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Abstract
Cellular senescence is a fundamental biological process that has profound implications in cancer development and
therapeutics, but the underlying mechanisms remain elusive. Here we show that carnitine palmitoyltransferase 1C (CPT1C),
an enzyme that catalyzes carnitinylation of fatty acids for transport into mitochondria for β-oxidation, plays a major role in
the regulation of cancer cell senescence through mitochondria-associated metabolic reprograming. Metabolomics analysis
suggested alterations in mitochondria activity, as revealed by the marked decrease in acylcarnitines in senescent human
pancreatic carcinoma PANC-1 cells, indicating low CPT1C activity. Direct analyses of mRNA and protein show that CPT1C
is significantly reduced in senescent cells. Furthermore, abnormal mitochondrial function was observed in senescent PANC-
1 cells, leading to lower cell survival under metabolic stress and suppressed tumorigenesis in a mouse xenograft model.
Knock-down of CPT1C in PANC-1 cells induced mitochondrial dysfunction, caused senescence-like growth suppression
and cellular senescence, suppressed cell survival under metabolic stress, and inhibited tumorigenesis in vivo. Further,
CPT1C knock-down suppressed xenograft tumor growth in situ. Silencing of CPT1C in five other tumor cell lines also
caused cellular senescence. On the contrary, gain-of-function of CPT1C reversed PANC-1 cell senescence and enhanced
mitochondrial function. This study identifies CPT1C as a novel biomarker and key regulator of cancer cell senescence
through mitochondria-associated metabolic reprograming, and suggests that inhibition of CPT1C may represent a new
therapeutic strategy for cancer treatment through induction of tumor senescence.

Introduction

Cellular senescence is a fundamental biological process that
has profound implications in cancer development and
therapeutics, but the underlying mechanisms are still poorly
understood. Cellular metabolomics can uncover information
reflecting changes to metabolic pathways and processes
occurring within cells [1]. In this study, metabolomics was
performed on replicative PANC-1 cell senescence,
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revealing major alterations in mitochondrial metabolism as
revealed by a decrease in acylcarnitines, indicating low
CPT1C activity. Furthermore, low CPT1C expression
caused abnormal energy metabolism and mitochondrial
dysfunction of late passage PANC-1 cells, resulting in low
cell survival under metabolic stress and suppression of
tumorigenesis. Most importantly, knock-down of CPT1C
can trigger mitochondrial dysfunction and consequently
lead to impaired proliferation and cellular senescence,
suppressed cell survival under metabolic stress and tumor-
igenesis. Further siRNA CPT1C treatment contributed to
the suppression of xenograft tumor growth in situ. Silencing
of CPT1C also induced mitochondrial dysfunction-
mediated cellular senescence in five other tumor cell lines.
On the contrary, gain-of-function of CPT1C reversed
PANC-1 cell senescence and enhanced mitochondrial
function. Taken together, CPT1C is a novel biomarker for
mitochondrial dysfunction-associated cellular senescence,
and suggests that inhibition of CPT1C may represent a new
therapeutic strategy for cancer treatment through induction
of tumor senescence.

Results

Culture-related replicative PANC-1 cell senescence

Extended culturing of human pancreatic epithelioid carci-
noma PANC-1 cells led to growth arrest and severe cellular
senescence. For growth arrest analysis, late PANC-1
(PANC-1 cells Passage/P 100) had lower proliferation
than early PANC-1 (P 20) (Fig. 1a). Consistently, a weaker
ability of late PANC-1 cells to form colonies was observed
when seeded at the indicated limiting dilution (Fig. 1b,
Supplementary Fig. S5A). The senescence-associated beta-
galactosidase (SA-β-gal) staining showed early PANC-1
cells were nearly negative for β-gal, while the late PANC-1
cells had a significant increase in SA-β-gal activity and were
positive for senescent signals (Fig. 1c, Supplementary
Fig. S5B). Late PANC-1 cells were characterized by a
flattened appearance arranged like flagstones, and increased
granularities in the cytoplasm (Fig. 1c). Furthermore, DNA
staining revealed a strikingly punctate pattern (positive
DNA SAHF) in late PANC-1 cells, while early PANC-1
cells showed a completely different homogenous staining
(Fig. 1d); degenerative changes of enlarged and irregular-
shape nuclei were also triggered in late PANC-1 cells
(Fig. 1d). Additionally, IL8 mRNA, encoding a key SASP
factor [2], was increased in late PANC-1 cells (Fig. 1e).
Finally, replication-triggered telomere shortening was
approximately 2.7 kb in the late PANC-1 cells (Fig. 1f).
Comparably, the middle PANC-1 (P 60) cells also displayed
slight cellular senescence (Supplementary Fig. S2A–C,

S5C, S5D). Whereas analysis of early HEK293ft (immor-
talized HEK293ft cells P 20) and late HEK293ft (P 100)
cells, as a representative pair of negative controls for
replicative senescence, were nearly negative for the
senescence-associated phenotype after a large number of
passages (Supplementary Fig. S3A–C). Taken together,
these data indicated that extended cell culturing of PANC-1
cells triggered a strong senescence-like growth suppression
and severe cellular senescence.

