior to
Western blot analysis and migration assay.

Western Blotting

Cells were harvested either in 100 mM TrisHCl pH 8 or CST
buffer (Cell Signaling Technology (CST, Danvers, MA). For
atglistatin treatment, cells were incubated with 80 μM atglistatin
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(a kind gift from Prof. Rudolf Zechner, University of Graz) or
DMSO (control) for 16 h prior to harvesting. Antibodies against
ATGL (no. 2138S), SRC (no. 2109), and phospho-SRC (pSRC,
no. 6943) were purchased from CST. Vinculin or β-actin was
used as a loading control (antibodies were obtained from CST
(no. 4650) and Sigma-Aldrich (no. A5441), respectively). HRP-
linked antirabbit antibody from CST (no. 7074) was employed
as secondary antibody except for the detection of β-actin, in
which an antimouse secondary antibody linked to HRP was used
(no. 7076). Proteins from 20 to 30 μg cell lysates were separated
on a precast SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) gel (Invitrogen). Proteins were then blotted onto a
PVDF membrane (Bio-Rad). Free binding sites on the mem-
branes were blocked with either 5% BSA in Tris-buffered saline
containing Tween 20 (TBS-T) (pSRC and SRC) or 5% skim
milk in TBS-T (ATGL, β-actin, and vinculin). Primary antibodies
were diluted in corresponding blocking buffers and incubated
with membranes overnight at 4 °C. Membranes were washed
thrice for 10 min in TBS-T and then incubated with secondary
antibody for 1 h at room temperature. Antibody bound proteins
were visualized after incubation with ECL (GE Healthcare) and
detected on a ChemiDoc System (Bio-Rad).

Migration

Gap Closure (“Scratch”) Assay.A total of 2× 105 cells were
seeded per well of a 12-well plate in triplicates. Upon reaching
confluency, cells were washed with PBS and supplemented with
freshmedium containing either 20 nMof SRC inhibitor KX2−391
(Selleckchem, Germany) or DMSO vehicle. Pictures were taken
using an invertedmicroscope at 4×magnification. Gap size wasmea-
sured at three different points using ImageJ software (version 1.46r).
Transwell Assay. Cells (N = 3 per cell line or condition)

were serum-starved for 1 h prior to the assay. A total of 5−10× 104

cells were seeded on top of the transwell chambers in serum free
medium. For the migration experiment with SRC inhibitor,
medium contained either 20 nM of KX2−391 or DMSO vehicle,
whereas for atglistatin treatment, 80 μM atglistatin or DMSO
vehicle was added to the medium. The bottom of the transwell
chamber was precoated with collagen, and cells were allowed to
migrate through the membrane during 20−48 h, after which they
were stained, fixed and visualized (Diff Quick Stain kit, Thermo
Fisher). In the case of LLC1/LL2 cells the upper part of the
transwell chamber was coated with collagen to facilitate cell
spreading, and cells were allowed to migrate to the lower chamber
containing 10% FBS medium. A total of three fields per well
at 20× magnification were used to count the cells.

Statistics

If not stated otherwise, a two-sided unpaired t test was performed
with p < 0.05 as significance threshold. The mean and standard
error of mean are depicted in bar plots.

■ RESULTS

ATGL Loss and Lipid-Droplet Accumulation in A549 Lung
Carcinoma Cells

CRISPR-Cas9 methodology introduces a double-strand break
(DBS), which, naturally, would be repaired by the process of
nonhomologous end joining (NHEJ), a preferential DBS repair
mechanism.25 Considering the error-prone nature of NHEJ,26 we
introduced an HDR plasmid, which facilitated knockout clone
selection and validation, allowing us to sequence the area around
the expected DBS with primers targeting the sequence of the
HDR plasmid. Sequencing of the ATGL-KO clones revealed that
Cas9 induced the double-strand break in exon 3 of the ATGL
gene and deletion of the ATGL ORF between bp 2868 and 3604
due to the integration of the HDR plasmid (Tables S1A-C). This
resulted in the absence of ATGLmRNA (Figure 1A) and protein
(Figure 1B) in the isolated single cell clones.
Because ATGL is a major TG lipase, its loss caused prominent

LD accumulation in A549 ATGL-KO cells (Figure 2A). The LD
volume, as determined in about 200 ATGL-KO cells derived
from three single cell clones and, similarly, in control cells, was
found to be four times higher than in control cells (Figure 2B).

