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ABSTRACT

KEYWORDS

Objective: Lung cancer is the most common cause of cancer-related deaths worldwide. Platinum-based chemotherapy is one of the
main treatment options for patients with non-small cell lung cancer (NSCLC) but the effectiveness of chemotherapy is encumbered
by drug resistance. Therefore, understanding the molecular mechanisms underlying chemotherapy resistance is crucial in improving
treatment outcomes and prognosis.

Methods: The cell viability assay and apoptosis were used to analyze chemoresistance. Western blot analysis and wound healing
testing were used to evaluate the epithelial-to-mesenchymal transition (EMT). Immunoprecipitation was used for analysis of protein
modification. Promoter activity was determined using the luciferase reporter assay. Immunofluorescence staining was used to
determine reactive oxygen species levels. The expression patterns of EMT markers and carnitine palmitoyltransferase 1C (CPT1C)
were determined by Western blot analysis.

Results: CPT1C, which was shown to be highly expressed in lung cancer, is associated with cisplatin resistance in NSCLC cells.
CPT1C depletion increased NSCLC cell sensitivity to cisplatin, while overexpression of CPT1C increased NSCLC cell resistance
to cisplatin. Induction of EMT mediated CPT1C-induced cisplatin resistance. Ectopic expression of Snail reversed the increase in
cisplatin sensitivity triggered by CPT1C knockdown. Moreover, CPT1C was shown to be regulated at the post-translational level and
an E3-ubiquitin ligase, NEDD4L, was shown to be a major regulator of CPT1C stability and activity.

Conclusions: These data provide evidence for the first time that the lipid metabolism enzyme, CPT1C, mediates resistance to
chemotherapy. Therefore, the use of combination therapy with a CPT1C inhibitor may be a promising new avenue in lung cancer
treatment.

CPT1C; chemoresistance; EMT; NEDD4L; NSCLC

Introduction

Despite the advent of targeted therapies and breakthroughs in
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immunotherapy, lung cancer remains the most common fatal
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with non-small cell lung cancer (NSCLC), approximately 60%
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NSCLC patients!-. Therefore, chemotherapy remains one of
the main treatment options for NSCLC patients. However, pri-
mary resistance to chemotherapy drugs and the development
of acquired resistance during treatment often severely limits
the ability to cure lung adenocarcinoma. Therefore, further
exploration of the molecular mechanisms underlying chemo-
therapy resistance is of great significance for improving the
prognosis of NSCLC patients.

The epithelial-to-mesenchymal transition (EMT) is a cel-
lular process in which epithelial cells lose apical-basal polar-
ity and cell-cell junctions, undergo changes in cell shape and
cytoskeletal organization, and acquire mesenchymal fea-
tures, such as fibroblast-like cell morphology, to increase cell
migration and invasiveness?. Classical EMT, first described in
embryonic development, is crucial for many stages of embry-
onic development. However, in addition to activating classical
EMT-associated properties, additional pleiotropic functions
also underscore an even more important role of EMT in cancer
biology. EMT has been shown to maintain stemness properties
and increase tumorigenicity. Additionally, EMT is involved in
the escape from senescence and therapy resistance™®.

EMT is executed by so-called EMT-activating transcrip-
tion factors (EMT-TFs), primarily from the SNAIL, TWIST,
and ZEB families. EMT-TFs have crucial roles in cancer pro-
gression, from initiation and primary tumor growth to inva-
sion, metastasis, and resistance to therapy. One major form of
chemotherapy resistance has been associated with the pres-
ence of molecular pumps that transport drugs out of cells?. The
most common transport proteins belong to the ATP-binding
cassette (ABC) membrane protein family, such as multidrug
resistance protein 1 (MDR1) and multidrug resistance-asso-
ciated protein 1 (MRP1). Our previous work showed that the
complex formed by Snail and activated by TGF-f1 and TAZ/
YAP-1 upregulates expression of the multidrug resistance
protein, MRP1 (ABCCI1), thereby conferring chemotherapy
resistance in NSCLC”.

Tumor cells require higher amounts of substances and
energy compared to other tissues. To adapt to the metabolic
demands of rapid proliferation and division, tumor cells
undergo metabolic reprogramming. The most common met-
abolic reprogramming phenomenon is the Warburg effect.
While many studies on tumor metabolism have focused on
changes in glucose and glutamine metabolism, another widely
described metabolic feature that has long been associated
with tumor cells is fatty acid metabolism®. Some tumor cells
exhibit increased fatty acid oxidation (FAO) under metabolic
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stress conditions to maintain cellular energy homeostasis.
FAO is tightly regulated at the step of fatty acid entry into
the mitochondria, which is executed by tissue-specific iso-
forms of carnitine palmitoyltransferase 1 (CPT1). The CPT
fatty acid family mediates the transport of long-chain fatty
acids (LCFAs) across the mitochondrial double membrane
for B-oxidation, providing energy to the cells. There are two
known isoforms of CPT1 (CPT1a and CPT1b). CPT1a is the
hepatic isoform, while CPT1b is predominantly found in
muscle cells. Recently, a new third isoform of CPT1, CPT1C,
has been described. CPT1C is specifically expressed in brain
tissue and tumors, making CPT1C a subject of great interest
in tumor research’.