Metabolomics reveals much lower levels of
acylcarnitines in senescent PANC-1 cells which is
linked to a reduced CPT1C expression

To further investigate metabolism in culture-induced
senescent PANC-1 cells, metabolomics was performed to
identify potential biomarkers or regulators underlying
replicative cellular senescence. Multiple notable differences
of intensity at the same retention time clearly revealed
significant differences in metabolite features between the
two groups (Fig. 2a). Unsupervised PCA of the metabo-
lomic profiles obtained from HILIC-ESI+-MS (Fig. 2b) and
HILIC-ESI−-MS (Supplementary Fig. S1A) modes showed
clear separation between early and late PANC-1 cells,
indicating significant differences in the metabolome
between the two groups. Supervised multivariate analysis
and subsequent loadings S-plots from OPLS-DA models
that showed many features were highly dysregulated
between the early and late PANC-1 cells. These ions (P1 to
P10) were further identified by comparison of retention
times and MS/MS fragmentation patterns with authentic
standards or with those annotated in the HMDB and
METLIN databases (Supplementary Fig. S1B). A heatmap
revealed major alterations in cellular metabolism and the
relative increase or decrease of each metabolite (Supple-
mentary Fig. S1C). Specifically, acyl-carnitines were
markedly decreased in late PANC-1 cells (Fig. 2c).

To delineate the functional regulators behind such dra-
matic change in acylcarnitine levels, the mRNA expression
of genes related to acylcarnitine biosynthesis, transfer and
transport were determined. The results (Fig. 2d) showed that
CPT1B, CPT2, carnitine octanoyltransferase (COT), carni-
tine/acylcarnitine translocase (CACT), carnitine/organic
cation transporter 2 (OCTN2), and carnitine transporter 2
mRNA levels were significantly decreased in late PANC-1
cells, while CPT1A (CT2) mRNA levels slightly increased
and the carnitine O-acetyltransferase (CRAT) mRNA
expression remained unchanged. Most strikingly, CPT1C
mRNA levels were decreased by >99% in late PANC-1
cells (Fig. 2d); reduced protein levels were further verified
by immunoblots (Fig. 2e). In addition, compared to early
PANC-1, a significant decrease in CPT1C mRNA (Supple-
mentary Fig. S2D) and CPT1C protein (Supplementary
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Fig. S2E) levels were observed in middle PANC-1, sug-
gesting that low CPT1C might play a crucial role in repli-
cative senescence. Interestingly, there was no significant
change in CPT1C mRNA (Supplementary Fig. S3D) and
CPT1C protein levels (Supplementary Fig. S3E) between the
early and late HEK293ft cells, consistent with no culture-
related cellular senescence of this cell line. Together, these
results suggest that CPT1C could be the most important
contributor to the decrease in acylcarnitines and a potential
driver behind replicative senescence in PANC-1 cells.

Mitochondrial function, survival, and tumorigenicity
in low-CPT1C-expressing senescent PANC-1 cells

CPT1C, a mitochondrial enzyme, catalyzes the initiating
step of fatty acid oxidation through by transporting fatty
acids from the cytoplasm to the mitochondrial matrix for β-
oxidation. Co-localization of CPT1C with mitochondria in
PANC-1 cells was observed (Supplementary Fig. S7A). To
determine the impact of low CPT1C expression on repli-
cative senescence, ATP production and mitochondrial

Fig. 1 Culture-related replicative cell senescence in late PANC-1 cells.
a BrdU incorporation during DNA synthesis in replicative late PANC-
1 cells. Data are represented as mean ± S.E.M, n= 4 (***p< 0.001). b
Ability of replicative late PANC-1 cells to form colonies when seeded
at the indicated limiting dilutions. c SA-β-gal staining of replicative
late PANC-1 cells. d Confocal fluorescent graphs of nuclei morphol-
ogy to identify the positive DNA SAHF in replicative late PANC-1

cells. e Quantitative RT-PCR analysis of key SASP factor, IL8 mRNA
in replicative late PANC-1 cells. Data are represented as mean± S.E.
M, n= 3 (**p< 0.01). f Telomere length was determined with the
TRF length assay in replicative late PANC-1 cells. This experiment
was repeated twice. See also Supplementary Figs. S2, S3 and S5
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Fig. 2 Metabolomics reveals lower acylcarnitines in senescent PANC-1
cells that result from the reduction of CPT1C. a Comparison of total
ion chromatograms (TICs) from early and late PANC-1 cell extracts
displayed as a mirror plot, n= 5/group. b PCA score plots of HILIC-
ESI+-MS metabolomics profiles obtained from HILIC-ESI+-MS, n=
5/group. c Analysis of the relative response of acylcarnitine ions in
senescent late PANC-1 cells. Data are represented as mean± S.E.M, n