ATGL-KO Lung Cancer Cells and Accumulation of
Triacylglycerols and Bioactive Lipids

The accumulation of TG, the substrate of ATGL and a major
component of LDs, in ATGL-KO cells was confirmed by lip-
idomics. Out of about 180 quantified lipid species (Table S2)
from targeted measurements, TGs were found to be most pro-
minently enriched in ATGL-KO.
Next to TG, several phospholipids and sphingolipids, as well

as palmitoyl carnitine were also found to be more abundant in
ATGL-KO cells. Furthermore, we observed an upregulation of
lysophospholipids, particularly lysophosphatidylcholines (LPC),
which are known to have signaling function.27−29 In addition, we
detected higher levels of several ether lipids, members of another
class of bioactive lipids30 in ATGL-KO cells (Figure 3).

ATGL Loss and Up-regulation of SRC Kinase in A549 Lung
Carcinoma Cells

To reveal whether the observed lipid changes in ATGL-KO were
accompanied by adaptations of the proteome, label-free quantitative

Figure 1. CRISP-R/Cas9 ATGL-KO leading to the loss of ATGL gene and protein expression in A549 cells. (A) qPCR of patatin like phospholipase
domain containing 2 (PNPLA2, ATGL gene), N = 3 cell lines derived from single cell clones per group, data from two individual experiments, where
triple asterisks indicate p < 0.001. Cyclophilin A was used as house-keeping gene. (B)Western blot of ATGL protein. Shown is one of three comparable
experiments.
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proteomics screening was performed (Figure 4) using the
LFQMax algorithm.31 LC−MS/MS proteomics measurements
(N = 4 biological replicates per group) yielded approximately
2100 quantified proteins per single run. Principal component
analysis (Figure 4B) and hierarchical clustering (Figure 4C,
Figure S1) clearly discriminated ATGL-KO from control cells.
LFQ output results usually contain somemissing values due to

the stochastic nature of the data-dependent acquisition of frag-
mentation spectra in mass spectrometry thus making imputa-
tion a necessary step to achieve meaningful statistical analysis.
To constrain the imputation algorithm as much as possible, we fil-
tered the data matrix to only keep those proteins that had reported

values in all 4 samples of at least 1 group (679 proteins). After
consequent stringent statistical analysis involving correction for
multiple-testing by permutation-based FDR, two proteins were
found to be changed between the groups (Figure 4A and Table S3).
The proto-oncogene kinase SRC32 was the most significantly
up-regulated protein in ATGL-KO cells. Being involved in vari-
ous biological processes, SRC greatly contributed to the biolog-
ical processes observed in the GO term enrichment analysis in
the set of proteins with a minimum absolute difference of 0.5 of
the log2 LFQ intensities in the KO versus WT group (Figure 4D
and Table S4), such as innate immune response-activating signal
transduction, stimulatory C-type lectin receptor signaling pathway

Figure 3. Altered lipid metabolites in A549 ATGL-KO cells. Reported is fold change as compared to control. N = 3 ATGL-KO cell lines derived from
single cell clones, N = 5 replicates per cell line, Welch t test p < 0.05, multitest correction: permutation-based FDR < 0.05, S0 = 1.5 (NL, neutral lipids;
PL + SL, phospholipids and sphingolipids; LPL, lysophospholipids; EtL, ether lipids; AC, acylcarnitine; TG, triacylglycerol; MG, monoacylglycerol;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; SM, sphingomyelin and LPC, lysophosphatidylcholine).