The specific role of CPT1C in cancer cells has not been
established. Compared to other members of the CPT1 fam-
ily, the catalytic activity of CPT1C is extremely low. Therefore,
CPT1C is not thought to be involved in regulation of mito-
chondrial FAO. However, Zaugg et al.!° reported that MCF-7
breast cancer cells with sustained overexpression of CPT1C
increase FAO, ATP production, and resistance to glucose dep-
rivation. Conversely, suppression of CPT1C activity through
specific shRNA targeting CPTIC produced the opposite
effects!®. These findings suggest that CPT1C may be a regu-
lator of FA homeostasis and may be involved in the biological
energy regulation of tumor cells under metabolic stress. It was
recently shown that high expression of CPT1C is negatively
correlated with 5-year overall survival (OS) and disease-free
survival (DFS) in gastric cancer (GC) patients'!. Further
functional studies revealed that HIF1la, which is produced
by hypoxia in GC cells, upregulates CPT1C expression in GC
cells, promoting proliferative effects. However, further studies
are warranted to delve deeper into the mechanism underly-
ing the CPT1Cs role in tumor biology. In the current study
CPT1C was shown to be highly expressed in lung cancer and
positively correlated with resistance to cisplatin. CPT1C-
induced EMT was also shown to be involved in chemore-
sistance. Furthermore, the E3 ubiquitin ligase, NEDDAL, is

functionally relevant to regulation of CPT1C expression.
Materials and methods

Cell culture, antibodies, reagents, and
plasmids

H1299 (NSCLC cells), A549 (NSCLC cells), H446 (small cell
lung cancer cells), HBE (human bronchial epithelial cells),
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P-C9 (human lung adenocarcinoma cells), and H1688 cell
lines (small cell lung cancer cells) were cultured with DMEM
(GibcoThermo Fisher Scientific, Waltham, MA, USA) and 10%
fetal bovine serum (FBS) (GibcoBRL, Grand Island, NY, USA)
at 37°C in a humidified 5% CO, atmosphere. Anti-ubiquitin
(3933S), anti-Snail (3895S), anti-EZH2 (5246S), anti-p-AKT
(4060T) were purchased from Cell Signaling Technology
(Danvers, MA, USA). Anti-CPT1C (A13849), anti-NEDD4L
(A9078), anti-E-cadherin (A3044), anti-N-cadherin (A3045)
were purchased from Abclonal (Wuhan, China). Anti-f-
actin (A1978), anti-FLAG (F1804-1MG), N-acetyl-cysteine
(NAC, AT250), LY294002 (440202), CHX (Cycloheximide,
239763) were purchased from Sigma-Aldrich (St. Louis,
USA). Anti-fibronectin (ab299) was purchased from Abcam
(Cambridge, UK). Cisplatin (cat. no. ST1164-10mg) was pur-
chased from Beyotime (Shanghai, China), 3-(4,5-dimethylth-
iazol2-yl)-2,5-diphenyl tetrazolium bromide (MTT, M8180,
Solarbio, Beijing, China), Etomoxir (cat. no. E7740, Solarbio,
Beijing, China). The Snail promoter reporter (no. 31694),
EZH2 cDNA (pCMVHA hEZH2) (no. 24230), and NEDD4L
cDNA plasmids (pCI HA NEDDA4L) (no. 27000) were pur-
chased from Addgene (Cambridge, MA, USA). CPT1C cDNA
(pCMV-SPORT6-CPT1C) (no. P4976) was purchased from
MiaoLingBio (Wuhan, China).

Reactive oxygen species (ROS) level
determination

Cells (2 x 10°) were placed in 6-well plates, transfected with
CPT1C cDNA or CPT1C siRNA for 36 h, then subjected to
a Reactive Oxygen Species Assay Kit (Beyotime, Shanghai,
China). The positive control group was treated with ROS
activator for 30 min, while the negative control group was
not treated. Diluted DCFH-DA was added, incubated at 37°C
for 20 min, washed 3 times with DMEM medium, and finally
measured using an enzyme microplate reader. The fluores-

cence intensity was measured and photographed.

Western blot analysis

Cells treated as indicated were harvested and lysed using
the heated laemmli sample buffer (S3401; Sigma-Aldrich,
St. Louis, USA). Proteins were extracted and transferred to
nitrocellulose membranes (GE Healthcare, Piscataway, NJ,
USA) via SDS-PAGE. Then, membranes were blocked with

5% skim milk for 1h at room temperature prior to incubation
with antibodies for 12 h at 4°C incubation.

Annexin V-FITC/PI double-staining flow
cytometry for apoptosis detection

Cells were cultured in 6-well plates (2 x 10°), transfected for 48
h, starved overnight, and treated with cisplatin for 24 h. Cells
were collected, washed twice with PBS, and the supernatant
was removed to collect cell pellets. Using the BD Pharmingen
FITC AnnexinV Apoptosis Detection Kit (556547; Becton
Dickinson, city, state, USA), 500 pL of binding buffer was
evenly added with 5 pL of PI staining solution, and 5 pL of
FITC staining solution. The solution was incubated for 15 min
in the dark and the cells were filtered into a sampling tube
using a 0.22-pum filter membrane. Apoptosis was detected
within 1 h using a flow cytometer (Becton Dickinson) and

analyzed using Flow jo 7.6 software.
Cell viability assay

After culturing cells on a 48-well plate to a confluence of
approximately 80%, the cells underwent the specified treat-
ment and 300 pL of MTT solution [5 mg/mL (MTT powder
dissolved in PBS solution)] were added to each well, then
incubation was continued for 4 h in CO,. The cell suspension
was centrifuged, and the supernatant was aspirated, 150 uL of
DMSO was added to each well and shaken for 10 min. The
absorbance was measured at a wavelength of 570 nm using
a BioTek microplate reader (BioTek, Winooski, VT, USA).
GraphPad Prism software was used to draw dose- and time-ef-

fect curves. Each experiment was repeated three times.
Wound healing test

Cells were seeded in a 6-well plate, and after growing to 90%, a
sterile 200-pL pipette tip was used to draw a uniform straight
line. The line was washed five-to-six times with PBS and after
the designated treatment the cells were observed using an
inverted fluorescence microscope (Olympus, Shinjuku-ku,
Tokyo, Japan) and pictures were obtained at 0 h. The cells
were returned to the incubator for further cultivation and the
migration of the marked sites was photographed at 24 and 48
h. The scratch area was analyzed using software Image Pro and
the migration ability of the cells was determined based on the

wound healing area.
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Dual luciferase reporter assays

H1299 and A549 cells were seeded in 12-well plates at a den-
sity of 1 x 10° cells/well. When cell densities reached 80% the
promoter-luciferase reporter [CPT1C or Snail (6 ng)] and
pCMV6 plasmids (1 ng) were co-transfected. After 48 h cells
were lysed and luciferase activity was measured following the
manufacturer’s instructions. Each experiment was repeated

three times and the average value + SD was used.

