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Abstract

Nasopharyngeal carcinoma (NPC) has a particularly high prevalence in southern China, southeastern Asia and
northern Africa. Radiation resistance remains a serious obstacle to successful treatment in NPC. This study aimed to
explore the metabolic feature of radiation-resistant NPC cells and identify new molecular-targeted agents to improve
the therapeutic effects of radiotherapy in NPC. Methods: Radiation-responsive and radiation-resistant NPC cells
were used as the model system in vitro and in vivo. Metabolomics approach was used to illustrate the global metabolic
changes. 13C isotopomer tracing experiment and Seahorse XF analysis were undertaken to determine the activity of
fatty acid oxidation (FAO). qRT-PCR was performed to evaluate the expression of essential FAO genes including
CPTIA. NPC tumor tissue microarray was used to investigate the prognostic role of CPT 1 A. Either RNA interference
or pharmacological blockade by Etomoxir were used to inhibit CPT1A. Radiation resistance was evaluated by colony
formation assay. Mitochondrial membrane potential, apoptosis and neutral lipid content were measured by flow
cytometry analysis using JC-1, Annexin V and LipidTOX Red probe respectively. Molecular markers of mitochondrial
apoptosis were detected by western blot. Xenografts were treated with Etomoxir, radiation, or a combination of
Etomoxir and radiation. Mitochondrial apoptosis and lipid droplets content of tumor tissues were detected by cleaved
caspase 9 and Oil Red O staining respectively. Liquid chromatography coupled with tandem mass spectrometry
approach was used to identify CPT1A-binding proteins. The interaction of CPT1A and Rab14 were detected by
immunoprecipitation, immunofluorescence and in situ proximity ligation analysis. Fragment docking and direct
coupling combined computational protein-protein interaction prediction method were used to predict the binding
interface. Fatty acid trafficking was measured by pulse-chase assay using BODIPY C16 and MitoTracker Red probe.
Results: FAO was active in radiation-resistant NPC cells, and the rate-limiting enzyme of FAO, carnitine palmitoyl
transferase 1 A (CPTIA), was consistently up-regulated in these cells. The protein level of CPT1A was significantly
associated with poor overall survival of NPC patients following radiotherapy. Inhibition of CPT I A re-sensitized NPC
cells to radiation therapy by activating mitochondrial apoptosis both in vitro and in vivo. In addition, we identified Rab14
as a novel CPT1A binding protein. The CPT1A-Rab14 interaction facilitated fatty acid trafficking from lipid droplets to
mitochondria, which decreased radiation-induced lipid accumulation and maximized ATP production. Knockdown of
Rab14 attenuated CPT1A-mediated fatty acid trafficking and radiation resistance. Conclusion: An active FAO is a
vital signature of NPC radiation resistance. Targeting CPT 1A could be a beneficial regimen to improve the therapeutic
effects of radiotherapy in NPC patients. Importantly, the CPT1A-Rabl4 interaction plays roles in CPT1A-mediated
radiation resistance by facilitating fatty acid trafficking. This interaction could be an attractive interface for the
discovery of novel CPTI1A inhibitors.
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Introduction

Nasopharyngeal carcinoma (NPC) has a
particularly high prevalence in southern China,
southeastern Asia and northern Africa [1]. Due to the
anatomic constraints for surgery, intensity-modulated
radiotherapy is the primary treatment for
non-disseminated NPC [2]. However, more than 70%
of newly diagnosed NPC cases are classified as the
advanced stage (stage III or IV). Radioresistance exists
in some of these cases and can cause local recurrence
and distant metastases [3, 4]. Chemotherapeutic
drugs, such as 5-fluorouracil and platinum analogs,
are commonly used in order to improve the efficacy of
radiotherapy [5, 6]. However, several phase 3 studies
reported that induction chemotherapy does not
achieve better therapeutic effects than radiotherapy
alone [7-9]. In addition, to develop truly effective
induction chemotherapy drugs, identification of new
molecular targeted agents to eliminate radiation
resistance is also necessary.

In our previous study, a metabolomics-based
discrimination model for NPC illustrated that fatty
acids significantly contribute to the discrimination
between serum from NPC patients and serum from
healthy controls [10]. Additionally, the serum levels of
free-linoleic acid and free-arachidonic acid, which
were much lower in NPC patients at the diagnosed
stage, gradually increased to normal after radiation
therapy in about one year. These changes suggest that
fatty acid metabolism is deregulated and associated
with radiation therapy resistance in NPC.

