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The carnitine palmitoyltransferase (CPT) family is essential for fatty acid oxidation.

Recently, we found that CPT1C, one of the CPT1 isoforms, plays a vital role in cancer

cellular senescence. However, it is unclear whether other isoforms (CPT1A, CPT1B,

and CPT2) have the same effect on cellular senescence. This study illustrates the

different effects of CPT knockdown on PANC‐1 cell proliferation and senescence and

MDA‐MB‐231 cell proliferation and senescence, as demonstrated by cell cycle

kinetics, Bromodeoxyuridine incorporation, senescence‐associated β‐galactosidase
activity, colony formation, and messenger RNA (mRNA) expression of key

senescence‐associated secretory phenotype factors. CPT1C exhibits the most

substantial effect on cell senescence. Lipidomics analysis was performed to further

reveal that the knockdown of CPTs changed the contents of lipids involved in

mitochondrial function, and lipid accumulation was induced. Moreover, the different

effects of the isoform deficiencies on mitochondrial function were measured and

compared by the level of radical oxygen species, mitochondrial transmembrane

potential, and the respiratory capacity, and the expression of the genes involved in

mitochondrial function were determined at the mRNA level. In summary, CPT1C

exerts the most significant effect on mitochondrial dysfunction‐associated tumor

cellular senescence among the members of the CPT family, which further supports

the crucial role of CPT1C in cellular senescence and suggests that inhibition of

CPT1C may represent as a new strategy for cancer treatment through the induction

of tumor senescence.
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1 | INTRODUCTION

Cellular senescence, a heterogeneous and complicated process, is

broadly defined as a state of stable exit from the cell cycle

(Pérez‐Mancera, Young, & Narita, 2014). Cellular senescence can

be triggered in response to multiple factors, such as oncogene

deregulation, oxidative stress, mitochondrial dysfunction, and

genomic instability (Campisi & D’Adda, 2007; Gallage & Gil, 2016).

During senescence, cells develop a distinctive phenotype, typified by

changes in morphology, activation of β‐galactosidase, absence of

proliferative markers, expression of tumor suppressors and cell cycle

inhibitors, secretion of pro‐inflammatory signaling molecules and so

on (Muñoz‐Espín & Serrano, 2014). Mounting evidence has shown

that the senescence response is recognized as one of the formidable
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barriers to malignant tumorigenesis (Campisi, 2005). To suppress the

development of cancer, it is important to examine drivers of

senescence.

The carnitine palmitoyltransferase (CPT) system consists of two

distinct proteins located in the outer (CPT1) and inner (CPT2)

mitochondrial membranes (Bonnefont et al., 1999). CPT1 has three

tissue‐specific isoforms. CPT1A is found in liver, CPT1B in muscle, and

CPT1C is mainly expressed in the brain and testes, while CPT2 is

ubiquitously expressed (Britton et al., 1995; Demaugre et al., 1991;

Price et al., 2002; Yamazaki et al., 1996). CPT constitutes an important

element for the regulation of fatty acid oxidation (FAO) and

maintenance of energy homeostasis. CPT1A and CPT1B catalyze

carnitine and acyl‐CoA to form acylcarnitine, and CPT2 reverses the

reaction to form acyl‐CoA, which results in the transportation of fatty

acids from the cytosol into the mitochondria for β‐oxidation, especially
long chain fatty acids (LCFAs; Bonnefont, 2004). CPT1A has been

reported to be associated with cancer cell proliferation and metastasis

via altering FAO (Pacilli et al., 2013). The intervention on CPT1A

expression could be a potential molecular therapy for obesity and

diabetes by enhancing hepatic FAO, which is also involved in the

treatment of nonalcoholic fatty liver disease (Orellana‐Gavalda et al.,

2011; Stefanovic‐Racic et al., 2008). A latest finding shows that lower

expression of CPT1B inhibits breast cancer stem cell survival (Wang

et al., 2017). Other studies on CPT1B are mainly related to the

regulation of rapid eye movement sleep and body weight (Cingoz et al.,

2014; Ka et al., 2013). Moreover, CPT1B is important to hibernators

for energy metabolism due to its higher protein expression in brown

fat during hibernation (Eddy, Morin, & Storey, 2006). Although the

brain‐specific CPT1C is structurally similar to its paralogs CPT1A and

CPT1B, it exhibits much lower catalytic activity (Gratacós et al., 2008).

In fact, it is documented that CPT1C plays a pivotal role in the

regulation of energy homeostasis, food intake, and ceramide metabo-

lism (Carrasco et al., 2012; Wolfgang & Lane, 2011; Wolfgang et al.,

2006). Furthermore, the existing evidence suggests that CPT1C is

highly expressed in various types of tumors based on the examination

of messenger RNA (mRNA) levels (Reilly & Mak, 2012). For CPT2,

accumulating reports showed that CPT2 deficiency can lead to several

clinical presentations that are individualized according to tissue

distribution of the symptoms and the age of onset (Bonnefont, 2004).

Recently, we found that CPT1C plays a major role in the regulation of

cancer cell senescence through mitochondria‐associated metabolic

reprogramming, and CPT1C has been shown to be a novel biomarker

and a key regulator of cancer cell senescence (Wang et al., 2018).

However, it is unclear whether other isoforms (CPT1A, CPT1B, and

CPT2) have the same effects on cellular senescence. Thus, this study

aimed to compare the effects of CPT knockdown on tumor cellular

senescence by evaluating their effects on cell proliferation ability, lipid

change, mitochondrial function, and proliferation‐related gene expression.

The results showed that CPT1C exerts the most significant effect on

mitochondrial dysfunction‐associated tumor cellular senescence among

the members of the CPT family, which further supports CPT1C as a novel

target for the intervention on cellular senescence and suggests a new

strategy for cancer treatment through induction of tumor senescence.