Transfection and small interfering RNA
(siRNA)

H1299 and A549 cells were seeded in 6-well plates (10°/
well). When the density of the cells reached 80%, the cells
were transfected using a PolyJet DNA Transfection Reagent
(SignaGen Laboratories, Gaithersburg, MD, USA) according
to the manufacturer’s instructions. A549 and H1299 cells were
inoculated into 6-well plates for siRNA. When the density of
the cells reached 60%, the cells were transfected with 10 nM
siRNA using 1 pL of GenMute siRNA Transfection Reagent
(SignaGen Laboratories). The siRNA sequences are shown in
Table 1.

Immunoprecipitation (IP)

Samples were collected in a lysis buffer (P2175S-1; Beyotime)
containing 1x protease inhibitor cocktail (P2175S-3; Beyotime)
at a 100:1 ratio. Each sample was incubated overnight with
anti-CPT1C antibody at 4°C and normal rabbit IgG (P2175S-6;
Beyotime) was used as a control group. Then, BeyoMag™ pro-
tein A magnetic beads (P2175S-4; Beyotime) were used in a 2-h
incubation. The immune complex was centrifuged and washed
with lysis buffer containing protease inhibitors to remove
unbound proteins. SDS-PAGE sample loading buffer (1X)
(P2175S-9; Beyotime) was added to each sample and protein

expression was determined by Western blot analysis.

Table 1 siRNA sequence

Gene Genebank accession  Target sequence (5'-3')
number

siCPT1C XM_05431977 GAAAUCCGCUGAUGGUGAA

SiNEDD4L NM_001144967.3 GGUCCUCAGCUGUUUACAA

SiEZH2 NM_001203248.1 GACUCUGAAUGCAGUUGCUTT

51

Cloning and DNA construction

The CPT1C promoter luciferase reporter was constructed by
inserting the amplified promoter fragments into the luciferase
reporter vector, PGL3-basic (Promega, Madison, WI, USA) at
the Kpn I and Hind III restriction sites. The primer sequences
are shown below:

CPT1Cforward: 5'-CCGCTCGAGCTCCATCACGCTCCA
TCTCTCAATT-3'; and CPT1C reverse: 5'-CCCAAGCTTAT
TGGACATATGCAAGCGGGAGATT-3".

Statistical analysis

The data are presented as the mean + SD from independent
experiments that were performed in triplicate. ANOVA was
performed using SPSS 13.0 statistical software (SPSS Inc.,
Chicago, IL, USA) for continuous data following a normal dis-
tribution and a significant difference was considered when the

P-value was < 0.05.

Results

CPT1C expression was associated with DDP
resistance in NSCLC cells

The relationship between lipid metabolism and lung cancer
prognosis was not clear based on the retrospective analysis
from clinical reviews. However, inhibition of lipid metabolism
suppresses the growth of NSCLC in many animal models'?.
Therefore, the relationship between some key genes related to
lipid metabolism and lung cancer prognosis was determined
by analyzing publicly available data. Acetyl-coenzyme A car-
boxylase, fatty acid synthase (FASN), and CPT1 (a and c types)
are often overexpressed in human cancers'>!“. Surprisingly, in
addition to an increase in lung tumors (TCGA-LUAD), it was
found that the level of CPT1C expression was also correlated
with poor prognosis [GEPIA (http://gepia.cancer-pku.cn)]
(Figure 1A). Therefore, the current study focused on exploit-
ing the correlation between CPT1C and lung cancer prog-
nosis because there has been little relevant research to date.
A549 cells were shown to exhibit the highest level of CPT1C
expression based on a comparison of various NSCLC cell lines
(Figure 1B). Currently, systemic chemotherapy remains the
primary treatment for NSCLC mediated by KRAS/TP53. The
A549 cell line, which has an activating mutation in KRAS and
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Figure 1 CPT1C expression is associated with cisplatin resistance in NSCLC cells. (A) The differential analysis of CPT1C expression between
normal cells and non-small cell lung cancer in the LUCD cohort of the TCGA database showed that CPT1C is highly expressed in lung ade-
nocarcinoma, with a median difference of 0.149 (0.003-0.298) between the two groups, which was statistically significant (*P < 0.05 indicates
that there was a significant difference compared to normal tissues). Based on the GEPIA2 website, the impact of CPT1C on the overall survival
rate of lung adenocarcinoma patients was analyzed and the differences were statistically significant (P < 0.05 indicates that there was signifi-
cant difference between groups with high and low CPT1C expression). (B) Western blot analysis was performed in seven cell lines (HBE, A549,
H1299, H446, H460, H1688, and P-C9) to detect the level of CPT1C protein expression in the above cell lines. (C) Two cell lines (H1299 and
A549) were treated with cisplatin (0, 5, 10, 15, 20, 25, 50, 100, 200, and 400 uM) for 48 h in preparation for MTT analysis. The bars represent
the mean + S.D. of triplicates (**P < 0.01, ***P < 0.001, ****P < 0.0001 for differences from DDP-untreated A549 cells and *#P < 0.001 and
##p < 0.0001 for the differences from DDP-untreated H1299 cells by ANOVA with Dunnett's correction for multiple comparisons). (D) The
cells were transfected with control siRNA or CPT1C siRNA, then treated with 10 uM cisplatin for 48 h in preparation for MTT analysis. The bars
represent the mean = S.D. of triplicates (*P < 0.05 and **P < 0.01 for the difference from the control group, and **#P < 0.001 for the difference
from the DDP-treated group by ANOVA with Dunnett's correction for multiple comparisons). (E) After transfection of CPT1C cDNA, cell lines
(H1299 and A549) were treated with 10 uM cisplatin for 48 h for MTT analysis. The bars represent the mean + S.D. of triplicates (**P < 0.01
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and ****P < 0.0001 for the difference from the control group, and #*###p < 0.0001 for the difference from the DDP-treated group by ANOVA
with Dunnett’s correction for multiple comparisons). (F) After transfection of CPT1C ¢cDNA or CPT1C siRNA, cell lines (H1299 and A549) were
treated with vehicle or the indicated doses of cisplatin (25 uM) for 6 h in preparation for flow cytometry assays. The bars represent the mean
+ S.D. of triplicates (**P < 0.01 and ***P < 0.001 for the difference from the control group; *P < 0.01 and #*##P < 0.001 for the difference from
the DDP-treated group; and %P < 0.01 and $%$P < 0.001 for the difference from the DDP-treated group by ANOVA with Dunnett's correction