Cancer cells depend on alternative metabolic
pathways to acquire nutrients and produce building
blocks or energy for survival [11-13]. In addition to
the “Warburg effect”, fatty acids, glutamine,
one-carbon unit metabolism and mitochondrial
oxidative phosphorylation (Oxphos) are considered
important participants in tumor progression [14-21].
Fatty acids are fundamental cellular components and
energy sources. They are catabolized primarily by
fatty acid oxidation (FAO), which produces more than
three-fold as much ATP per mole as oxidation of
carbohydrates [22]. FAO is relatively more active in
energy-consuming tissues such as muscle tissues and
some tumor tissues [23-28]. Recent evidence
underscores the idea that FAO is increasingly
recognized as a crucial metabolic characteristic of
cancer [29, 30]. FAO replenishes the tricarboxylic acid
(TCA) cycle and promotes NADPH and ATP
production to overcome stress in cancer cells [31, 32].
Importantly, FAO is considered to be a
subtype-specific metabolic signature in several cancer
cell types, such as CD36* leukemic stem cells,
MYC-overexpressing triple-negative breast cancer
and Oxphos-active diffuse large B-cell lymphoma

[33-36]. Inhibition of FAO suppresses tumor growth
in these cells, which indicates that targeting FAO
might be a promising strategy in cancer therapy.

Carnitine palmitoyl transferase 1 (CPT1) controls
the rate-limiting step of FAO. It facilitates the entry of
fatty acids into the mitochondria by loading fatty
acyl-groups onto carnitine. The CPT1 family
comprises three subtypes, CPT1A (liver type), CPT1B
(muscle type) and CPT1C (brain type) [37]. Recently,
the mRNA level of CPTIC was found to be
upregulated in non-small-cell lung cancer [31] and
CPT1A expression was found to be related to a poor
overall survival of ovarian cancer patients [38]. The
evidence indicated that CPT1 might be a key
metabolic target in cancer.

In the present study, using a metabolomics
approach, we illustrated a metabolic feature of active
lipid turnover and FAO in radiation-resistant NPC
cells. High expression of CPT1A was confirmed to
promote radiation resistance in NPC cells and
contribute to a poor overall survival of NPC patients
following radiation therapy. Disruption of CPT1A
decreases radiation resistance by activating
mitochondrial apoptosis both in vitro and in vivo.
Interestingly, CPT1A binds to Rabl4 and facilitates
fatty acid trafficking between lipid droplets and
mitochondria, which promotes fatty acid utilization
and maximizes ATP production in NPC. Knockdown
of Rabl4 blunts CPT1A-mediated lipid metabolism
and radiation resistance. Our study provides novel
insights into the mechanism of CPT1A involvement in
lipid reprogramming, and suggests new strategies of
molecular-targeted treatment to improve the
therapeutic effects of radiotherapy in NPC.

Materials and Methods

Cell lines and culture conditions

The radiation-resistant NPC cells, CNE2-IR and
HK1-IR, were established as described [39-42]. Cells
were irradiated at a dose rate of 2 Gy/min using the
X-RAD255 (Precision X-ray, North Branford, CT). The
NPC cell lines were cultured in RPMI-1640 medium
(Hyclone, UT, USA) with 10% fetal bovine serum
(FBS, Hyclone). The human embryonic kidney cell
line HEK293T was cultured in Dulbecco’s modified
eagle medium (Hyclone) with 10% FBS (Hyclone).
Cells were cultured at 37 °C in a 5% CO, incubator.

Metabolic profiling

CNE2-IR and CNE2 cells were collected and
quickly frozen. Further sample preparation, metabolic
profiling, peak identification and curation were
performed by Metabolon (Durham, NC, STATE, USA)
[43].
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Seahorse XF-24 metabolic flux analysis

At 24 h before the experiment, cells were
cultured on XF-24 plates at a density of 3 x 10
cells/well. At 6 h before metabolic flux analysis, the
culture medium was replaced with 600 pL of
substrate-limited medium. Before the analysis, the
medium was replaced with 410 pL FAO Assay
Medium and incubated at 37°C in a non-CO»
incubator for 45 min. During the experiment,
palmitate-BSA, BSA, and inhibitors were sequentially
injected: palmitate-BSA (175 pM), BSA (175 puM),
Etomoxir (80 pM), antimycin A (0.2 pM) and rotenone
(0.2 pM). Then OCR was automatically calculated by
the Seahorse XF-24 analyzer (Seahorse Bioscience, CA,
USA).