2 | MATERIALS AND METHODS

2.1 | Cell culture

The human pancreas cancer cell line PANC‐1 was purchased by

Guangzhou Cellcook Biotech Company (Guangzhou, China), and the

breast cancer cell line MDA‐MB‐231 was generously provided by Dr. Jun

Du at Sun Yat‐sen University. Cells were cultured in Dulbecco modified

Eagle medium (Corning, NY) containing 4.5 g/L glucose, L‐glutamine and

sodium pyruvate supplemented with 10% fetal bovine serum, 100U/ml

penicillin sodium, and 100 μg/ml streptomycin sulfate (Gibco, NY) in a

humidified incubator at 5% CO2 and 37°C. PANC‐1 and MDA‐
MB‐231 were authenticated by authorizing Guangzhou Cellcook Biotech

Company utilizing Short Tandem Repeat Authentication.

2.2 | Transfection with small interfering RNA

For RNA interfering experiments, small interfering RNAs (siRNA) (Ruibo

Biotech Company, Guangzhou, China) were transfected to decrease the

CPT1A, CPT1B, CPT1C, CPT2 levels in PANC‐1 cells and MDA‐MB‐231
cells. Quantified cells were seeded and transfected with 50 nM siRNA

using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen Life

Sciences, CA) with Opti‐MEM (Gibco) according to the manufacturer's

protocol. The sequence of CPT siRNAs is presented in Supporting

Information Table S1. RT‐PCR and western blot were performed to

measure the mRNA and protein level of CPTs, respectively, to validate

the transfection efficiency of three different siRNA chains of CPTs in

PANC‐1 andMDA‐MB‐231 cell lines. Then, the most effective ones were

chosen to carry out other experiments.

2.3 | Quantitative real‐time PCR analysis

Total RNA was extracted from cultured cells using Trizol reagent

(Invitrogen Life Sciences). The quality and quantity of RNA were

examined by a NanoDrop Flex Station 3 spectrophotometer (Thermo

Fisher Scientific, CA). Single‐strand complementary DNA was

synthesized from randomly reverse transcription of about 1 μg

purified RNA using a Primer Script RT reagent Kit with a gDNA

eraser (TaKaRa Biotech, Kyoto, Japan). qRT‐PCR was performed

using SYBR Premix Ex Taq II kit (TaKaRa Biotech) in 7500 Real‐Time

PCR System (Applied Biosystems, CA). The fold changes were

calculated according to the 2−ΔΔCt method. The sequences of specific

primers are listed in Supporting Information Table S2.

2.4 | Western blot analysis

Cells were washed twice with cold phosphate buffer saline (PBS)

(Gibco) and lysed by using radioimmunoprecipitation assay lysis buffer

containing 1% 100mM phenylmethylsulfonyl fluoride to prepare total

protein, which was then quantified by a BCA protein assay kit

(Thermo Fisher Scientific). Total protein was separated by sodium

dodecyl sulfate‐polyacrylamide gel electrophoresis. Blots were incu-

bated overnight at 4°C with different antibodies against GAPDH
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(Santa Cruz Biotechnology, CA), CPT1A, CPT1C, and CPT2 (Abcam,

MA), CPT1B (ABclonal, MA), c‐Myc, p27 and cyclin D1 (Cell Signaling

Technology, MA), cyclin A1, and cyclin E1 (Sangon Biotechnology,

Shanghai, China), followed by incubation with secondary anti‐rabbit or
anti‐mouse antibodies (Cell Signaling Technology) at room tempera-

ture. Blots were developed using an electro‐chemiluminescence kit

(Engreen Biosystem, Beijing, China) and a chemiluminescence imaging

system (GE Healthcare, NJ). The intensity of protein bands was

assayed using Quantity One software (Bio‐Rad Laboratories, CA).

2.5 | Senescence‐associated β‐galactosidase
staining and colony formation assay

To detect the activity of senescence‐associated β‐galactosidase (SA‐β‐gal)
at pH 6.0, the cells were washed with PBS, fixed with glutaraldehyde

for 15min, and then washed again after transfection for 72 hr. Then, the

cells were stained for 12–16hr by using the Senescence β‐Galactosidase
Staining Kit (Beyotime Biotechnology, Shanghai, China). Photographs

were taken using an inverted fluorescence microscope (Olympus, Tokyo,

Japan) at 400× magnification.

Colony formation assays were done by seeding 5,000, 2,500 or

1,250 cells per well in 6‐well plates and allowing cells to form

colonies for 2 weeks. The cells were fixed with 4% formaldehyde and

stained with Diff‐Quik (Propbs Biotechnology, Beijing, China) or

crystal violet (Beyotime Biotechnology).

2.6 | Bromodeoxyuridine incorporation assay and
cell cycle analysis

Bromodeoxyuridine (BrdU) incorporation was examined by use of a

Cell Proliferation ELISA, BrdU (colorimetric) kit (Roche Applied

Science, CA). The cells were transfected for 48 hr, labeled with BrdU

for another 24 hr, and then fixed in situ and incubated with an anti‐
BrdU antibody. The absorbance was detected at a wavelength of

370 nm with a reference wavelength of 492 nm.

For cell cycle analysis, the cells were fixed with 70% cold ethanol

at 4°C overnight and then stained with propidium iodide according to

the manufacturer's protocol using the Cell Cycle and Apoptosis

Analysis Kit (Beyotime Biotechnology). The cell cycle was measured

by flow cytometry (Beckman Coulter, CA) at 488 nm wavelength and

the data were processed with FlowJo Version 7.6.1 (Treestar, OR).