for multiple comparisons, NS indicates no statistical difference).

p53-deficient H1299 cells, was specifically selected to repre-
sent our in vitro model for NSCLC chemotherapy resistance
research. A549 cells exhibit a higher survival rate than H1299
cells following treatment with varying concentrations of DDP
(Figure 1C), suggesting a positive correlation between cell
viability and CPT1C expression. To verify the role of CPT1C
in DDP resistance, siRNA technology was used to knock
down CPT1C in A549 and H1299 cells. A549 and H1299 cells
increased the sensitivity to DDP (Figure 1D). In addition,
overexpression of CPT1C increased resistance to DDP (Figure
1E). Similar results were obtained using the apoptosis assay
(Figure 1F).

CPT1C-induced EMT enhances DDP
resistance

Because CPT1C is a key enzyme in lipid metabolism of can-
cer cells!®!!, the molecular mechanism underlying CPT1C
in chemoresistance was explored. Several reports indi-
cate that EMT has an important role in chemoresistance®>.
Bioinformatic analysis showed that CPT1C was positively
correlated with the key EMT transcription factor, Snail, and
the mesenchymal cell markers, fibronectin and N-cadherin,
whereas CPT1C was negatively correlated with the epithelial
cell marker, E-cadherin (Figure 2A). Interestingly, Western
blot analysis results showed that overexpression of CPT1C
induced EMT, causing Snail, fibronectin, and N-cadherin
to be upregulated, while E-cadherin was downregulated
(Figure 2B). Conversely, when CPT1C was depleted by
siRNA, the levels of Snail and fibronectin were inhibited
and the E-cadherin protein level increased (Figure 2C). In
agreement with this finding, the wound scratch assay also
confirmed that CPT1C promoted EMT (Figure 2D, 2E). The
contribution of CPT1C-induced EMT in DDP resistance was
assessed. A luciferase reporter harboring Snail promoter was
first generated. Strikingly, the promoter activity of Snail was

induced in a dose-dependent fashion by DDP treatment in

H1299 and A549 cells (Figure 2F). In addition, Western blot
analysis showed a decrease in E-cadherin protein expression
with an increase in the fibronectin level and an induction
of Snail and CPT1C protein expression in response to DDP
treatment (Figure 2G). To directly test whether CPT1C was
involved in DDP-induced EMT, the impact of CPTI1C level
manipulation on Snail promoter activity and EMT markers
was measured. As shown in Figure 2H, the DDP-induced
Snail promoter activity was significantly repressed by CPT1C
siRNA (Figure 2H), which was accompanied by repression
of the EMT (Figure 2I). Consistent results were obtained in
cells overexpressing CPT1C (Figure 2J, 2K). Furthermore,
the cell viability assay showed that Snail reversed the increase
in DDP sensitivity triggered by CPT1C knockdown (Figure
2L). This finding suggested that DDP enhanced resistance via
the CPT1C-induced EMT pathway.

CPT1C-induced ROS was involved in
promoting EMT and chemoresistance

The next step was to investigate the molecular mechanism
underlying CPT1C-induced EMT. CPT1C functions in trans-
porting FAs into the mitochondria to generate acetyl-CoA,
which enters the tricarboxylic acid cycle and promotes oxi-
dative phosphorylation to produce ATP. The induction of
invasion and EMT has been linked to activation of the PI3K/
AKT pathway. Phosphorylation of GSK3[3 at Ser9 by AKT
causes GSK3P activity to be reduced. GSK3p binds to and
phosphorylates the Snail transcription repressor, causing
Snail to be degraded'®. Our prior work demonstrated that
ROS produced by oxidative phosphorylation promote Snail-
dependent EMT via the AKT pathway!®. Indeed, CPT1C over-
expression increased intracellular ROS, while knockdown of
CPT1C reduced intracellular ROS (Figure 3A). The anti-ox-
idant, NAC, reversed the CPT1C-induced phosphorylation
of AKT as well as Snail-dependent EMT (Figure 3B). NAC
also reversed CPT1C-activated cell migration in scratch assays