Isotope tracing experiments

Cells (2 x10¢) were incubated for 8 h at 37°C in
RPMI 1640 medium with 10% fetal bovine serum
(FBS). U-13C-palmitate (Sigma-Aldrich) was dissolved
in ethanol to a final concentration of 20 mM, then
mixed with a 10% free fatty acid-free bovine serum
albumin (Sigma-Aldrich) solution at a 1:5 ratio and
incubated 1 h at 37°C. Then the U-13C-palmitate
solution was diluted in serum-containing RPMI 1640
medium to a working concentration of 50 pM. When
tracing palmitate carbons, the cells were incubated
with the medium indicated above. After 24 h, cells
were quickly washed with 1xPBS and fixed with a
pre-cooling methanol (HPLC-MS grade, Millipore) for
30 min at -80°C. Then cells were harvested, frozen on
dry ice and processed for UPLC-MS/MS analysis as
described below.

Plasmids and siRNA

Target sequences from the RNA interference
Consortium shRNA Library were used to construct
shRNA-targeting CPT1A. The specific sequences were
cloned into the GV248 vector (Genechem, Shanghai,
China). The empty vector PLXSN-V5 and PLXSN-
CPT1A-V5 were purchased from Addgene (MA,
USA). The human Rabl4 siRNA smart pool and
non-targeting pool were from Dharmacon
(Cambridge, UK).

Western blot analysis and antibodies

Cells were harvested and disrupted in IP lysis
buffer (25 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1%
NP40, 1 mM EDTA, 5% glycerol; Thermo Scientific,
MA, USA). Extracted proteins were separated by
SDS-PAGE and transferred onto nylon membranes.
Binding of primary antibodies was detected using
peroxidase-conjugated secondary antibodies. Visua-
lization was performed using the ChemiDoc XRS
system with Image Lab software (Bio-Rad, CA, USA).

Antibodies included anti-CPT1A, anti-cleaved
caspase 9, anti-MLKL (phospho S358) (Abcam, MA,
USA), anti-cleaved-PARP, anti-cleaved caspase 3,
anti-normal rabbit IgG and anti-normal mouse IgG
(Cell Signaling Technologies, MA, USA), anti-Rabl14,
anti-Rab7A, anti-MLKL and anti-p-actin
(Sigma-Aldrich, Darmstadt, Germany), anti-HSP60
(Santa Cruz, CA, USA), and anti-LC3 I/II (Novus
Biologicals, CA, USA).

CPT1 enzymatic activity

CPT1 enzymatic activity was detected by
measuring the release of CoA-SH from palmitoyl-
CoA using the general thiol reagent DTNB [44-46].
The DTNB buffer (116 mM Tris-HCl pH 8.0, 0.09%
Triton X-100, 1.1 mM EDTA, 0.12 mM DNTB) and cell
lysate were mixed and incubated at room temperature
for 30 min. The absorbance of buffer at 405 nm was
defined as background. Then 100 pM palmitoyl-CoA
and 5 mM L-carnitine were added to the mixture.
After a 20 min incubation at 37°C, the absorbance was
measured at 405 nm. The difference between readings
with and without substrates was normalized to the
Bradford protein concentration. CPT1 enzymatic
activity was defined as millimoles of CoA-SH released
per milligram of protein.

Co-immunoprecipitation

Cells were disrupted with IP lysis buffer
containing protease inhibitor cocktails (Roche
Diagnostics, Basel, Switzerland). Protein aliquots (500
pg) were pre-cleared by incubation with 20 pL of
Dynabeads protein A (Invitrogen, MA, USA) for 1 h at
4 °C. The pre-cleared samples were incubated with
antibody (2 pg/sample) overnight at 4 °C. Then 20 pL
Dynabeads protein A were added to samples and
incubated for 2 h at 4 °C. The beads were washed 3
times with cold lysis buffer, then boiled and analyzed
by Western blot.

Proximity ligation assay

The DuoLink® In Situ Red Starter Kit
Mouse/Rabbit (DU092101, Sigma-Aldrich, Darm-
stadt, Germany) was used to detect interacting
proteins. Cells were seeded in eight-well chamber
slides (Millicell EZ SLIDE, Millipore, Darmstadt,
Germany) and cultured overnight. Slides were
washed with cold 1xPBS and fixed in 4%
paraformaldehyde for 30 min. Then slides were
blocked with Duolink Blocking Solution in a
pre-heated humidified chamber for 30 min at 37°C.
The primary antibody to detect CPT1A and Rabl4
was added to the slides and incubated overnight at
4°C. Then slides were washed with 1xWash Buffer A
and subsequently incubated with the two PLA probes
(1:5 diluted in antibody diluents) for 1 h, then the
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Ligation-Ligase solution for 30 min, and the
Amplification-Polymerase solution for 100 min in a
pre-heated humidified chamber at 37°C. Before
imaging, slides were washed with 1xWash Buffer B
and mounted with a cover slip using Duolink In Situ
Mounting Medium with DAPI. Fluorescence images
were acquired using a Leica TCS SP8 confocal
microscope.