2.7 | Lipidomics analysis

Lipidomics analysis was performed according to our previously reported

methods (Zhang et al., 2017). In short, the cells were lysed by two cycles

of freezing in liquid nitrogen and thawing at 37°C for 10min, followed

by sonication for 30 s on ice. For lipid extraction, 1.2ml of chilled

methanol/methyl‐tert‐butyl ether/H2O (4:5:5, v/v/v) was added into the

cell suspension. After being vortexed for 2min and kept on ice for

10min, the mixture was centrifuged at 1,000 rpm for 5min at 4°C to

precipitate protein and particulates. The upper supernatant was

transferred into a clean tube and dried under vacuum. The samples

were resuspended in isopropanol/methanol (1:1, v/v) for further ultra‐
high‐performance liquid chromatography coupled with electrospray

ionization high‐resolution mass spectrometry (UHPLC‐ESI‐MS) analysis

using an Ultimate 3000 HPLC system (Dionex Corporation, CA)

interfaced with a Q ExactiveTM benchtop Orbitrap high‐resolution mass

spectrometer (Thermo Fisher Scientific). The chromatographic separa-

tion and MS analysis were performed according to the conditions we

reported previously (Zhang et al., 2017).

The mass spectra data were processed using Xcalibur software

version 2.2 (Thermo Fisher Scientific). LipidSearch software (Thermo

Fisher Scientific) was applied to automatically identify lipid molecular

and evaluate extractability by comparing peak abundances based on

accurate precursor m/z and MS/MS raw data, referring a large‐scale
database. The multivariate data matrix containing aligned peak areas

with matched m/z and retention times was further exported into

SIMCA‐P 13.0 software (Umetrics, NJ). Unsupervised principal

components analysis (PCA) was constructed to analyze the

differences in lipidomic signatures.

2.8 | Oil Red O and Nile Red staining assays

The intracellular lipid content was assessed by Oil Red O and Nile Red

staining assays. After 72 hr of siRNA transfection, the cells were washed

with PBS twice and then fixed in 4% paraformaldehyde for 30min at

room temperature. For Oil Red O staining, a 1% stock solution of Oil

Red O (Sangon Biotechnology) was prepared in isopropanol. The cells

were stained with a newly prepared work solution of Oil Red O (stock

solution/H2O, 3:2, v/v) in the dark for 15min. The images were taken

using an inverted fluorescence microscope (Olympus) at 400×

magnification. For Nile Red staining, a 5mg/ml stock solution of Nile

Red (Sangon Biotechnology) was prepared in dimethylsulphoxide

(DMSO). The cells were stained with a newly prepared working solution

of Nile Red (5 μg/ml) in the dark for 15min. The intensity of

fluorescence was detected by a multi‐functional microplate reader Flex

Station 3 (Molecular Devices, CA) at an excitation wavelength of

543 nm and an emission wavelength of 598 nm.

2.9 | Detection of reactive oxygen species and
mitochondrial membrane potential

Intracellular reactive oxygen species (ROS) accumulation was

measured with an oxidation‐sensitive fluorescent probe, 6‐carboxy‐
2′,7′ dichlorodihydrofluorescein diacetate (Beyotime Biotechnology),

which is oxidized to a fluorescent compound 2,7‐dichlorofluorescein
(DCF) in the presence of ROS. DCF intensity was detected using the

Flex Station 3 (Molecular Devices) at an excitation wavelength of

488 nm and an emission wavelength of 525 nm. The protein

concentration for each sample was used for normalization.

The loss of mitochondrial membrane potential was determined by

the mean fluorescence intensity of rhodamine 123 (RH123)

(Sigma‐Aldrich, MO). Samples were analyzed using the Flex Station

3 (Molecular Devices) with an excitation wavelength of 488 nm and
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an emission wavelength of 525 nm. The protein concentration for

each sample was used for normalization.

2.10 | Oxygen consumption rate measurement
using Seahorse Cellular Flux assays

The oxygen consumption rate (OCR) was examined using a Seahorse

XF‐24 Extracellular Flux Analyzer (Seahorse Bioscience, MA) to

assess mitochondrial respiration as described previously (Nie et al.,

2013). Briefly, 1 × 105 cells were seeded on a special plate overnight.

The OCR was measured under basal conditions and after the addition

of oligomycin (1 μM), Carbonyl cyanide‐4 (trifluoromethoxy) phenyl-

hydrazone (FCCP, 0.25 μM), and rotenone (0.5 μM)/antimycin A

(0.5 μM). The OCR values were normalized by the cell number

counted with a Cellometer AutoT4 (Nexcelom Bioscience, MA).

2.11 | Statistical analysis

All data are presented as the means ± standard deviation. The

differences between groups were assessed using a Student t test or

the nonparametric Mann‐Whitney U‐test using SPSS 19.0 software

(IBM Analytics, NY), and graphs were prepared using GraphPad

Prism 6.0 software (GraphPad Software Incorporated, CA). Each

experiment was performed at least three times independently. For

lipidomic analysis, a false discovery rate (FDR) control was used to

correct for multiple comparisons using the SAS PROC MULTITEST

with the FDR option (SAS Institution, NC). p values less than 0.05

were considered statistically significant while controlling the FDR at

0.05. Significance was represented by *p < 0.05, **p < 0.01,

***p < 0.001, #p < 0.0001 versus the siControl group.

3 | RESULTS

3.1 | Effects of CPTs knockdown on PANC‐1 and
MDA‐MB‐231 cellular proliferation and senescence

We recently reported that CPT1C plays a vital role in cancer cellular

senescence and proliferation (Wang et al., 2018). Here, we assessed

whether other CPT members, including CPT1A, CPT1B, and CPT2,

had the same effects on cellular senescence as CPT1C. Quantitative

RT‐PCR and Western blot revealed significant reductions in CPT1A,

CPT1B, CPT1C, and CPT2 mRNA and protein levels in PANC‐1
(Supporting Information Figure S1A and B) and MDA‐MB‐231 cells

(Supporting Information Figure S1C and D) after transfection with

siRNA CPTs. Cellular senescence was monitored by SA‐β‐gal staining
and the senescence‐associated secretory factor (SASP) interleukin‐8
(IL‐8) mRNA level after transfection of siRNA against CPTs for 72 hr.