Cancer Biol Med Vol 22, No 1 January 2025

55

A CPT1C vs. Snail CPT1C vs. FN1 CPT1C vs. CDH1 CPT1C vs. CDH2
5
= = 20 T i % g
© Z jD: 2 . s g 4 -
S 3 w19 e (o] 0 ¢ ? Q
=S cs *e :'l - S feed ’ c = 3 '“
Ss 2 o2 18 T it S5 1] e s s
= 2 REN 82 Y il .. 22 .-
29 1 ge U Tttt - Ba - gu 2 "
g.: sg 16 .t % S e S 0 m g . E-(D\C‘ & e
£9 o 85 15 ° 22 gt B> I ¥ B S 1 P T
B o 151 _.—*% pae & _ it [ \ @ - {:f 5
<9 -1 S8 14 T OiER e v =8 1 o T8N T2, < g 0] o e .
zZ2 Z< 3 sy, o = - N E; TR t:'h.
€< 2 EZ 034 ES 2 s 5% =-036 gZ-11 <%
% 3 3 12 ’ P-geoet B ., P=1443¢° 2 5| F, '.t p=042
S 2 11y - -07€ o 3 3 * P=121e®
= = e T T =3 N
-2-101 2 3 4 0 2 4 6 8 10 -2 -1 0 1 2 3 4 -2 -1 0 1 2 3 4
mMRNA expression MRNA expression mRNA expression mMRNA expression
(logRNA seq V2 RSEM): (logRNA seq V2 RSEM): (logRNA seq V2 RSEM): (logRNA seq V2 RSEM):
CPT1C(19qg13.33) CPT1C(19q13.33) CPT1C(19q13.33) CPT1C(19q13.33)
B A549 H1299
CPTICcDNA - - - + + + CPTICcDNA - - - + + +
CPT1C s B 1 CPTIC | vot o o e
Snail | & we w8 - & Snail [ = = == "> W
Fibronectin L L L, Fibronectin | s == s ol S P
E-cadherin | om o= »- E-cadherin | wem owm o e oo =
B-actin | = W - W - @ B-actin | ——————
A549 H1299
C
CPTICsiRNA - - - + + + CPTICsiRNA - - - + + +
CPTIC | mempam vy s =~ =~ CPT1C | "0 Sy gy o
Snail | *= = o su oo o Snail | e =N En == =% we
Fibronectin . . . - " ﬁ Fibronectin . ‘ . . - i-
E-cadherin T o OED Gy E-cadherin [s=e s ows oun o Gee
B-actin | == - = w— w— w— B-actin | = = - e - o
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(Figure 3C). To demonstrate the involvement of AKT signal-
ing in CPT1C-induced EMT, cells were treated with the AKT
inhibitor, LY294002, and LY294002 reversed CPT1-induced
EMT (Figure 3D). Surprisingly, DDP-induced EMT was also
reversed by LY294002 and NAC (Figure 3E, 3F). To further
confirm that ROS induced by CPT1C are derived from FA
oxidation, a pharmacologic inhibitor (etomoxir) was used.
Etomoxir is a widely used small molecule inhibitor of FAO
which has irreversible inhibitory effects on CPT1 to inhibit
B-oxidation. As shown in Figure 3G, etomoxir treatment of
H1299 cells overexpressing CPT1C dramatically reduced
ROS production. Notably, etomoxir treatment reduced
CPT1C-induced AKT phosphorylation and Snail expression

(Figure 3H). Of greater significance, etomoxir reversed DDP
sensitivity of CPT1C-overexpressed cells (Figure 3I). These
results demonstrated the essential role of ROS produced
by CPT1C-induced lipid oxidation in promoting EMT and

chemoresistance.

Suppression of an E3 ubiquitin ligase,
NEDDA4L, by DDP-induced EZH2 increased
CPT1C expression

In the next step, how DDP regulates CPT1C expression
was determined (Figure 4A). We first quantified CPT1C
mRNA expression in DDP-treated H1299 and A549 cells
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and showed that CPT1C mRNA levels were not affected.
Therefore, we proposed the possibility that DDP might
promote the stability of CPT1C protein. A protein synthe-
sis inhibitor [cycloheximide (CHX)] chase assay was used
to detect the effect of DDP on the half-life of the CPT1C
protein. Indeed, the CPT1C protein half-life was signifi-
cantly increased in H1299 and A549 cells treated with DDP

(Figure 4B), suggesting that DDP regulates CPT1C through
post-translational mechanisms.