Fluorescent fatty acid pulse-chase assay

NPC cells were treated with a 4 Gy dose of
radiation, then incubated with complete medium
containing 1 pM BODIPY C16 (Invitrogen, MA, USA)
for 10 h. Cells were washed with complete medium
and incubated for 1 h to allow the fluorescent fatty
acids to metabolize. Then cells were chased for the
time indicated (0 and 12 h). Mitochondria were
labeled with 50 nM MitoTracker Red CMXRos
(Invitrogen) for 30 min prior to imaging.

Immunofluorescence analysis

Mitochondria, lipid droplets and fatty acids were
labeled with complete medium containing 50 nM
MitoTracker Red CMXRos (Invitrogen), 1 pM
BODIPY 493/503 (Invitrogen), or 1 pM BODIPY C16
(Invitrogen) for 30 min, respectively. Cells were
washed with complete medium, and fixed with
freshly prepared pre-warmed 1640 medium
containing 3.7% formaldehyde at 37 °C for 15 min.
Then the cells were rinsed with 1640 medium. Cells
were blocked in 5% donkey serum in 1xPBS for 1 h at
room temperature and incubated with a primary
antibody in 1xPBS containing 1% BSA at 4 °C
overnight. Cells were washed with 1xPBS and
incubated with a secondary antibody for 45 min. Then
cells were washed and stained with DAPI for 10 min
and viewed by a confocal microscope (LSM 510
META, Germany).

Immunohistochemistry analysis

The NPC tissue array was purchased from
Pantomics (Richmond, CA, USA). IHC was performed
as previously described [47]. Images of the sections
were acquired and scores of each section were
quantified by two pathologists (Dr Liling Li and Dr
Zhijie Xu, Xiangya Hospital, Changsha, China).

Colony formation and radiosensitivity assays

For Figures 2D-F, 4D, 6A, and Figures S3F,
S4D-E, S7C, NPC cells were seeded at 1 x 103
cells/well in six-well plates in triplicate. For Figures
S2A-B, NPC cells were seeded in six-well plates in
triplicate at densities of 100, 400, 1 x 10% and 1 x 104
per well and were correspondingly exposed to 0, 2, 4
or 6 Gy IR. After 10-14 days, cells were washed with
1xPBS, fixed in methanol for 20 min and stained with

crystal violet for 15 min at room temperature.
Colonies containing more than 50 cells were counted
using the Image ] software and the survival fractions
were calculated. The survival curves in Figure S2B
were drawn using the GraphPad Prism 5 software
program (GraphPad Software, La Jolla, CA, USA).

Xenograft studies

Animal experiments were conducted according
to protocols approved by Xiangya Hospital
(Changsha, China). CNE2-IR cells (5 x 10°) were
injected into the subcutaneous tissue over the right
flank region of nude mice (BCLB/c-nu, male, 4 weeks
old). Tumors grew to an average volume of 130 mm?
prior to initiation of therapy. CNE2-IR xenograft-
bearing mice were randomly assigned into four
groups (n = 4) as follows: (1) vehicle control (0.9%
saline buffer, 100 pL, ip., every other day for 3
weeks); (2) radiation (2 Gy, twice per week for 2
weeks) was delivered to the tumor; (3) Etomoxir (50
mg/kg, 100 pL, i.p., every other day for 3 weeks); (4)
Etomoxir (50 mg/kg, 100 pL, i.p., every other day for
3 weeks) plus ionizing radiation (2 Gy, twice per week
for two weeks, 2 h after ETO injection). Tumor
volume was assessed by caliper measurements every
other day and calculated according to the formula: V
= (L x W?)/2. At the end of experiments, mice were
euthanized by CO» inhalation.

Statistics

The Kaplan-Meier method was used to estimate
overall survival and the log-rank test was used to
evaluate differences between survival curves.
Statistical analyses were performed using the Student
t-test or Welch's t-test (normal distribution). A p-value
of < 0.05 was considered statistically significant.
GraphPad Prism 5 software program (GraphPad
Software, La Jolla, CA, USA) was used in most of the
statistical analyses.

Study approval

The study was approved by the Ethics
Committee of Xiangya Hospital. All procedures
involving animal care and use were approved by the
Institutional Animal Care and Usage Committee of
Central South University, and were in accordance
with the National Policy on Use of Laboratory
Animals.

Results

Radiation-resistant NPC cells show a
metabolic signature of active FAO
We used a metabolomics approach to profile the

global metabolic changes of radiation-responsive
(CNE2) and radiation-resistant (CNE2-IR) NPC cells.