Figure 2. Loss of ATGL induces LD accumulation in ATGL-KO cells. (A) Fluorescence microscopy of cells labeled with DAPI for cell nuclei and
BODIPY for LD visualization. (B) Quantitative analysis of LD content (N = 3 cell lines derived from single cell clones per group, >50 individual
cells per cell line); double asterisks indicate p < 0.01.
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and positive regulation of canonical Wnt signaling pathway. Next
to signaling, mainly processes related to protein translation and
degradation were found to be enriched.
To validate our finding that SRC protein is elevated in A549

ATGL-KO cells, we carried out a semitargeted mass spectrom-
etry based SRC protein measurement, which was in line with the

LFQ results (Figure 5A). To assess whether the active phosphor-
ylated form of SRC was also increased, Western blotting of
phospho-SRC Y416 (pSRC) and total SRC protein was performed
revealing 2- to 3-fold higher levels of SRC and pSRC in ATGL-KO
cells (Figure 5C,D). In addition, the increased expression of the
SRC gene in ATGL-KO was also observed on mRNA level by

Figure 4. Label-free quantitation (LFQ) of ATGL-KO cells proteome reveals two proteins and significant up-regulation in ATGL-KO cells (N = 4 cell
lines derived from single cell clones per group). (A) Volcano plot of LFQ data (−log p-values (t test) plotted vs differences of log2 LFQ intensities; cut-
off p-value of <0.05; multitest correction: permutation-based FDR of < 0.01; S0 = 2). (B) PCA of LFQ data sets of ATGL-KO vs control (wildtype
(WT)). (C) Dendrogram obtained by hierarchical clustering of LFQ data sets. (D) Over-represented gene ontology (GO) terms of biological processes
in the set of proteins with a minimum absolute difference of 0.5 of the log2 LFQ intensities in the KO vs the WT group. The dotted line shows the FDR
adjusted p-value (−log10(p-value), axis at the top) for over-represented terms, and the dashed line indicates the significance threshold of 0.05. The
length of the bars represents the proportion of the protein set of interest (Entrez IDs of the corresponding genes) that is mapped to the respective term
(axis at the bottom). Numbers to the right of the bars indicate the number of proteins in the protein set of interest that are mapped to the respective term,
the number of proteins shared by the term, and the background protein set (term size).
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qPCR (Figure 5B). To investigate whether reintroducing ATGL
could reverse increased SRC protein expression and phosphor-
ylation in the ATGL-KO, we lentivirally over-expressed ATGL in
three single-cell-derived ATGL-KO clones of A549 cells. This
resulted in prominent ATGL expression, which clearly reversed
activation of SRC (Figure 5E,F).

Increased Migration of ATGL-KO A549 Lung Carcinoma
Cells and Dependency on SRC Kinase Activity and
Reversibility

To address potential changes in aggressiveness of lung can-
cer cells lacking ATGL, growth curves and migration assays
were performed. Growth was found to be similar to slightly
enhanced by the deletion of ATGL (Figure S2). However, both
transwell and wound healing (scratch) assay demonstrated
that ATGL-KO cells were able to migrate faster (Figure 6A,B).
The phenotype was observed in both serum-free conditions
when cells were chemo-attracted to collagen (by transwell assay,
Figure 6A) as well as in serum-rich condition (by scratch assay,
Figure 6B).
Interestingly, both hits from the proteomics screen were

shown to be involved in cellular migration.33,34 We thus per-
formed a follow-up experiment to investigate the role of SRC in
controlling cell migration in A549 cells depleted of ATGL. For
this purpose, migration assays were performed in the presence of

a highly selective SRC inhibitor35 (Figure 6A,B). The inhibition
of SRC reduced the number of ATGL-KO cells that migrated
through the pores of the transwell chamber without influencing
the migration of control cells (Figure 6A). The used concen-
tration did not affect the cell survival of ATGL-KO or control
cells (Figure S3). A similar result was obtained by scratch assay
(Figure 6B).
Moreover, re(over)expression of ATGL in ATGL-KO A549

clones reversed the observed phenotype. It reduced the amount
of LDs (Figure S4AB) and activation of SRC (Figure 4EF),
consequently decreasing the migratory potential of the ATGL-
KO cells (Figure S4CD).