Ubiquitination is a protein modification system that reg-
ulates a broad range of protein degradation and stability. To
determine if DDP-induced CPT1C stability was mediated by
the ubiquitination pathway, IP was used in DDP-treated H1299
and A549 cells to detect ubiquitin levels. The IP results showed
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Figure 2 CPT1C-induced EMT enhances cisplatin resistance. (A) Using the lung adenocarcinoma database (TCGA, Nature 2014, sample:
230) in the website (http://www.cbioportal.org/), the correlations between the expression of the CPTIC gene and the expression of SNA/I,
CDH1, CDH2, and FN1 were analyzed. (B) After transfection of A549 and H1299 cells with CPTIC cDNA for 24 h, Western blot analysis was
performed to detect CPT1C, Snail, fibronectin, and E-cadherin protein expression. (C) The cells were transfected with CPT1C siRNA for Western
blot analysis of CPT1C, Snail, fibronectin, and E-cadherin expression. (D) After transfection of A549 and H1299 cells with CPT1C cDNA, wound
healing assays were performed at various times (0, 24, 48 h) to determine the migration ability. The bars represent the mean + S.D. of triplicates
(**P < 0.01 for the difference from untreated control at 24 h; #P < 0.05 and #**P < 0.01 for the difference from untreated control at 48 h by
ANOVA with Dunnett's correction for multiple comparisons). (E) After transfection of A549 and H1299 cells with CPT1C siRNA, wound healing
assays were performed. The bars represent the mean + S.D. of triplicates (*P < 0.05 and **P < 0.01 for the difference from untreated control
at 24 h; and ##P < 0.01 at 48 h by ANOVA with Dunnett’s correction for multiple comparisons). (F) A549 and H1299 cells were co-transfected
with Snail promoter and control Renilla luciferase reporter gene plasmid and treated with the indicated cisplatin concentrations (0, 5, and 10
uM) after 48 h. Luciferase activity was determined and normalized using the dual luciferase reporter system. The bars represent the mean +
S.D. of triplicates (*P < 0.05 and **P < 0.01 for the difference from DDP-untreated A549 and H1299 cells by ANOVA with Dunnett's correction
for multiple comparisons). (G) The cells were untreated or treated with the indicated doses of cisplatin (0, 5, 10, 15, 20, and 25 pM) for 6 h.
Then, Western blot analysis was performed to determine CPT1C, Snail, fibronectin, and E-cadherin. (H) After transfection of A549 and H1299
cells with CPT1C siRNA for 24 h, the cell lines were co-transfected with Snail promoter and control Renilla luciferase reporter gene plasmid
and treated with the indicated cisplatin concentration (10 uM) for 48 h. Luciferase activity was determined and normalized using the dual
luciferase reporter system. The bars represent the mean + S.D. of triplicates (**P < 0.01 and ***P < 0.001 for the difference from untreated cells;
and ##P < 0.001 for the difference from transfection with CPT1C siRNA cells by ANOVA with Dunnett’s correction for multiple comparisons).
(I) After transfection of A549 and H1299 cells with CPT1C siRNA for 24 h, Western blot analysis was performed to determine CPT1C, Snail,
fibronectin, and epithelial marker (E-cadherin) expression in A549 and H1299 cells treated with cisplatin (0, 5, and 10 uM) for 6 h. (J) After
transfection of A549 and H1299 with CPT1C cDNA for 24 h, the cell lines were co-transfected with Snail promoter and control Renilla luciferase
reporter gene plasmid and treated with 10 uM cisplatin for 48 h. Luciferase activity was determined and normalized using the dual luciferase
reporter system. The bars represent the mean + S.D. of triplicates (*P < 0.05 and ***P < 0.001 for the difference from untreated cells and *P
< 0.05 and *#P < 0.01 for difference from transfection with CPT1C cDNA cells by ANOVA with Dunnett's correction for multiple comparisons).
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(K) After transfection of A549 and H1299 cells with CPT1C cDNA for 24 h, Western blot analysis of CPT1C, Snail, fibronectin, and E-cadherin in
A549 and H1299 cells treated with cisplatin (0, 5, and 10 uM) for 6 h. (L) Transfection of CPT1C siRNA alone or CPT1C siRNA combined with
Snail cDNA, the A549 cells were treated with different concentrations of cisplatin for 48 h in preparation for MTT analysis. The bars represent
the mean = S.D. of triplicates (***P < 0.001 for the difference of CPT1C siRNA + Snail cDNA from the control group; and #**#P < 0.001 for the
difference in CPT1C siRNA from the control group by ANOVA with Dunnett’s correction for multiple comparisons).

that the addition of DDP significantly reduced ubiquitination
of CPT1C (Figure 4C). We attempted to uncover the regulatory
mechanism underlying CPT1C using the UniProt approach of
proteomics (https://www.uniprot.org). CPT1C protein contains
the P700-D701-Y702 sequence, which is similar to the con-
served PxY binding motif of the E3 ubiquitin ligase, NEDDA4L,
located on the membrane. Intriguingly, bioinformatics analysis
revealed that CPT1C expression was negatively correlated with
the NEDDAL level (GEPIA http://gepia.cancer-pku.cn) (Figure
4D). When the levels of CPT1C and NEDDA4L expression in
various cell lines were determined, A549 was shown to have the
lowest NEDDA4L expression in contrast to the highest CPT1C
levels. The levels of both genes exhibited a negative correlation
in H1299, P-C9, and H1688 cells (Figure 4E). To determine
whether NEDDA4L was involved in CPT1C ubiquitination, cells
were transfected with NEDD4L ¢DNA. Indeed, CPT1C levels
were significantly suppressed in both H1299 and A549 cells
upon overexpression of NEDDA4L, which was accompanied by
the suppression of Snail protein (Figure 4F). Conversely, when
NEDDA4L siRNA was introduced ectopically into H1299 and
A549 cells the levels of CPT1C and Snail protein increased
significantly (Figure 4G). Similar results were obtained in the
DDP-treated cells (Figure 4H, 4I). Furthermore, the CHX
chase assay demonstrated that NEDD4L considerably reduced
the half-life of the CPT1C protein (Figure 4]).

The above results raised an important question. Why
can DDP affect the ubiquitination of CPT1C by NEDD4L?
Previous reports showed that NEDDA4L can be inhibited by
DDP-induced EZH2!7!8, Western blot results showed that
DDP can upregulate EZH2 and downregulate NEDD4L
expression (Figure 4K). Overexpression of EZH2 repressed
NEDDAL expression and promoted CPT1C and Snail expres-
sion (Figure 4L). Conversely, NEDD4L expression increased
in tandem with a decrease in CPT1C and Snail expression
upon EZH2 depletion by siRNA (Figure 4M). Importantly,
overexpression of EZH2 greatly decreased the ubiquitination
of CPT1C (Figure 4N). Overall, the results indicated that sup-
pression of NEDD4L by DDP-induced EZH2 is functionally
relevant to CPT1C regulation.