Strong positive staining for senescence‐associated galactosidase was

observed in the siRNA CPT1C group of these two cell lines, whereas

the cells knocked down for other CPT genes were nearly negative for

β‐gal (Figure 1a). Additionally, the mRNA expression levels of a key

SASP factor (IL‐8) were markedly increased the most among the

siCPTs groups in PANC‐1 cells (4.2‐fold) and MDA‐MB‐231 cells

(5.4‐fold) by depletion of CPT1C (Figure 1b).

Next, the effects of CPTs knockdown on senescence‐associated cell

proliferation were compared. The CPT1C siRNA‐treated group showed

a significant decrease in DNA synthesis revealed by the measurement

of BrdU incorporation with a percentage of 55.5% in PANC‐1 cell and

19.4% in MDA‐MB‐231 cell. CPT1B knockdown also decreased

replicating DNA to a lesser extent in both cell lines, and CPT2

knockdown reduced it by 19.9% in MDA‐MB‐231 cells (Figure 1c).

In addition, depletions of CPT1A, CPT1C, and CPT2 in these two cell

lines had weaker colony‐forming capacities than the negative control,

and CPT1C knockdown had the strongest impact on the inhibition of

cell growth (Figure 1d). Furthermore, CPT1C‐depleted PANC‐1 and

MDA‐MB‐231 cells arrested the cell cycle in G1 phase, changing this

cell population from 30.0% to 58.0% and 50.3% to 56.0%, respectively.

The knockdown of CPT1A, CPT1B, and CPT2 showed a proportion in

the G1 phase of 46.4%, 40.9%, and 43.4% in PANC‐1 cells and 42.0%,

44.5%, and 46.1% in MDA‐MB‐231 cells (Figure 1e,f). Taken together,

these results indicated that the effect of CPT1C on senescence‐like
growth arrest and cell senescence was more significant than that of

other CPT members.

3.2 | Change of lipids in PANC‐1 cell after CPTs
knockdown

CPTs are essential for the import of fatty acid to the mitochondria

for β‐oxidation, which contributes to adenosine triphosphate (ATP)

production (Bonnefont, 2004). Lipidomics analysis was carried out

to investigate how lipid profiles in PANC‐1 cells varied, while CPT1

isoforms and CPT2 were depleted. To identify the general trends in

an unbiased way, PCA was performed to reveal differences among

all groups on a multivariate basis. PCA scatter diagrams obtained

from positive (Figure 2a) and negative ion mode (Figure 2b) showed

a clear separation of samples between each siRNA‐treated groups,

in spite of no segregation between the siCPT2 and siControl group

in the negative ion mode, suggesting distinct discrimination in lipid

profiles. And quality controls (QCs) displayed the stability and

reproducibility of the operation system.

Given the mobile phases used in separation, [M + H]+, [M +Na]+,

and [M + NH4]+ adduct ions were considered as precursor ions in

the positive ion mode and [M − H]−, [M + HCOO]− for the negative

ion mode, respectively. A large number of lipid classes were

identified by LipidSearch software. Cardiolipin (CL) exerts a

crucial role in mitochondrial structure and function (Paradies,

Paradies, Ruggiero, & Petrosillo, 2014). As shown in Figure 2c,

CL decreased to a ratio of 0.7 significantly in siRNA CPT1C‐treated
cells and increased to 1.3 in the siCPT2 group compared with the

negative control, indicating that mitochondrial dysfunction might be

induced by CPT1C knockdown. The levels of triglycerides (TG)

nearly increased in low expression of CPTs, whereas the levels of

phosphatidylcholines/phosphatidylethanolamines (PC/PE ratio),

lysophosphatidylcholines (LPC), lysophosphatidylethanolamines

(LPE), diacylglycerols (DG), phosphatidylserines (PS), and
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F IGURE 1 The effects on cellular proliferation and senescence in PANC‐1 and MDA‐MB‐231 cells after transfection with CPT1A, CPT1B, CPT1C,
and CPT2 siRNA for 72 hr. (a) Representative images of SA‐β‐gal staining, n=3 per group. (b) Quantitative RT‐PCR analysis of the key SASP factor, IL‐8,
n=4 per group (c) BrdU incorporation during DNA synthesis, n=5 per group. (d) Colony formation at the indicated limiting dilution. (e) Cell cycles
determined by flow cytometry. (f) Quantitation of cell cycles. Data are represented as the mean± SD. *p<0.05, **p<0.01, ***p<0.001, #p<0.0001
compared to the siControl group. BrdU: bromodeoxyuridine; CPT: carnitine palmitoyltransferase; IL‐8: interleukin‐8; SA‐β‐gal: senescence‐associated
β‐galactosidase; SASP: senescence‐associated secretory factor; SD: standard deviation; siRNA: small interfering RNA [Color figure can be viewed at
wileyonlinelibrary.com]
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phosphatidylglycerols (PG) showed trends of reduction (Figure 2d–

j). The detailed information about these kinds of lipid class is shown

in Supporting Information Table S3.