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 9

2333

The contents of 260 biochemical compounds were
quantified (Figure 1A), and we found obvious
differences between the metabolic profiles of CNE2
and CNE2-IR cells. Relative to CNE2 cells, 130
biochemical factors were altered in CNE2-IR, and the
general changes are shown as a pie chart (Figure 1B).
Among these changes, 54 metabolic factors belong to
lipid metabolism (Figure 1C). The phosphoglycerides
degradation products, glycerol 3-phosphate, glycerol-
phosphorylcholine and multiple lysolipids, as well as
the membrane sphingolipid metabolites, palmitoyl
sphingomyelin and stearoyl sphingomyelin, were
elevated in CNE2-IR cells (Figure S1A-C). These
observations may reflect an increased lipid turnover
or active lipid breakdown in CNE2-IR cells.

More importantly, we found that several
acylcarnitine levels are substantially higher in
CNE2-IR cells (Figure 1D). During the oxidation of
fatty acids, carnitine acts as an acyl-CoA carrier
facilitating the movement of fatty acids into the
matrices of the mitochondria. To further explore the
utilization of fatty acids through the carnitine shuttle
system, a 1BC isotopomer tracing experiment was
undertaken. Cells were incubated with uniformly
labeled 13Cjs-palmitate, and the abundance of
13C-labeled palmitoyl-carnitine (C16), myristoyl-carn-
itine (C14) and lauroyl-carnitine (C12) were measured
by ultra-high-performance liquid chromatography-
tandem mass spectrometry (UPLC-MS/MS; Figure
1E). We found that 3C enrichment in acylcarnitines
was higher in CNE2-IR and HK1-IR cells in response
to a dose of 4 Gy radiation, indicating that
radiation-resistant cells utilize palmitate and may
have an active FAO. To determine the activity of FAO,
we examined the palmitate (PA)-based oxygen
consumption rate (OCR). Following radiation
treatment, an obvious increase in OCR was observed
in radiation-resistant cells after PA stimulation, which
was then inhibited by ethyl 2-[6-(4-chlorophenoxy)
hexyl] oxirane-2-carboxylate (Etomoxir, ETO), a
specific FAO inhibitor [48] (Figure 1F and Figure
S1D). In contrast, neither PA nor ETO treatment
affected the OCR of radiation-responsive cells. These
results in combination with the metabolomics analysis
indicate an enhanced lipid turnover and FAO in
radiation-resistant NPC cells, which suggests that
lipid reprogramming might play a crucial role in
mediating radiation resistance.

Radiation-resistant NPC cells depend on
CPTI1A to survive radiation therapy

To investigate the mechanisms of gain-of-FAO in
radiation-resistant NPC cells, gqRT-PCR was
performed to evaluate the expression of essential FAO
genes in NPC cells (Table S1). Several FAO genes are

up-regulated in radiation-resistant cells (Figure 2A).
Among these genes, CPT1A is most substantially
highly transcribed. Its protein expression levels and
enzyme  activity are also increased in
radiation-resistant cells, whether combined with 4 Gy
of radiation or not (Figure 2B-C). ETO, a clinically
tested, specific inhibitor of CPT1 was used to block
the enzymatic activity of CPT1 (Figure 2C) [49]. We
used a colony formation assay to evaluate radiation
resistance of cells. To identify the radiation-resistant
phenotypes, CNE2-IR and HKI1-IR cells and their
parental cells were exposed to different doses of IR (0,
2, 4, 6 Gy). The survival fractions indicate that
radiation-resistant cells are authentically more
tolerant to radiation treatment than radiation-
responsive cells (Figure S2A-B). Cisplatin is a
radiosensitizing agent widely applied in clinical
therapy for NPC [50, 51]. Here we used it as a positive
control to assess the effects of ETO. Survival rates and
ICsp values were calculated (Figure S2C). The 1Cso
values of cisplatin were similar in each cell line, but
the ICsp values of ETO in radiation-resistant cells were
much lower compared with parental cells. Based on
the data from radiation-resistant cells, we chose 50%
of the ICsp value of each drug as the concentration for
treatment in the following experiments. The results of
colony formation showed that ETO markedly
decreased the survival fraction of radiation-resistant
cells, but had no effect on parental cells (Figure 2D
and Figure S2D). In addition, cisplatin decreased the
survival fraction of all the cell lines, but
radiation-resistant cells are apparently more tolerant
to this drug. Intriguingly, ETO-radiation combination
achieved better inhibitory effects compared to the
cisplatin-radiation combination.