= 5 (**p< 0.01, ***p< 0.001). d Quantitative RT-PCR analysis of
genes related to acylcarnitines. Data are represented as mean± S.E.M,
n= 3 (ns means no significance, *p< 0.05, **p< 0.01, ***p< 0.001).
e Images and densitometric analysis of CPT1C protein bands of
senescent late PANC-1 cells. Data are represented as mean± S.E.M, n
= 3 (**p< 0.01). See also Supplementary Figures S1, S2 and S3
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function were determined in senescent PANC-1 cells.
Notably, under conditions of culture medium deprivation,
late PANC-1 cells produced significantly less ATP than
early PANC-1 cells (Fig. 3a). On the contrary, reactive
oxygen species (ROS) accumulation was more severe in late
PANC-1 cells (Fig. 3b). The intensity of absorbed rh123

dye decreased in late PANC-1 cells, indicating the loss of
mitochondrial transmembrane potential upon low CPT1C
expression (Fig. 3c).

With inhibition of oxygen consumption rate (OCRs), late
PANC-1 exhibited reduced FCCP-uncoupled maximal
respiration but without statistical significance. More
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importantly, spare respiratory capacity as a parameter of the
cell’s ability to respond to increased energy demand was
significantly decreased in late PANC-1 (Fig. 3d), which was
indicative of partially impaired mitochondrial integrity upon
low CPT1C expression. Intriguingly, late PANC-1 exhib-
ited higher basal respiratory rates and ATP-dependent
oxygen consumption compared to early PANC-1, suggest-
ing that these cells might adjust their mitochondrial
respiration to supplement energy supply and maintain
homeostasis status under a long-term progressive senes-
cence program [3].

Mitochondrial biogenesis may be impaired as mito-
chondrial DNA (mtDNA) is a key target of oxidants pro-
duced during ageing [4, 5]. In late PANC-1 cells, PGC1A
mRNA and its downstream gene mRNAs, NRF1 and
TFAM, were decreased. Subsequently, CYTB mRNA was
also lowered (Fig. 3e), consistent with the observation of
decreased CYTB protein level and reduced mitochondrial
mass (Supplementary Fig. S7B). There was strong evidence
that low CPT1C induced lower renewal of the mitochon-
drial genome that led to defects in mitochondrial function.
Electron microscopy also revealed that damage to the
morphology of the mitochondria occurred upon replicative
senescence in low-CPT1C-expressing late PANC-1 cells.
This damage included mitochondrial swelling and dis-
organization, membrane breaks, loss of internal cristae, and
increased lucency of the matrix and surrounding structures
(Fig. 3f).

In order to further examine the consequences of mito-
chondrial dysfunction in late senescent PANC-1 cells with
low CPT1C expression, cell survival under metabolic stress
and tumorigenesis were studied. Late PANC-1 cells showed
higher sensitivity to 0.5 mM glucose (Fig. 3g) or 20 mM 2-
deoxyglucose (2-DG, a glycolysis inhibitor) (Fig. 3h)
compared to early PANC-1 cells, and the magnitude of
difference increased in a time-dependent manner. More
importantly late PANC-1 cells showed a marked decrease in
cell survival with increasing rapamycin (also as a source of
stress and cytotoxicity that hinders cell growth) concentra-
tions (Fig. 3i). These data suggest that low CPT1C
expression might hinder cell growth under various forms of
metabolic stress.

The contribution of low CPT1C expression to PANC-1
cell tumorigenicity was further characterized in a mouse
xenograft model. Tumors arising from late PANC-1 cells
grew much more slowly (Fig. 3j–l).

Taken together, in addition to morphological damage,
low CPT1C expression might be involved in replicative
senescence by decreasing mitochondrial function,
thus, eventually enhancing cellular senescence. Low
CPT1C expression also impaired metabolic adaptation
of late PANC-1 cells in vitro, which further hindered
the ability of the transformed cells to form tumors
in vivo.