Discussion

Many lines of evidence suggest that changes in FA metabo-
lism are a common characteristic of several solid tumors. The
results are consistent with multiple reports, emphasizing the
increasing importance of FA metabolism in tumor develop-
ment. Recent studies have shown that the growth and survival
of cancer cells relies on the activity of CPT1C!%!11, Sustained
expression of CPT1C increases FAO and ATP production,
while depletion of CPT1C reduces ATP production. Under
hypoxic or limited glucose conditions, experiments have shown
that knocking out CPT1C in human cancer cell lines reduces
cell growth in vitro and reduces the formation of new tumors
in vivo, which is consistent with the results demonstrated that
CPTI1C has an impact on cell proliferation. Notably, we were
the first to show the necessary role of CPT1C in chemotherapy
resistance of lung cancer cells. Intriguingly, in DDP-resistant
cells CPT1C activity has been linked to induction of Snail-
dependent EMT program. Overexpression of CPT1C induced
Snail expression and EMT, and Snail reversed the increase in
DDP sensitivity triggered by CPT1C knockdown. Moreover,
we demonstrated the essential role of CPT1C-induced ROS
in promoting EMT and chemoresistance. Taken together, the
results suggested that CPT1C is involved in regulation of bio-
energetics that mediates resistance to chemotherapy.

The results of the current study have expanded our under-
standing of the function of this unconventional member of
the CPT family. CPT1C is primarily expressed in the neurons
of normal mammals?*2!. It has been proposed that CPT1C
plays an important role in maintaining the overall energy
homeostasis of mice. Our findings are consistent with several
studies showed that CPT1C has functional roles at both the
systemic and cellular levels in non-neuronal tumors'®!!. It is
not clear why this particular CPT1 gene is overexpressed in
tumors. In the current study we identified the E3-ubiquitin
ligase, NEDD4L, as a major regulator of CPT1C stability.
NEDDA4L, also known as NEDD4-2, is an HECT E3 ubiquitin
ligase comprised of a phospholipid-binding (C2) domain, four
WW domains that interact with the PY motif (L/PPXY) of
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H1299 cells were treated with 4 mM N-acetyl-cysteine (NAC) after CPT1C cDNA transfection for 3 h. Western blot analysis was performed to
measure CPT1C, p-AKT, Snail, E-cadherin, fibronectin, and N-cadherin protein levels. (C) After transfection of H1299 cells with CPT1C cDNA
for 24 h, then the cell line was treated with vehicle or the indicated doses of 4 mM N-acetyl-cysteine (NAC). Wound healing assays were per-
formed at various times (0, 24, and 48 h) for migration ability. A quantitative analysis is shown below. The bars represent the average + S.D.
(**P < 0.01 for the difference from the CPT1C cDNA-treated group by ANOVA with Dunnett's correction for multiple comparisons). (D) 48 h
after transfection of CPT1C cDNA, the cell lines (A549 and H1299) were treated with AKT inhibitors (4 uM LY294002) for 3 h in preparation for
Western blot analysis. (E) A549 and H1299 cells were treated with vehicle or the indicated doses of cisplatin (0, 5, and 10 uM) for 3 h, then the
cells were treated with vehicle or the indicated doses of AKT inhibitors (4 uM LY294002) for 6 h before Western blot analysis. (F) Representative
Western blot analysis of CPT1C, p-AKT, Snail, E-cadherin and N-cadherin after the cells (A549 and H1299) were treated with the indicated
doses of cisplatin (0, 5, and 10 uM) for 3 h, followed by the indicated doses of 4 mM N-acetyl-cysteine (NAC) for 3 h. (G) 24 h after H1299
cells were transfected with CPT1C cDNA, cells were treated with the CPT1 inhibitor, etomoxir (100 uM), for 1 h. The ROS levels were detected
using the fluorescent probe, DCFH-DA (start magnification x 100 scale, 100 uM). (H) 24 h after H1299 cells were transfected with CPT1C cDNA,
cells were treated with the CPT1 inhibitor, etomoxir (100 uM), for 1 h. Western blot analysis was performed for analysis of CPT1C, p-AKT, and
Snail expression. (I) 24 h after transfection of CPT1C cDNA, the cell lines (H1299 and A549) were treated with 10 uM of cisplatin or cisplatin
with etomoxir (100 uM) for additional 24 h for MTT analysis. The bars represent the mean + S.D. of triplicates (**P < 0.01 and ***P < 0.001 for
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difference from the CPT1C-transfected combined with the DDP-treated group by ANOVA with Dunnett’s correction for multiple comparisons).

target proteins, and a carboxy-terminal ubiquitin ligase HECT
domain??%. The most studied target proteins of NEDD4L

(ENaC), cystic fibrosis transmembrane conductance regu-
lator (CFTR), and GPX4?>**, We demonstrated for the first

are membrane proteins, including epithelial sodium channels time that NEDDAL is the E3 ubiquitin ligase of CPT1C and
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specifically mediates regulation of CPT1C by chemotherapy.

Remarkably, our evidence showed that NEDDA4L inactivation
is mediated by the DDP-induced EZH2 pathway.