The intracellular lipid content was further measured by the

use of Oil Red O and Nile Red staining. The knockdown of CPTs

increased lipid droplets to different extents as revealed by

Oil Red O staining, and this effect was more significant in the

CPT1C and CPT2 deficient cells (Figure 2k). The result of

Nile Red fluorescence displayed that knocking down CPT1A,

CPT1B, CPT1C, and CPT2 increased intracellular lipid content

F IGURE 2 Lipids change in PANC‐1 cells when CPTs were knocked down. PCA score plots of lipidomic profiles obtained from LC‐MS/MS in
PANC‐1 cells in positive (a) and negative (b) ion modes. Grey diamonds: negative control; red diamonds: siRNA CPT1A; blue diamonds: siRNA
CPT1B; green diamonds: siRNA CPT1C; orange diamonds: siRNA CPT2; pink diamonds: quality control QCs. (c–j) The comparison of cellular

lipid species content, n = 6 per group. (k) Representative images of Oil Red O staining displayed at 400× magnification. (l) Relative fluorescent
intensity of intracellular lipid content by using Nile Red staining, n = 5 per group. Data are represented as the mean ± SD. *p < 0.05, **p < 0.01,
***p < 0.001, #p < 0.0001 compared to the siControl group. CPT: carnitine palmitoyltransferase; PCA: principal components analysis;

QCs: quality controls; SD: standard deviation; siRNA: small interfering RNA [Color figure can be viewed at wileyonlinelibrary.com]

1712 | GUAN ET AL.



by 1.11‐fold, 1.49‐fold, 1.45‐fold, and 1.71‐fold, respectively, as
shown in Figure 2l.

Overall, lipidomics based on UHPLC‐ESI‐MS analysis revealed

different extents of the change in lipids after knockdown of CPTs,

which further induced lipid accumulation.

3.3 | Effects of CPTs knockdown on mitochondrial
function

Because lipidomics data indicated that low expression of CPTs

affected the content of various lipids related to mitochondrial

function such as CL, DG, TG, PS, PG, especially the knockdown of

CPT1C, which markedly reduced the level of specific mitochon-

dria lipid CL, thereby potentially impairing mitochondrial func-

tion, a series of experiments were performed to evaluate

mitochondrial functions. CPT1C knockdown accumulated intra-

cellular ROS compared with the negative control, with increased

ROS level represented by the DCF intensity increase to 2.8‐fold,
which was higher than that in the presence of CPT1A (1.2‐fold),
CPT1B (1.8‐fold), or CPT2 (1.4‐fold) siRNA (Figure 3a). ROS can

lead to free radical attack of membrane phospholipids, resulting

in a loss of mitochondrial membrane potential (ΔΨm) and matrix

swelling (Li et al., 2006). As shown in Figure 3b, CPTs siRNA

treatment all obviously decreased the inner mitochondrial

membrane (IMM) depolarization based on the intensity of

rhodamine (RH123) dye. Lower CPT1C expression caused rapid

RH123 dequenching to 36.8%, which impairs the mitochondrial

electrochemical gradient and permeability transition the most

among all the groups.

The mitochondrial respiratory chain is the principal way to produce

energy stored in ATP (Chistiakov, Shkurat, Melnichenko, Grechko, &

Orekhov, 2018). OCR was then analyzed, which is an indicator of

mitochondrial respiration (Figure 3c). Basal OCR, a measure of oxidative

phosphorylation (OXPHOS), was markedly decreased from 73.3 ± 5.0

pmol O2/min/105 cells in the siControl group to 49.6 ± 9.6 pmol O2/min/

105 cells in the siCPT1A group, 47.9 ± 5.3 pmol O2/min/105 cells in the

siCPT1B group, 18.1 ± 2.0 pmol O2/min/105 cells in the siCPT1C group,

and 47.7 ± 4.5 pmol O2/min/105 cells in the siCPT2 group (Figure 3d).

Addition of FCCP, which collapses the proton gradient and disrupts the

mitochondrial membrane potential, augmented respiration to

128.8 ± 9.7 pmol O2/min/105 cells in control, whereas CPT1B and

CPT1C knockdown caused lower maximal respiration, with OCRs of

86.7 ± 11.2 and 49.4 ± 6.3 pmol O2/min/105 cells, respectively (Figure

3e). The same trend can be seen in spare respiration capacity (Figure 3f).

Furthermore, a remarkable decrease in OCR in response to oligomycin,

which inhibits ATP synthase, was found upon CPTs knockdown. Lower

expression of CPT1C resulted in the most dramatic reduction on ATP

production from 57.6 ± 4.0 pmol O2/min/105 cells in control to

23.0 ± 2.4 pmol O2/min/105 cells (Figure 3g).

Consistently, we investigated five mitochondrial complexes

that are involved in the electron transport chain (ETC) (Figure 3h).

Quantitative RT‐PCR analysis revealed that the mRNA levels of

ubiquinol‐cytochrome c reductase core protein I, complex III

(UQCRC1), and cytochrome c oxidase subunit 1, complex IV

(MT‐CO1), ATP synthase mitochondrial F1 complex alpha subunit,

complex V (ATP5A), were significantly reduced in CPT1C depleted

cells, with a subtle decrease of NADH dehydrogenase 1 beta

subcomplex subunit 8, complex I (NDUFB8) and succinate

dehydrogenase complex, subunit A, complex II (SDHA). CPT1A

and CPT2 knockdown showed an increase in complex I‐V to

different degrees, while CPT1B knockdown almost had no

significant effect on the expression of complexes despite having

a slight decrease in complex I. Mitochondrial DNA (mtDNA) is

easy to become a target of oxidants produced during aging.

Peroxisome‐proliferator‐activated receptor γ coactivator‐1α
(PGC‐1α) activates nuclear respiratory factor 1 (NRF1), which

stimulates the expression of mitochondrial transcription factor A

(TFAM), involved in duplication of mtDNA (Viña et al., 2009).