Silencing of CPT1C confers mitochondrial
dysfunction in PANC-1 cells

Since low CPT1C expression triggered replicative senes-
cence in late PANC-1 cells as a result of lower mitochon-
drial function, further studies were carried out on the
putative role of low CPT1C in PANC-1 cell proliferation.
An optimal CPT1C reduction (Supplementary Fig. S4A, B)
was determined in PANC-1 cells transfected with siRNA
CPT1C-3. Upon culture medium deprivation and nutrient
deficiency, ATP synthesis was markedly attenuated after
depletion of CPT1C (Fig. 4a). On the contrary, ROS
accumulation was enhanced after CPT1C depletion
(Fig. 4b). Lower CPT1C also caused rapid rh123
dequenching and loss of the mitochondrial electrochemical
gradient (Fig. 4c), which destabilizes the mitochondrial
membrane. Furthermore, depletion of CPT1C significantly
affected mitochondrial respiration (Fig. 4d), with inhibition
of OCRs in basal respiration. However, adjusted mito-
chondrial respiration was not observed in these transient
siCPT1C cells, indicating different respiratory profiles of
early and late PANC-1, and siContrl and siRNA CPT1C
models. Depletion of CPT1C limited PANC-1 cells to a
lower FCCP-uncoupled maximal respiratory capacity. In
addition, CPT1C depletion attenuated nonphosphorylating
proton leak and depressed ATP-related OCRs, while spare

Fig. 3 Abnormal mitochondrial function, attenuated survival and
tumorigenesis in senescent late PANC-1 cells. a ATP production in
senescent late PANC-1 cells. Data are represented as mean± S.E.M, n
= 4 (**p < 0.01). b Increased accumulation of ROS in senescent late
PANC-1. Data are represented as mean± S.E.M, n= 4 (**p< 0.01,
***p< 0.001). c Loss of mitochondrial transmembrane potential
measured by the rh123 dequenching method in senescent late PANC-1
cells. Data are represented as mean± S.E.M, n= 4 (**p< 0.01). d
Mitochondrial integrity (left panel), maximal respirations (250± 22 vs.
348± 146 pmol O2/min, middle panel) and spare respiratory capacity
(10± 7 vs. 173± 21 pmol O2/min, right panel) in the forms of OCRs
in senescent late PANC-1. OCRs was normalized to the total protein
after harvesting and lysing cells used for the seahorse experiment. Data
are represented as mean± S.E.M, n= 4 (***p< 0.001). e Mitochon-
driogenesis analysis in senescent late PANC-1. Data are represented as
mean± S.E.M, n= 3 (**p< 0.01, ***p< 0.001). f Electron micro-
scopy photomicrographs of mitochondrial morphology of senescent
late PANC-1 cells. Sensitivity to metabolic stress from g glucose
deprivation (0.5 mM glucose), h glycolytic inhibition (20 mM 2-
deoxyglucose), and i rapamycin of senescent late PANC-1 cells. Data
are represented as mean± S.E.M, n= 5 (*p< 0.05, **p< 0.01, ***p
< 0.001). j Nude mice were implanted with early or late PANC-1 cells,
respectively. The body weights of mice in both groups increased with
no significant difference between the two groups. Tumor sizes were
presented as mean± S.E.M over time, (n= 5) (*p< 0.05, **p< 0.01,
***p< 0.001). k Images of tumors after excision on day 42 post-
implantation. (l) Comparison of dissected tumor weights (mean ± S.E.
M, ***p< 0.001)
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respiratory capacity did not fluctuate significantly. More
importantly, after depletion of CPT1C, PGC1α and its
down-steam NRF1 and TFAM mRNAs were reduced
(Fig. 4e). Subsequently, mtDNA subunit CYTB was low-
ered, in accordance with reduced quantification of mito-
chondrial mass by examining the decreased abundance of

CYTB protein (Supplementary Fig. S7C). Finally, lowering
the CPT1C caused an increase in the presence of swollen
mitochondria exhibiting loss of internal cristae density and
abnormal membrane structures (Fig. 4f). These data
revealed a causal role for CPT1C depletion in a decreasing
mitochondrial and cellular function.

Fig. 4 CPT1C depletion confers to mitochondrial dysfunction in PANC-
1 cells. a ATP synthesis in PANC-1 cells upon knockdown of CPT1C.
Data are represented as mean± S.E.M, n= 4 (*p < 0.05). b Depletion
of CPT1C induced increased accumulation of ROS. Data are repre-
sented as mean± S.E.M, n= 4 (**p< 0.01, ***p< 0.001). c Loss of
mitochondrial transmembrane potential measured by the rh123
dequenching method upon siRNA knockdown of CPT1C. Data are
represented as mean± S.E.M, n= 4 (**p < 0.01). d Mitochondrial
integrity (left panel), basal respirations (middle panel, 593± 45 pmol
O2/min in controls and 384± 41 pmol O2/min in CPT1C-depleted
PANC-1 cells) and maximal respiratory capacity (right panel, 1120±
15 pmol O2/min in controls and 929± 43 pmol O2/min in CPT1C-

depleted PANC-1 cells) in the forms of OCRs in PANC-1 cells
depleted of CPT1C. In addition, CPT1C depletion attenuated non-
phosphorylating proton leak and depressed ATP-related OCRs, while
spare respiratory capacity did not fluctuate significantly. Data are
represented as mean± S.E.M, n= 4 (*p< 0.05, ***p< 0.001). e
Mitochondriogenesis analysis in PANC-1 cells after siRNA knock-
down of CPT1C. Data are represented as mean± S.E.M, n= 4 (**p<
0.01, ***p< 0.001). f Electron microscopy photomicrographs of
mitochondrial morphology of PANC-1 cells after CPT1C depletion.
See also Supplementary Figure S4, S7
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CPT1C depletion leads to cancer cell senescence,
and suppresses the survival and tumorigenesis of
PANC-1 cells