Furthermore, stable CPT1A  knockdown
CNE2-IR cells were constructed using a
lentiviral-based CPT1A small hairpin RNA (shRNA;
Figure S3A). To identify the effect of the loss of
CPT1A on FAO, we examined the abundance of
13C-labeled acylcarnitines and PA-based OCR
following radiation treatment. We observed a
significant decrease in the 13C-labelling of acylcarn-
itines and PA-based OCR in CPT1A knockdown cells.
These data indicate that knockdown of CPT1A
reduces FAO in radiation-resistant cells (Figure
S3B-C). Consistent with the effects of Etomoxir on
radiation-resistant cells, the survival rate was
obviously decreased by knockdown of CPT1A (Figure
2E and Figure S3D). On the other hand, CPT1A
overexpression promotes radiation resistance in NPC
cells (Figure 2F and Figure S3E-F). These data
indicate that CPT1A is highly expressed in
radiation-resistant NPC cells and is critical for these
cells to survive radiation therapy.
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Figure 1. Lipid turnover and fatty acid oxidation are enhanced in radiation-resistant NPC cells. (A) Heat map of 260 biochemical factors in lysates from
CNE2 and CNE2-IR cells. Five replicates were tested for each cell line. The relative fold change for each factor in each sample is represented as the relative average
increase (red) or decrease (green). (B) Pie charts indicating the number of biochemical changes of each metabolic pathway in CNE2-IR cells compared with CNE2
cells (*p < 0.05, Welch’s t-test). (C) Heat map of lipid factors in lysates from CNE2 and CNE2-IR cells. Five replicates were tested for each cell line. (D) Fold change
of cellular acylcarnitine levels in CNE2-IR cells compared with CNE2 cells. Five replicates were tested for each cell line (*p < 0.05, **p < 0.01, ***p < 0.001). (E)
Labeling incorporation from 13Cje-palmitate into palmitoyl-carnitine (C16), myristoyl-carnitine (C14) and lauroyl-carnitine (C12) in CNE2-IR and HKI-IR cells
compared with parental cells at 24 h after exposure to 4 Gy irradiation (IR). Data are shown as percentage of 13C¢-C16, 13C14-C14, or 13C;2-C12 to the total pool
of each corresponding acylcarnitine. Three replicates were tested for each cell line (**p < 0.01, ***p < 0.001). (F) Oxygen consumption rates (OCR) were measured
by Seahorse XF analysis with the indicated reagents in CNE2-IR and HK1-IR cells compared with parental cells at 24 h after exposure to 0 or 4 Gy IR. Arrows indicate
the time when palmitate-BSA (175 pM), Etomoxir (80 uM), and antimycin (0.2 yM)/rotenone (0.2 pM) was added to cells (n = 3). BSA was used as a control for
palmitate.
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Figure 2. CPTIA is up-regulated in radiation-resistant NPC cells and inhibition of CPT1A sensitizes these cells to radiation therapy. (A)
Real-time PCR showing mRNA levels of FAO genes in CNE2-IR and HK1-IR cells compared with parental cells. Data are represented as mean values + S.D. of 3
independent experiments (*p < 0.05, ¥*p < 0.01, ***p < 0.001). (B) Immunoblot analysis of CPT 1A protein expression levels in indicated cells at 24 h after exposure
to 0 or 4 Gy IR. B-Actin was used as a control to confirm equal loading of protein. (C) CPT1 enzymatic activity in lysates of indicated cells at 24 h after exposure to
0 or 4 Gy IR and Etomoxir (80 pM). Results are presented as fold change in enzymatic activity relative to each parental cell type. Data are represented as mean values
+ S.D. of 3 independent experiments (***p < 0.001). (D) Colony formation assay showing survival fractions of the indicated cells following treatment with 0 or 4 Gy
IR and Etomoxir (80 uM) or cisplatin (0.8 uM). Surviving fractions were calculated by comparing the colony number of each treatment group with untreated groups.
Results are plotted as average survival fraction + S.D. of 3 independent experiments (*p < 0.05, **p < 0.01, **p < 0.001). (E) Colony formation assay showing survival
fractions of CNE2-IR cells stably transfected with CPTIA shRNA or control shRNA following treatment with 0 or 4 Gy IR. Survival fractions were calculated by
comparing the colony number of each treatment group with untreated control shRNA group. Results are plotted as the average survival fraction + S.D. of 3
independent experiments (*p < 0.05, *p < 0.01, **p < 0.001). (F) Colony formation assay showing survival fractions of CNE2 cells stably expressing CPTIA or
empty vector following treatment with 0 or 4 Gy IR. Results are plotted as the average survival fraction * S.D. of 3 independent experiments (**p < 0.01, **¥p <
0.001).
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Figure 3. Up-regulation of CPT1A corresponds with poor overall survival of NPC patients following radiation therapy. (A) Representative IHC
staining of CPT 1A expression from a tissue microarray of nasopharyngeal squamous cell carcinoma patients following radiation therapy. Scale bar: upper = 100 ym,
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estimated with the Kaplan—-Meier method by log-rank test following radiation therapy. The Kaplan—Meier curves were drawn using the GraphPad Prism 5 software

program.