The adverse prognosis of advanced lung cancer can be

partially explained by the strong resistance to chemother-

apy. Despite the recent development of targeted therapy and
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Figure 4 Suppression of the E3 ubiquitin ligase, NEDDAL, by cisplatin-induced EZH2 increases CPT1C expression. (A) A549 and H1299 cells
were co-transfected with CPT1C promoter and control Renilla luciferase reporter gene plasmid for 24 h. After transfection, cells were treated
with cisplatin (0, 5, 10, and 15 pM) for 6 h. Luciferase activity was determined and normalized using the dual luciferase reporter system. The
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followed by 178 uM cycloheximide (CHX) treatment for the indicated time (0, 1.5, 3, 6, 12, and 24 h). Then, Western blot analysis of CPT1C in
A549 and H1299 cells. (C) The cells were transfected with flag-tagged CPT1C cDNA constructs for 24 h, then treated with cisplatin (25 uM) for
an additional 6 h. The cells were lysed using lysis buffer and the supernatant was removed after centrifugation. Then, magnetic beads bound
to primary antibody (Flag) were added to the supernatant and incubated overnight for 4°C before Western blot analysis was performed for
analysis of Ub, NEDDAL, and CPT1C proteins. (D) Bioinformatics analysis (GEPIA http://gepia.cancer-pku.cn) revealed that the CPTIC gene
expression was inversely correlated with NEDDA4L expression. (E) Western blot analysis was performed in seven cell lines (HBE, A549, H1299,
H446, H460, H1688, and P-C9) to detect the level of CPT1C and NEDDA4L protein expression. (F) H1299 and A549 cells were transfected with
NEDDA4L cDNA for 24 h, then Western blot analysis was performed to detect CPT1C and Snail protein expression. (G) Cell lines (H1299 and
A549) were transfected with NEDDA4L siRNA for 24 h in preparation for Western blot analysis. (H) After transfection of NEDD4L cDNA, H1299
and A549 cells were treated with the indicated concentrations of cisplatin (0, 5, and 10 uM) for 24 h in preparation for Western blot analysis.
(I) After transfection of NEDDAL siRNA, H1299 and A549 cells were treated for 24 h with the indicated concentrations of cisplatin (0, 5, and
10 uM) for 24 h in preparation for Western blot analysis. (J) Western blot analysis of CPT1C in the H1299 cell line. The cells were treated with
178 uM cycloheximide (CHX) at various times (0, 1.5, 3, 6, 12, and 24 h) 48 h after NEDD4L cDNA transfection. (K) H1299 and A549 cells were
treated with the indicated doses of cisplatin (0, 5, 10, 15, 20, and 25 uM) for 6 h in preparation for Western blot analysis. (L) H1299 and A549
cells were transfected with EZH2 cDNA for 24 h and Western blot analysis was performed to detect the levels of NEDDA4L, CPT1C, and Snail
protein expression. (M) H1299 and A549 cells were transfected with EZH2 siRNA for 48 h and Western blot analysis was performed to detect
the levels of NEDDAL and Snail protein expression. (N) After transfection of EZH2 cDNA and flag-tagged CPT1C cDNA construct for 24 h, cells
were lysed using lysis buffer for immunoprecipitation. The magnetic beads bound to primary antibody (Flag) were used for immunoprecipi-
tation and Western blot analysis of Ub, NEDDA4L, and CPT1C proteins.

immunotherapy, platinum-based chemotherapy remains the
primary treatment method for patients with NSCLC. Multiple
mechanisms are responsible for this resistance but upregulation
of ABC transporters has received considerable attention. These
transporters are known to mediate drug efflux and therefore
confer multidrug resistance to cancer cells>. Ample evidence

indicates that the emergence of therapeutic drugs resistance in

tumor cells have undergone the EMT process®?>%. In agree-
ment with this finding, we have previously shown that Snail, a
major EMT-inducing transcriptional factor, forms complexes
with TAZ and AP-1 at the ABC transporter, MRP1 promoter,
to activate MRP1 expression and is critical for drug resistance
in NSCLC cells. Herein we report, for the first time, that the

increased expression of CPT1C induces EMT and mediates
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Figure 5 A schematic illustration of our major findings. Cisplatin treatment induces expression of damaged DNA binding protein complex
subunit 2 (DDB2), DDB2 can bind to the promoter region of NEDDA4L and recruit EZH2 to repress NEDDA4L transcription by facilitating histone
H3 lysine 27 trimethylation (H3K27me3) at the NEDDA4L promoter. Consequently, reduced NEDDAL decreases ubiquitination and degradation
of CPT1C. Enhanced CPT1C expression increased FAO, ATP generation, and ROS production. ROS induces phosphorylation and activity of AKT,
which phosphorylates GSK3p to reduce GSK3 activity. The inability of GSK3f to phosphorylate the Snail transcription factor results in Snail
stability and translocation into nucleus. Eventually, Snail targets several related genes to increase cisplatin resistance by promoting activation
of the Snail-dependent EMT program and expression of ABC transporters (drawn by Figdraw, ID: OWRPR94604). EZH2, enhancer of zeste
homolog 2 histone methyltransferase; NEDDAL, a HECT E3 ubiquitin ligase; CPT1C, carnitine palmitoyltransferase 1C; FAO, fatty acid oxidation;

ROS, activated oxygen species.

DDP resistance in NSCLC cells. We also showed that CPT1-
induced ROS regulates activation of the AKT pathway and
EMT program. Taken together, these results have potential
implications for future cancer therapy by targeting the EMT.
Our results are consistent with numerous studies that have
emphasized the emerging importance of lipid metabolism?’.
There is mounting evidence suggesting a link between obesity
and different types of cancer risk, such as breast, colorectal,
and pancreatic cancer?®. Intriguingly, the data on lung cancer
is not consistent, with some reports indicating an inverse cor-
relation with body mass index (BMI) and lung cancer risk?.
However, clinical studies have shown that abdominal visceral
obesity is associated with an increased risk of NSCLC?. It has
been shown that obese NSCLC patients have a lower response

rate to chemotherapy and radiotherapy, as well as a higher
risk of recurrence and death®33. Nevertheless, the present
findings suggest that lipid metabolism is closely related to the
development of lung cancer. Taken together, these results may
be very important for the development of potential new treat-
ment strategies for combining CPT1C inhibition with other

chemotherapeutic agents.
Conclusions

CPTI1C, which is highly expressed in lung cancer, was shown
to be linked to DDP resistance in NSCLC cells. EMT induced
by CPT1C was shown to contribute to chemoresistance. Snail

ectopic expression reversed the CPT1C knockdown-induced
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increase in DDP sensitivity. Moreover, CPT1C was post-
translationally regulated and an E3-ubiquitin ligase,
NEDDA4L, was a key regulator of CPT1C stability and activity
(Figure 5). Taken together, these results may be very impor-
tant for the development of potential new treatment strategies
for combining CPT1C inhibition with other chemotherapeu-

tic agents.
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