The decrease in cellular function as an indicator of senes-
cence driven by CPT1C knockdown is likely a direct con-
sequence of disruption of mitochondrial function. Upon

CPT1C loss, the number of PANC-1 cells actively repli-
cating DNA decreased (Fig. 5a), consistent with effective
inhibition of colony formation in a cell concentration-
dependent manner (Fig. 5b, Supplementary Fig. S5E),
indicating that PANC-1 cells lacking expression of CPT1C
have reduced proliferation. In addition, strong SA-β-gal
activity indicated that CPT1C depletion led to the severe
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senescence state of PANC-1 cells (Fig. 5c, Supplementary
Fig. S5F). As expected, loss of CPT1C caused PANC-1
cells to change shape and increase cytoplasmic granularities
(Fig. 5c). DNA SAHF was specifically enriched in CPT1C-
depleted PANC-1 cells, while controls were excluded from
SAHF (Fig. 5d). CPT1C-depleted PANC-1 cells also had
abnormal nuclear size, when compared to control cells
(Fig. 5d). Furthermore, a significant increase in IL8 mRNA
levels (Fig. 5e) confirmed a sharp induction of the SA
phenotypic changes observed by the SA-β-gal assay.
Finally, the TRF length assay revealed that CPT1C deple-
tion inhibited the elongation of telomeres by 0.8 kb in
PANC-1 cells (Fig. 5f).

Notably, senescence activation was clearly observed in
PANC-1 cells transfected with siRNA CPT1C-2 (Supple-
mentary Fig. S6A–C). Similar senescence phenotypes
(Supplementary Fig. S9A–C, S10A, S10B) were also
observed in other cells transfected with CPT1C siRNA
(Supplementary Fig. S8A–S8J), suggesting that depletion of
CPT1C can induce cellular senescence in most tumor cell
lines. Taken together, these findings demonstrated that
depletion of CPT1C induces a potent decline of mito-
chondrial function, which further renders tumor cells more

vulnerable to proliferation arrest and cellular senescence.
Furthermore, depletion of CPT1C also induced a decrease
of mitochondrial function in other cancer cell lines (Sup-
plementary Fig. S11A–L).

CPT1C-depleted PANC-1 cells grew significantly slower
than control cells under 0.5 mM glucose (Fig. 5g) or 20 mM
2-DG (Fig. 5h) in a time-dependent manner. In addition,
CPT1C-depleted PANC-1 cells showed a significant
increase in rapamycin sensitivity, while control cells were
partially resistant to rapamycin stimuli (Fig. 5i). Thus,
CPT1C depletion may attenuate survival of PANC-1 cells
subjected to conditions of metabolic stress.

Reduction in CPT1C levels was found in PANC-1 cells
transduced with CPT1C shRNA-4 (Supplementary
Fig. S4C, D). When these cells were inoculated into nude
mice, tumor formation incidence of controls was 100%
(Fig. 5j, k), whereas there was minimal or no tumors from
PANC-1 cells expressing CPT1C shRNA-4 (tumor forma-
tion was 25%), while sustained depletion of CPT1C
reduced tumor growth and sizes (Fig. 5l). These data
revealed that knocking down CPT1C reduced the malig-
nancy of senescent PANC-1 cells in vitro, and further
suppressed the tumorigenicity of PANC-1 cells in vivo.

siCPT1C treatment contributed to suppression of
xenograft tumor growth in situ

Xenograft tumor-bearing nude mice were used to evaluate
the antitumor effect of siCPT1C injection in situ. After
intratumoral injection of 2′OMe+ 5′Chol siRNA CPT1C
twice a week, tumors grew much slower than controls
(Fig. 5m). Sustained depletion of CPT1C by methyl and
cholesterol-conjugated siRNA CPT1C delivery correlated
with reduce tumor sizes in xenograft models (Fig. 5n),
although no significant difference in tumor weights was
observed. These data suggest that CPT1C siRNA treatment
induced tumor growth suppression in situ, which might be a
consequence of tumor cell senescence.