Up-regulation of CPTIA corresponds with
poor overall survival of NPC patients following
radiation therapy

To investigate the prognostic role of CPT1A, a
commercial NPC tumor tissue microarray was used
(IHC, Figure 3A). Forty-eight non-keratinizing
undifferentiated NPC patients who received radiation
therapy were successfully followed-up. All of the
tumor biopsies were obtained before treatment and
patients’ clinical characteristics are listed in Table S2.
According to the IHC scores for CPT1A, we set the
median score as the cut-off value and divided patients
into two groups. The patients with high expression of
CPT1A (n = 22, median survival time = 60 months)
had shorter overall survival compared to patients
expressing lower levels of CPT1A (n = 26, median
survival time = 84 months; Figure 3B). These
observations suggest that CPT1A overexpression is
associated with a worse clinical outcome of radiation
therapy in NPC.

CPTI1A is required to block mitochondrial
apoptosis in radiation-resistant NPC cells

Various stress signals, such as damage triggered
by irradiation, initiate mitochondrial apoptosis in

cells. To gain insight into the role of CPT1A in
mitochondrial  apoptosis, we  assessed the
mitochondrial membrane potential (MMP) and
apoptotic rate in NPC cells. The results show that
radiation-resistant cells have a higher level of MMP,
which could be decreased by ETO following radiation
(Figure 4A). Radiation-resistant cells are more
resistant to radiation-induced apoptosis (Figure 4B).
However, ETO significantly activated apoptosis in
these cells, which could be rescued by the
caspase-inhibitor zVAD following radiation treatment
(Figure 4B). Similar to these results, the levels of
cleaved caspase 9, cleaved caspase 3, molecular
markers of mitochondrial apoptosis, and cleaved poly
ADP ribose polymerase (PARP) were markedly
enhanced by ETO treatment, which could be
alleviated by zVAD in response to radiation (Figure
4C). These results suggest that inhibition of CPT1A
activates mitochondrial apoptosis in radiation-
resistant cells.

To investigate whether necroptosis and
autophagy are involved in CPT1A inhibition-
mediated cell death, we detected the protein levels of
phosphorylated mixed lineage kinase domain-like
(p-MLKL) and microtubule-associated protein 1 light
chain 3 (LC3). Phosphorylation of MLKL is
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considered to be a hallmark of necroptosis and the
conversion of LC3 I to LC3/1I has been used has an
indicator of autophagy [52]. TNFa plus Smac mimetic
and z-VAD (T/S/Z) are classic inducers of
necroptosis, and the human HT29 colon cancer cell
line is one of the most sensitive and responsive cell
lines to T/S/Z treatment [53]. Thus, we used the
protein of HT29 cells treated with T/S/Z as a positive
control of necroptosis. The results showed that none
of the NPC cells following IR or ETO treatment
underwent necroptosis (Figure S4A). Through the
calculation of the LC3 II/1 ratio, we found that ETO
treatment suppressed autophagy in radiation-
resistant cells (Figure S4A). A similar result was
observed in CNE2-IR cells with CPT1A knockdown
(Figure S4B). Autophagy is considered to be
important for maintaining the functional pool of
mitochondria for FAO, especially in stress conditions
[54]. On the other hand, inhibition of FAO blocks lipid
catabolism and might also have side effects on
autophagy. However, the relationship between the
two pathways and the role of autophagy in promoting
radiation resistance need to be further explored.

To determine whether the anti-apoptotic effects
mediated by CPT1A contribute to radiation resistance,
zVAD was used in a colony formation assay
combined with other treatments. Results showed that
zVAD almost eliminates the inhibitory effects of ETO
on cell survival in radiation-resistant cells (Figure
4D). A similar phenomenon was also observed in
CNE2-IR cells with CPT1A knockdown (Figure
S4C-E). These data demonstrate that inhibition of
CPT1A by either pharmacological blockade or RNA
interference could activate mitochondrial apoptosis,
which re-sensitizes radiation-resistant NPC cells to
radiation therapy.