The knockdown of CPTs downregulated the mRNA levels of

mitochondriogenic pathway related genes to different extents as

a whole. After CPT1C knockdown, PGC‐1α, PGC‐1β, NRF1, and

TFAM mRNA levels were significantly reduced by 24.9%,

16.3%, 34.9%, and 76.0%, respectively. Similarly, cytochrome b,

one of the representative mtDNA‐encoded subunits (Ide et al.,

2001), was decreased by 54.1%, 30.4%, 45.0%, and 48.3% in

siRNA CPT1A, CPT1B, CPT1C, and CPT2 treated groups,

respectively (Figure 3i). Transcriptional profiling revealed that

CPT1C knockdown impaired the renewal of mitochondria to a

greater extent.

To further understand what gene expression altered exactly in

CPT‐mediated mitochondrial dysfunction‐associated cellular se-

nescence, we evaluated the effects of CPTs knockdown on the

expression levels of genes involved in the regulation of mitochon-

drial genes expression including mitochondrial biogenesis, OX-

PHOS, the tricarboxylic acid (TCA) cycle, mitochondrial dynamics,

and so on (Hock & Kralli, 2009). As shown in Figure 3J, it is notable

that CPT1A, CPT1B, and CPT1C knockdown markedly down-

regulated the mRNA level of c‐Myc by 59.82%, 64.32%, and 72.7%,

respectively, which remained unchanged when CPT2 was knocked

down. Meanwhile, CPT1C knockdown also significantly decreased

the mRNA levels of estrogen relative receptor α/β/γ (ERRα/β/γ),

GA‐binding protein α subunit (GABPα), cAMP response element–

binding protein (CREB) and CDGSH iron sulfur domain 2 (CISD2).

The mRNA expressions of ERRβ, GABPα, CREB decreased and Yin

Yang 1 (YY1), CISD1/2 increased in the siCPT1A group, while the

mRNA expression of c‐Myc, ERRα/β, CREB decreased and CISD1

increased in the siCPT1B group. The knockdown of CPT2 down-

regulated the mRNA levels of ERRβ/γ, GABPα, CREB and upregu-

lated CISD1.

Overall, these data suggested that CPT knockdown was

involved in mitochondrial function including accumulated ROS,

impaired membrane potential, downregulated respiratory capacity,

decreased biogenesis and affected the transcriptional levels of genes

involved in various mitochondrial functions. CPT1C made the most

important contribution to induce mitochondrial dysfunction, which

enhanced cellular senescence eventually.
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F IGURE 3 Effects of CPTs knockdown on mitochondrial function in PANC‐1 cells. Cells were transfected with siRNA CPTs for 72 hr.
(a) ROS accumulation in each siRNA CPTs treated group, n = 5 per group. (b) Mitochondrial transmembrane potential measured by the

rh123 de‐quenching method, n = 4 per group. (c) Oxygen consumption rate profile plot obtained by using the Seahorse XF‐24 instrument,
n = 3 per group. (d) Basal respiration, (e) ATP‐linked respiration, (f) maximal respiration, (g) spare capacity. Basal respiration was calculated
after subtraction of non‐mitochondrial respiration. ATP‐linked respiration was calculated following the addition of oligomycin. Maximal

respiration was examined following the addition of FCCP. Spare capacity was defined as the difference between the basal and maximal
respiration. (h) mRNA detection of genes encoding mitochondrial proteins involved in oxidation phosphorylation (ETC). CI: complex I
(NDUFB8); CII: complex II (SDHA); CIII: complex III (UQCRC2); CIV: complex IV (MTCO1); CV: complex V (ATP5A): n = 4 per group.
(i) Quantitative RT‐PCR detection of mitochondriogenesis related genes mRNA after siRNA knockdown of CPTs: n = 4 per group. (j) mRNA

levels of other genes involved in mitochondrial function: n = 4 per group. Data are represented as the mean ± SD. *p < 0.05: **p < 0.01:
***p < 0.001: #p < 0.0001 compared to the siControl group. CPT: carnitine palmitoyltransferase; ETC: electron transport chain; FCCP:
carbonyl cyanide‐4 (trifluoromethoxy) phenylhydrazone; mRNA: messenger RNA; ROS: reactive oxygen species; SD: standard deviation;

siRNA: small interfering RNA [Color figure can be viewed at wileyonlinelibrary.com]
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3.4 | Effects of CPTs knockdown on
c‐Myc‐controlled downstream pathway

A series of studies have documented that c‐Myc is involved in

cell proliferation, mitochondrial function, and cellular senescence

(Wu et al., 2007). The c‐Myc mRNA level was decreased dramati-

cally in the siCPT1C group, whose protein expression was further

verified. As shown in Figure 4a, CPT1C knockdown remarkably

downregulated the protein expression of c‐Myc by a percentage of

86.1% (Figure 4b). We further investigated the molecules asso-

ciated with the signaling pathway of c‐Myc. Consistent with the

observations of c‐Myc expression, CPT1C knockdown dramatically

activated the cell cycle inhibitor p27 to 2.3‐fold (Figure 4c) and

suppressed the expression of the cell cycle inducers cyclin D1,

cyclin A1 and cyclin E1 to some extent compared with the siControl

group (Figure 4d–f). CPT1A knockdown slightly increased c‐Myc

and decreased p27. Cyclin D1 elevated upon CPT1A, CPT1B and

CPT2 knockdown. Hence, these results suggested that CPT1C was

the only one member of the CPT family that could down‐regulate c‐
Myc and affect its downstream pathway, subsequently inducing cell

growth arrest and senescence.