Gain-of-function of CPT1C reverses PANC-1 cell
senescence

Strikingly higher expression of CPT1C was found in
pcDNA3.1(-)-CPT1C transfected late PANC-1 cells
(Fig. 6a, b). Upon gain of CPT1C, the cell number of late
PANC-1 actively replicating DNA increased (Fig. 6c),
consistent with effective enhancement of colony formation
ability (Fig. 6d), indicating that late PANC-1 expressing
CPT1C showed increased proliferation. In addition, late
PANC-1 over-expressing CPT1C showed very weak SA-β-
gal activity, which indicated that gain-of-function of
CPT1C was sufficient to reverse the replicative PANC-1
cell senescence (Fig. 6e). Late PANC-1 over-expressing

Fig. 5 Knock-down of CPT1C triggers cellular senescence and reduc-
tion of PANC-1 cells survival and tumorigenesis. a The number of
PANC-1 cells actively replicating DNA measured by BrdU incor-
poration upon knocking down of CPT1C. Data are represented as
mean± S.E.M, n= 4 (*p< 0.05). b Colony formation of PANC-1
cells after CPT1C depletion. c SA-β-gal staining of PANC-1 cells
upon silencing of CPT1C. This experiment was repeated three times. d
Confocal fluorescent graphs of nuclei morphology to identify the
positive DNA SAHF in PANC-1 cells after CPT1C depletion. e
Quantitative RT-PCR analysis of IL8 mRNA in PANC-1 cells after
CPT1C depletion. Data are represented as mean± S.E.M, n= 3 (**p
< 0.01). f Determination of telomere length in PANC-1 cells after
CPT1C silencing. This experiment was repeated two times. Sensitivity
to metabolic stress from g glucose withdrawal (0.5 mM glucose), h
glycolytic inhibition (20 mM 2-deoxyglucose), and i rapamycin stimuli
in PANC-1 cells depleted of CPT1C. Data are represented as mean±
S.E.M, n= 5 (*p< 0.05, ***p< 0.001). j Images of xenograft tumor
mice derived from PANC-1 cells that were infected with retroviruses
expressing pRS-CPT1C shRNA or pRS shRNA (n= 8), tumor growth
was monitored for 6 weeks. No significant difference of the increased
body weights of mice was observed between these two groups. k
Comparison of tumor formation incidence. l Comparison of dissected
tumor weights (mean± S.E.M, ***p< 0.001). m Images of tumors
after excision at 1 week post-delivery of 2′OMe+ 5′Chol siRNA
CPT1C or siControl (n= 10). Subcutaneous xenograft tumors arising
from PANC-1 cells were monitored for 4.5 weeks. There was no
significant difference in tumor sizes between siRNA CPT1C and
siControl group before intratumoral delivery of 2′OMe+ 5′Chol
siRNA CPT1C. After intratumoral injection of 2′OMe+ 5′Chol
siRNA CPT1C twice for a week, no significant difference of body
weight changes was observed between these two groups. n Tumor
growth curve was presented as mean tumor volume± S.E.M on the
indicated days (*p< 0.05). See also Supplementary Figure S4, S5 and
S6

Cancer cell senescence regulation 741

Official journal of the Cell Death Differentiation Association



742 Y. Wang et al.

Official journal of the Cell Death Differentiation Association



CPT1C mutant plasmids showed the same strong SA-β-gal
activity as controls (Fig. 6f), indicating that inactive CPT1C
overexpression could not rescue the senescence phenotype
in “late” PANC-1. Furthermore, enhanced cellular bioener-
getics (Fig. 6g) and recovered mitochondrial transmem-
brane potential (Fig. 6h) were observed upon CPT1C gain-
of-function in late PANC-1. In addition, after incubation
with rotenone, cell proliferation increased in PANC-1 cells
with CPT1C overexpressing (Supplementary Fig. S7F, G),
indicating that CPT1C gain-of-function led to a faster cel-
lular proliferation if mitochondrial function was inhibited.

Discussion

In this study, a culture-related and passage-dependent
replicative cellular senescence phenotype was observed in
PANC-1 cells. Furthermore, replicative senescence is the
consequence of a DNA damage response triggered by short
telomeres [6,7]. Similarly, shortened telomeres were also
observed in senescent PANC-1 cells. However, the under-
lying mechanisms involved in cellular senescence are lar-
gely not known. Senescence results in dramatic changes in
metabolism due to metabolic reprograming [8,9]. Metabo-
lomic profiling indicated a significant change in the endo-
genous metabolome suggesting striking alterations in
cellular metabolism and metabolic reprograming during the
onset of senescence in PANC-1 cells. Levels of nucleic
acids, amino acids and phospholipid derivatives involved in
lipid and energy metabolism were markably altered in late
PANC-1 cells. Most interestingly, carnitine and short-chain

acyl-carnitines were markedly decreased in senescent
PANC-1 cells and are known growth factors [10]. Free
carnitine and acylcarnitines are essential for cell energy
metabolism as carriers of long-chain fatty acids for β-oxi-
dation or as reservoir pools of acyl-CoA [11]. Thus, a
dramatic decrease in carnitine and acylcarnitines may reflect
a significant decrease in energy metabolism as well as
mitochondrial dysfunction in senescent PANC-1 cells. It
was reported that as a result of gradual deterioration of
cellular function characteristic, impaired oxidation of 13C1-
palmitate nonesterified fatty acids was observed in elderly
humans [12], which further suggested a mitochondrial
defect upon aging. ATP and ROS production and mito-
chondrial function assays consistently indicated collapse of
mitochondrial function in late PANC-1 cells. Slightly
morphological aberrations of endoplasmic reticulum were
also observed in late PANC-1. Consequently, the senescent
PANC-1 cells with mitochondrial dysfunction had low
survival under metabolic stress and suppressed
tumorigenesis.