Pharmacological Inhibition of ATGL and SRC Activation and
Increase of Migratory Potential in Murine LLC1/LL2 Lewis
Lung Carcinoma Cells and AML12 Hepatocytes

With the purpose of further verifying the connection between
impaired lipolysis and pro-oncogenic signaling, we pharmaceuti-
cally inhibited ATGL in murine LLC1/LL2 Lewis lung carci-
noma cells using atglistatin,36 an inhibitor of murine ATGL. After
16 h of treatment with 80 μM atglistatin, the activation of SRC
could be detected by elevated pSRC (Figure 7A,B). While the
treatment did not induce the expression of SRC protein in the
given time frame, the effect was prominent enough to boost
the migratory potential of the cells (Figure 7C,D). A similar

Figure 5. SRC up-regulation on the mRNA, protein, and phosphoprotein levels in ATGL-KO and its reversal by stable re(over)expression of ATGL.
(A) LFQ values for SRC protein from semitargeted LC−MS/MS measurement (N = 4−5 cell lines derived from single cell clones per group).
(B) SRCmRNA levels (N = 3 cell lines derived from single cell clones per group). (C)Western blot for SRC and pSRC (Y416); actin as loading control.
(D) Volume analysis of C. (E) Western blot for pSRC, SRC, and ATGL upon ATGL over-expression in three single-cell-derived ATGL-KO A549
clones (with actin as loading control). (F) Volume analysis of E; single asterisks indicate a p-value of <0.05, and double asterisks indicate a
p-value of <0.01.
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phenotype was observed in another murine cell line, namely
AML12 mouse hepatocytes (Figure S5). This was a particularly
interesting finding because AML12 cells are not tumorigenic, and
yet ATGL inhibition rendered them more aggressive in culture.

■ DISCUSSION
Changes in lipid metabolism can have a prominent effect on can-
cer phenotype.4 However, reports regarding the role of lipases in
cancer are scarce. ATGL has been found to be down-regulated in

Figure 6. Faster migration of ATGL-KO cells and SRC dependency. A549 ATGL-KO and control cells were treated with either 20 nM of KX2−391 (+)
or vehicle (DMSO) (−) (A) Representative transwell assay and numbers of migrated cells in the transwell assay. (B) Representative scratch assay and
the covered distance (resembling gap closure) in panel B.N = 3 ATGL-KO cell lines derived from single cell clones,N = 3 replicates per cell line; double
asterisks indicate a p-value of <0.01, and triple asterisks indicate a p-value of <0.001.

Figure 7. Pharmacological inhibition of ATGL inmurine LLC1/LL2 Lewis lung cancer cells, activation of SRC, and increase in their migratory potential.
(A) Western blot of LLC1/LL2 cells for pSRC (Y416), SRC and β-actin (loading control). (B) Corresponding volume analysis. (C) Transwell
migration assay, in which a dash indicates the control (DMSO vehicle) and a plus sign indicates atglistatin treatment (80 μM). (D) Number of migrated
cells in panel C. N = 3 per condition; a single asterisk indicates a p-value of <0.05, and double asterisks indicate a p-value of <0.01.
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several different cancer types.16 In contrast, the enzyme
responsible for monoacylglycerol hydrolysis, monoacylglycerol
lipase (MGL), is highly expressed in aggressive human cancer
cells and primary tumors, where it regulates a fatty-acid network
enriched in oncogenic signaling lipids that promotes migration,
invasion, survival, and in vivo tumor growth.37 Impairments in
MGL-dependent tumor growth are rescued by a high-fat diet,
indicating that exogenous sources of fatty acids can contribute to
malignancy in cancers lacking MGL activity. The contribution of
external lipids to aggressive cancer phenotype is also reported in
breast cancer,38 providing yet another link between obesity, a
high-fat diet, and cancer incidence. In line with these findings, it
was recently discovered that high levels of the fatty acid receptor
CD36 and palmitic acid or a high-fat diet are associated with
initiation of metastasis in human oral cancer.39 The authors also
observed concomitant higher expression of beta-oxidation genes
to avoid lipotoxicity.
Accordingly, we show that the depletion of ATGL leads to LD