F IGURE 4 CPTs knockdown involved in c‐Myc‐controlled downstream pathways. (a) Immunoblot analysis of c‐Myc, p27, cyclin A/D/E in PANC‐1
cell after transfection with negative control siRNA or CPTs siRNA for 72 hr. (b–f) The quantitation of immunoblots was performed by densitometric

analysis. Data are expressed as the mean ± SD for at least triplicate experiments. *p <0.05, **p < 0.01, ***p <0.001, #p <0.0001 compared to the
siControl group. CPT: carnitine palmitoyltransferase; siRNA: small interfering RNA [Color figure can be viewed at wileyonlinelibrary.com]
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4 | DISCUSSION

There is ample evidence that cellular senescence, a complex program

that results in permanent arrest of cell division, could serve as an

anticancer defense (Roninson, 2003). Our previous study demon-

strated that CPT1C plays a vital role in mitochondrial dysfunction‐
associated cell proliferation and senescence (Wang et al., 2018). In

this study, the effects of other isoforms of the CPT family, such as

CPT1A, CPT1B, and CPT2, on cancer cell growth and senescence,

were further investigated. As summarized in Figure 5, this study

revealed that CPT1C knockdown exhibited the strongest impact on

cell growth arrest and senescence, lipid change and accumulation,

and mitochondrial dysfunction among all members of the CPT family.

In addition, only knocking down CPT1C could downregulate the

protein expression of c‐Myc, cyclin D1 and upregulate the cell cycle

inhibitor p27 significantly, which contributes to the potential

molecular mechanism of CPT1C knockdown‐induced cellular senes-

cence. These findings further support that CPT1C may represent a

new therapeutic strategy for cancer treatment through the induction

of tumor senescence.

The traditional view is that the metabolic phenotype of cancer

cells is featured as a preferential dependence on glycolysis

(Ganapathy‐Kanniappan & Geschwind, 2013). Nevertheless, growing

evidence has displayed that both lipogenic and lipolytic pathways are

required for carcinogenesis and tumor cell proliferation and survival.

Some types of tumor cells adapt to metabolic stress like hypoxia and

oncogene activation by consuming fatty acids (Kamphorst et al.,

2013; Zaidi et al., 2013). Given that CPTs facilitate the entry of fatty

acids into the mitochondrial matrix, which plays a crucial role in

β‐oxidation for energy production, CPTs have become potential

therapeutic targets in cancer. Several studies have demonstrated

that etomoxir is capable of inducing an antiproliferative effect by

inhibiting CPT1A and B (Samudio et al., 2010). Moreover, treatment

with ST1326, a selective CPT1A inhibitor, showed a powerful

cytotoxic activity and induced a significant delay or escape in the

onset of lymphomas by blocking FAO, while treatment with

AZD1480, an effective STAT3 inhibitor, downregulated CPT1B

expression to inhibit FAO, resulting in suppression of breast cancer

stem cell proliferation and improved chemoresistance (Pacilli et al.,

2013; Wang et al., 2017). Consistent with the notion that aberrant

CPT1C expression occurs in a broad array of tumor types such as

neuroblastoma, liver and breast cancer, Zaugg et al. revealed that

CPT1C promotes cell survival and tumor growth under conditions of

glucose deprivation or hypoxia (Reilly & Mak, 2012; Zaugg et al.,

2011). The loss of CPT2 incapacitates mitochondrial oxidation of

LCFAs causing deleterious cardiac hypertrophic remodeling (Pereyra

et al., 2017). The current results are in accord with these reports and

further support the importance of CPTs in tumorigenesis. CPTs

knockdown via RNA interference caused growth suppression and

senescence to different degrees in PANC‐1 cells, in which CPT1C

played a more pivotal role from a comprehensive angle, as evidenced

by lower cell proliferative and colony formative abilities, cell cycle

arrest, elevated SA‐β‐gal activity, and induction of SASP. A similar

phenotype was also observed in MDA‐MB‐231 cells.

Given the close relationship between the CPT system and fatty

acid transportation and oxidation, we further performed lipidomics

analysis to explore a detailed and systemic lipid composition. Broad

differences in lipid profiles in PANC‐1 cells were observed after CPT

knocking down, as revealed by PCA. It has been reported that lipid‐
related alterations are tightly associated with senescence. What is

notable is that knocking down CPT1C markedly decreased the

content of CL, indicating that mitochondrial function may be

damaged. CL is a kind of unique phospholipid that is specifically

localized at the IMM, suggesting its important role in mitochondrial

bioenergetics processes. During aging, CL is easy to be a target of

ROS. CL oxidation or depletion is linked to lower activity of the ETC

F IGURE 5 Summary of CPTs knockdown on lipid change, mitochondrial function, cell proliferation and senescence. CPT: carnitine
palmitoyltransferase [Color figure can be viewed at wileyonlinelibrary.com]
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complexes that are involved in OXPHOS and as ADP/ATP carriers,

causing disruption of the mitochondrial IMM potential and abnormal

mitochondrial morphology (Paradies et al., 2014). PG is required for

CL synthesis. It is also crucial for mitochondrial respiratory chain

activity (Mårtensson, Doan, & Becker, 2017). As main phospholipid

components of this membrane, the PC/PE ratio implies membrane

fluidity, which is an important parameter that affects a variety of

membrane functions including signal transduction, vesicle trafficking,

and transmembrane transport permeability (Fajardo, McMeekin, &

LeBlanc, 2011). The results showed that siRNA CPTs transfection

decreased the PC/PE ratio, indicating a reduction in membrane

fluidity and, subsequently, resulting in a more rigid membrane

structure. LPC and LPE also decreased upon depletion of CPTs, which

was consistent with the observation of decrease in mouse brain

during normal aging (Smidak, Kofeler, Hoeger, & Lubec, 2017). The

lipid compositions such as DG, PE, PS, and cholesterol are required

for mitochondrial morphodynamics to create a negative membrane

curvature. Reductions in the content of these lipids are inclined to

cause enlarged and fragmented mitochondria that are related to

aging (Furt & Moreau, 2009). In the aged skeletal muscle mitochon-

dria, DG favors the production of TG, which is critical for energy

storage and maintenance of membrane composition. Nevertheless,

accumulation of TG has been found in aging, obesity, and type II

diabetes (Pollard, Ortori, Stöger, Barrett, & Chakrabarti, 2017; Tirosh

et al., 2008). In the current study, a decrease in the level of DG and

an increase of TG species were observed in the group with CPT1C

knockdown, points known to be associated with cellular senescence.