Expressions of most functional regulators that cause
significant metabolic reprograming of acylcarnitines were
significantly lower in senescent PANC-1 cells. Strikingly,
among these top candidate biomarkers, CPT1C decreased
most dramatically in the senescent late PANC-1 cells. These
data suggest that CPT1C may be the most crucial con-
tributor to the decrease in acylcarnitines and triggering
replicative senescence. In multiple cancer cell lines, CPT1C
mRNA was increased in response to several different DNA-
damaging stress stimuli, while no apparent change was
observed in CPT1A, CPT1B, and CPT2 mRNAs [13].
Considering that tumor cells can be forced into senescence
by epigenetic DNA-damaging stimuli factors [14], CPT1C
may be the only CPT isoform to specifically protect cancer
cells from cellular senescence. Notably, fatty acid uptake
increased upon low CPT1C expression, which could be
ruled out to explain reduced fatty acid oxidation and
reduction in acylcarnitines, and might potentially contribute
to lipid accumulation and lipotoxicity [15].

CPT1C, as a functional enzyme in the outer mitochon-
drial membrane, is linked to lipid metabolism and cellular
energy supply [16,17]. Besides the regulation of fatty acid
oxidation, CPT1C also plays an important role in other
physiological and pathological processes [18–21]. The
current study revealed that CPT1C depletion is sufficient to
trigger a senescence phenotype in other cancer cell lines.
Moreover, CPT1C may have a unique function in the reg-
ulation of cellular senescence via modulation of bioener-
getics in mitochondria. Complete depletion of CPT1C
directly drives abnormal energy metabolism and a decrease
of mitochondrial function in PANC-1 cells.

Mounting evidence suggests a very close relationship
between aberrant mitochondria and cellular senescence

Fig. 6 Gain-of-function of CPT1C reverses cellular senescence in late
PANC-1. a A human CPT1C plasmid was designed to up-regulate
CPT1C expression in senescent late PANC-1 (PANC-1 P 100).
Quantitative RT-PCR analysis of CPT1C mRNA expression was
observed post-transfection with CPT1C plasmid in senescent late
PANC-1. Data are represented as mean± S.E.M, n= 3 (***p<
0.001). b Western blot analysis of CPT1C protein levels in senescent
late PANC-1 after transfection of CPT1C expression plasmid (upper
panel of B) images and (bottom panel of B) densitometric analysis of
CPT1C protein bands. Data are represented as mean± S.E.M, n= 3
(***p< 0.001). c The number of senescent late PANC-1 actively
replicating DNA measured by BrdU incorporation upon CPT1C gain-
of-function. Data are represented as mean± S.E.M, n= 4 (*p< 0.05).
d Colony formation capacity of senescent late PANC-1 after CPT1C
gain-of-function. This experiment was independently repeated two
times. e SA-β-gal staining of senescent late PANC-1 upon gain of
CPT1C function. f SA-β-gal assay of senescent late PANC-1 gaining
of inactive CPT1C function (**p< 0.01, ***p< 0.001). g Mitochon-
driogenesis analysis in late PANC-1 gaining of CPT1C function. Data
are represented as mean± S.E.M, n= 4 (ns means no significance, *p
< 0.05). h Recovered mitochondrial transmembrane potential mea-
sured with rh123 dequenching method in late PANC-1 gaining of
CPT1C function. Data are represented as mean± S.E.M, n= 4 (*p<
0.05)
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[22,23]. A recent study revealed that mitochondria dys-
function triggers cellular senescence [24]. Mitochondrial
dysfunction was also observed in cardiomyocytes at late
passage P39 compared to early passage P10 [25], implying
that mitochondrial damage might be progressive over time
and cell passage. One hypothesis is that impaired mito-
chondrial biogenesis may be induced during aging via
increased ROS [26,27]. The current study showed that late
PANC-1 cells with low CPT1C expression leads to the
adjustment of mitochondrial respiration and an abnormal
mitochondrial energy metabolism. On the other hand,
transient depletion of CPT1C directly triggers a collapse
of mitochondrial function without adjusted mitochondrial
respiration. In addition, another report revealed that
CPT1C depletion caused impaired cell ATP production
after glucose deprivation [16]. Furthermore, CPT1C
depletion in mouse ES cells led to reduced ATP produc-
tion and activation of intrinsic mitochondrial apoptosis.
The present data demonstrated that knockdown of CPT1C
caused PANC-1 cells to undergo senescence-like growth
suppression and cellular senescence. Consistent with this
observation, long-term cultures of Cpt1cgt/gt ES cells
showed decreased total cell numbers and enhanced apop-
tosis [16]. Depletion of CPT1C further delayed tumor
growth in a murine neurofibromatosis type I tumor model
[13]. Notably, similar mitochondrial dysfunction-mediated
senescent phenotypes were also observed when CPT1C
was efficiently depleted in other five tumor cell lines,
suggesting that cellular senescence induced by CPT1C
knockdown is independent of the specific tumor cell lines.
On the contrary, when CPT1C was efficiently over-
expressed in late PANC-1 cells, gain-of-function of
CPT1C increased proliferation and reversed cell senes-
cence and impaired-mitochondrial function of PANC-1
cells, suggesting the important role of CPT1C in cell
proliferation and senescence.