accumulation associated with a more-aggressive cancer pheno-
type, including higher levels of pro-oncogenic signaling lipids
such as lysophosphatidylcholines (LPCs) and ether lipids,
activation of pro-oncogenic SRC kinase signaling, and increased
migration. While it was reported before that ATGL knock-down
slows growth of A549 lung cancer cells,40 we did not observe a
significant effect on growth in the complete knock out. The same
authors also observed reduced migration of A549 lung cancer
cells upon treatment with atglistatin, an inhibitor for murine but
not human ATGL,36 which has thus to be attributed to off target
effects. In contrast, we observe an opposite effect when we use
atglistatin in murine cell lines, in which the inhibition of ATGL
leads to activation of SRC and increased migratory potential in
both LLC1/LL2 cells and AML12 hepatocytes.
The reintroduction of ATGL in ATGL-KO A549 cells by

stable lentiviral over-expression reduced the size and number of
LDs and decreased the activation of SRC, confirming the link
between ATGL activity, LD accumulation, and SRC signaling.
SRC kinase is commonly up-regulated in cancer and can support
migration potential and tumor progression.41 From the com-
bined data, we conclude that cancer cells do not necessarily rely
on intracellular lipolysis and are, over time, able to rewire their
metabolism accordingly. However, this may result in a higher
dependence on exogenous nutrients to sustain tumor growth
potentially leading to higher aggressiveness andmetastasis, as the
cancer cells are driven to obtain the required nutrients. LD
accumulation following a reduction of lipolytic activity and the
increased uptake of external lipids may also act as a potent buffer
to prevent lipotoxicity of free fatty acids.42−45 Moreover, lipid
accumulation in the form of LDs may provide substrates for
various enzymes that can produce pro-oncogenic signaling lipids46

or even drive the expression of other enzymes (e.g., phospholi-
pases). Consistently, we observe an increase in lysophospolipids
and ether lipids in cells lacking ATGL. This is an interesting
finding as both LPCs and ether lipids are reported to be involved
in inflammation, cancer initiation and progression, usually con-
tributing to more-aggressive phenotypes.47−52 Importantly, a
positive correlation has been observed between the tumorogenicity
of cells and their ether lipid content, with the cells containing the
highest level of ether lipids being the most-invasive ones.53

LPCs can bind to different G-protein coupled receptors
(GPCRs), with the highest affinity toward G2A (from G2
accumulation) GPCR.54,55 Once bound, LPCs can modulate the
activity and expression of different signaling proteins including
serum-responsive element, mitogen-activated protein kinase,

adenylyl cyclase, and phospholipase C.29,50,54 Furthermore,
increased levels of LPCs as observed in ATGL-KO lung cancer
cells have been described to lead to SRC kinase activation.27

Intriguingly, we could also show that inhibition of SRC kinase
activity is sufficient to abolish the more aggressive cell migration
and wound-healing characteristics of ATGL-KO lung cancer
cells, thus mechanistically linking increased neutral lipid storage
following the loss of lipase activity to cancer-cell aggressiveness.

■ CONCLUSIONS
We report here that the loss of ATGL in lung cancer cells leads to
TG and concomitant LD accumulation, elevated levels of ether-
and lysophospholipids, and a pro-invasive phenotype mediated
by the activation of pro-oncogenic signaling via SRC kinase. Our
findings are in line with previous observations that increased LD
content is associated with a more-aggressive cancer phenotype56,57

and that ATGL is often lost in cancer.16 However, we establish
here for the first time a mechanistic link between neutral lipid
accumulation caused by ATGL loss and elevated cancer-cell
aggressiveness.
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