TG apparently enhanced more than 2‐fold upon CPT2 knockdown.

Consistently, the results of Oil Red O and Nile Red, which can stain

neutral TGs also showed that TG accumulated in CPTs deficient cells.

In agreement, liver TG content was increased in Cpt1c KO mice fed

on high‐fat diet, while CPT2 deficiency is the main factor of inherited

disorder of lipid metabolism characterized lipid storage myopathy

(Bonnefont, 2004; Corti et al., 2008; Gao et al., 2009).

Because CPT is localized to the mitochondrial membrane and

knockdown of CPTs could affect mitochondrial function‐related lipids

such as CL, DG, TG, PS, PG, especially CL, which was significantly

reduced by knocking down CPT1C, the role of CPT1C in mitochondrial

function was further compared with other CPT isoforms. Evidence

shows that mitochondrial dysfunction may play a causal role during the

aging process (Gallage & Gil, 2016). The mitochondrial “vicious cycle”

theory of aging proposed that the accumulation of mtDNA mutations

and deletions may result in impaired respiratory function and enhanced

ROS production, which consequently lead to aging (Hiona & Leeuwen-

burgh, 2008). The present data demonstrated that CPT knockdown

elevated ROS levels and disrupted the mitochondrial membrane

potential and damaged mitochondriogenesis pathways to different

extents, which is relevant to the impairment of mtDNA and

subsequently leads to senescence. There is a report that suggests that

CPT1C depletion reduced ATP production and altered fatty acids

homeostasis in tumors (Zaugg et al., 2011). Consistently, we also

manifested that ATP synthesis levels dramatically declined in the cells

that were deficient in CPT1C as evidenced by a cellular energy

metabolism assay. The assessment of mitochondrial respiration also

revealed more obvious reductions in basal, maximal respiration and

spare respiratory capacity via CPT1C knockdown compared with other

isoforms, in conformity with the lower mRNA expression of ETC

complexes, indicating that impaired mitochondrial respiration in cells

makes them unable to respond to energetic demands. A broad set of

transcription factors regulate nuclear genes encoding mitochondrial

proteins that control mitochondrial function. c‐Myc, CREB, YY1 affect

mitochondrial biogenesis via activating PGC‐1 expression (Cunningham

et al., 2007; Makela et al., 2016; Zhang et al., 2007). ERRs, GABPα are

involved in the regulation of a wide set of mitochondrial genes including

components of OXPHOS, mitochondrial import, the TCA cycle and so

on (Giguere, 2008; Scarpulla, 2008). CISD1 and CISD2 contribute to

mitochondrial homeostasis, while CISD1 overexpression can promote

lipid intake and storage (Kusminski et al., 2012; Sohn et al., 2013). Our

result showed that CPT1C knockdown decreased the transcriptional

level of most of these genes, further suggesting that mitochondrial

dysfunction was induced. Taken together, knocking down of CPT1C

triggers more severe abnormalities of energy metabolism and collapse

of mitochondrial function in PANC‐1 cells.

The underlying molecular mechanisms involved in cellular

senescence induced by CPT1C still remain unclear. c‐Myc is a

proto‐oncogene that is involved in various biological processes,

including cellular proliferation, differentiation, apoptosis, protein

biosynthesis and so on (Dang et al., 2006). It is estimated that c‐Myc

binds and regulates up to 15% of all cellular transcriptional activity.

The overexpression of c‐Myc is associated with tumorigenesis, while

the suppression of c‐Myc has been shown to induce cellular

senescence in diverse tumor types (Wu et al., 2007). Indeed, our

results demonstrated that knocking down of CPT1C downregulated

the mRNA level of c‐Myc to a larger extent compared with other

transcriptional factors, whose protein expression was further verified

to be decreased remarkably, while no apparent change was observed

in CPT1A, CPT1B, and CPT2 siRNA treated cells. Similarly, CPT1C

was also the only CPT isoform to activate p27, an inhibitor of cyclin

E/CDK2, which is repressed by c‐Myc. Considering that the

activation of c‐Myc results in the activation of cyclin/CDK complexes,

contributing to an important activity of c‐Myc regulating cell

proliferation that stimulates the G1‐S transition (Luscher, 2001),

our data agreed with this view. The sudden loss of c‐Myc and

activation of p27 in the cells deficient in CPT1C caused a distinct

reduction in cyclin D1 and a slight decrease in cyclin A1 and cyclin E1

protein levels, resulting in cell cycle arrest in the G1 phase as

revealed by flow cytometry. Therefore, CPT1C depletion induced

cellular senescence by inhibiting the driving activities of c‐Myc in cell

proliferation and cell cycle progression.

In conclusion, this study elucidated that CPT1C is a key regulator

of mitochondria‐associated senescence in the comparison with other

CPT isoforms (CPT1A, CPT1B, and CPT2). However, additional studies

should be carried out to provide more information about the

molecular mechanisms of CPT1C‐induced senescence. In this scenario,

CPT1C inhibition may hold promise as a therapeutic strategy for

cancer treatment through induction of tumor senescence.
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