CPT1C depletion contributed to the disruption of cell
homeostasis, especially in cells experiencing metabolic
stress. In addition, studies have shown that fewer CPT1C-
depleted cells were detected on exposure to 2-DG, and
cells deficient for CPT1C showed reduced growth in
respond to hypoxia stress and increased rapamycin sensi-
tivity [16]. Conversely, CPT1C over-expression promoted
cells survival under limited glucose and hypoxia [16].
Ectopic CPT1C expression protected cells with high
metabolic sensitivity from 2-DG-induced apoptosis [13]. A
previous report demonstrated that sustained depletion of
CPT1C reduced the growth of tumors arising from MDA-
MB-468 cells [16]. Furthermore, CPT1C depletion sig-
nificantly suppressed tumor transformation/sarcomas and
metastasis in the murine neurofibromatosis type I tumor
model [13]. However, these previously published data did
not clarify the mechanism by which CPT1C depletion can

trigger suppressed tumor cell tumorigenesis. On the other
hand, the current study clearly showed that CPT1C
depletion triggers mitochondrial dysfunction and then
cellular senescence resulting in lower survival under
metabolic stress along with suppressed tumorigenesis.
Most recently, we reported that PPARα could regulate
cellular senescence by its novel target gene CPT1C [28].
But how this novel CPT1C function was discovered and
how CPT1C regulates cancer cell senescence remains
unknown. In the current study, metabolomics revealed a
novel function of CPT1C in the regulation cellular
senescence.

In a summary, cellular senescence is a complex process
limiting the proliferative lifespan of tumor cells, the
mechanism of which needs to be clearly understood. For the
first time, we found that low CPT1C expression is a
potential biomarker for culture-related cellular senescence
and CPT1C regulates cell senescence through
mitochondria-associated metabolic reprogramming in tumor
cell lines, suggesting novel therapeutic opportunities
through the induction of cancer cell senescence. Inhibition
of CPT1C may also be a therapeutic option for cancer
therapy, since mice lacking the Cpt1c gene are viable [29]
and thus inhibition of this transporter would not be expected
to be toxic.

Materials and Methods

Cell culture

Information on cell lines and culture conditions is presented
in the Supplemental Experimental Procedures

Senescence analysis

Senescence analysis is described in the Supplemental
Experimental Procedures.

Metabolomics analysis

Protocols for metabolomics analysis are presented in
the Supplemental Experimental Procedures.

Quantitative RT-PCR and Western blot

Procedures for genes analysis are described in the Supple-
mental Experimental Procedures.

Mitochondrial dysfunction analysis

Analyses of mitochondrial function and morphology are
described in the Supplemental Experimental Procedures.
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Metabolic Stress Stimuli

Protocols for metabolic Stress Stimuli are presented in
the Supplemental Experimental Procedures.

Sulforhodamine B (SRB) assay

Procedures for SRB are described in the Supplemental
Experimental Procedures.

Xenograft mice models

Xenograft mice model assays are described in the Supple-
mental Experimental Procedures. All procedures were in
accordance with the Regulations of Experimental Animal
Administration issued by the Ministry of Science and Tech-
nology of the People’s Republic of China, and all animal
protocols were approved by the Ethics Committee on the Care
and Use of Laboratory Animals of Sun Yat-sen University.

Intratumoral delivery of methyl and cholesterol-
conjugated siRNA CPT1C

Delivery of 2′OMe+ 5′Chol siRNA CPT1C or siControl
are presented in the Supplemental Experimental Procedures.

Gene silencing by RNA interference

RNAi assays are presented in the Supplemental Experi-
mental Procedures.

CPT1C plasmid transfection

Plasmid transient transfection was performed as described
in the Supplemental Experimental Procedures.

Statistical Analysis

Statistical analysis is described in the Supplemental
Experimental Procedures.
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