CPTI1A binds to Rab14 and promotes fatty
acid trafficking in radiation-resistant NPC cells

We used a liquid chromatography coupled with
tandem mass spectrometry (LC-MS/MS) approach to
identify CPT1A-binding proteins. Thirty-four CPT1A-
binding proteins are specific to CNE2-IR cells and 8
are Rab GTPases (Table S3). Based on the number of
unique peptides and the protein score, we found that
Rab7A and Rab14 were the top two of the 34 proteins.
Immunoprecipitation analysis showed that CPT1A
binds to Rab14, but not Rab7A, in NPC cells, and the
binding of CPT1A-Rabl4 is markedly increased in
radiation-resistant cells (Figure 5A and Figure S5A).
We also found that CPT1A binds to Rabl4 in stable
CPT1A-V5-overexpressing cells (Figure 5B). To
explore whether radiation treatment could have an
effect on the binding of CPT1A and Rabl4, we
performed immunoprecipitation analysis in response

to a 4 Gy dose of radiation. The results showed that
the binding of CPT1A and Rab14 is not influenced by
radiation (Figure S5B). Nevertheless, we still treated
cells with 4 Gy dose of radiation in the following
study to create a stress condition, which was used
previously. In addition to immunoprecipitation
analysis, immunofluorescence assays showed that
CPT1A co-localizes with Rab14 in radiation-resistant
NPC cells (Figure S5C). To further confirm the
interaction of the two proteins, we used an in situ
proximity ligation assay (PLA). The assay generates a
positive signal only when the distance between the
two proteins is less than 40 nm and is highly suited for
the direct detection of protein interactions [55].
CPT1A is reported to form a complex with
voltage-dependent anion channel (VDAC) [56]. Thus,
the detection of CPT1A and VDAC interaction served
as a positive control and detection with only the
CPT1A primary antibody served as a negative control.
In this approach, radiation-resistant cells exhibited
absolutely stronger positive fluorescence signals than
radiation-responsive cells in response to radiation
treatment (Figure 5C). These results confirm that
CPT1A binds to Rabl4 in NPC cells and the
interaction is enhanced in radiation-resistant cells.
Next, we utilized a fragment docking and direct
coupling combined computational protein-protein
interaction prediction method, Fd-DCA, to predict the
binding interface between CTP1A and RAB14 [57].
Two candidate sites, referred to as Site 1 and Site 2,
were identified on the Rabl4 surface (Figure S4D).
According to the interfacial interaction score
(computed based on the direct coupling analysis
method), a strong coupling signal is observed
between Site 2 and the alpha helix of the N terminal
domain of CTP14, indicating that the N terminal of
CTP1A could bind to Site 2 of Rabl4 (Figure 5D,
Figure S4E-F and Table S4-5) [58]. Interestingly, we
found that the predicted Site 1 is the binding site for
Rabl4 and Rab-coupling protein (RCP), which has
been validated by a crystallized complex (PDB ID:
4d0g, Figure S4G) [59]. These in silico data provide
evidence supporting the physical interaction between
CPT1A and Rabl4. Also, through the co-expression
analysis of CPT1A versus Rab14 in NPC tissues from
the Oncomine Database, we found that the mRNA
level of Rab14 is positively correlated with the mRNA
level of CPT1A (Figure S4H). For defining a crucial
role of Rabl4 in vesicle and protein transport, we
examined the effects of Rab14 on CPT1A subcellular
translocation in response to radiation [60]. CPT1A is
mainly co-localized with mitochondria in radiation-
resistant cells (Figure S4I). However, knockdown of
Rab14 by siRNA does not alter the location pattern of
CPT1A on mitochondria following radiation (Figure
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5E). Rab GTPases are also reported to be essential for
cell structures like lipid droplets and autophagosomes
[61-63]. We found that Rabl4 co-localizes with
BODIPY 493/503-labled lipid droplets in NPC cells
(Figure 5F). In addition, the co-localization of CPT1A,
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Rab14 is essential to maintain the function of
CPTI1A in regulating fatty acid trafficking and
radiation resistance

To investigate whether the CPT1A-Rabl4
interaction plays a role in CPT1A-mediating radiation
resistance, we disrupted the expression of Rabl4 in
CPT1A-overepressing cells. By using a Rab14 siRNA
pool, the mRNA and protein levels of Rabl4 are
clearly attenuated in CPT1A- overexpressing and
control cells (Figure S5A-B). Knockdown of Rabl4
decreases PA-based OCR, induces apoptosis, and
markedly suppresses radiation resistance in
CPT1A-overexpressing cells compared with control
cells following radiation treatment (Figure 6A and
Figure S6C-D). The results suggest that Rabl4 is
essential to maintain the function of CPT1A in
regulating FAO and radiation resistance.

Based on the subcellular location of CPT1A and
Rabl4, the CPT1A-Rabl4 interaction might provide
contact between mitochondria and lipid droplets,
which could facilitate fatty acid transport. To study
fatty acid trafficking, we utilized BODIPY C16, a fatty
acid analog bound with a BODIPY fluorophore, and a
pulse-chase assay to track fatty acids in relation to
mitochondria in response to radiation treatment. In
this approach, all of the cells were treated with a 4 Gy
dose of radiation and harvested at 24 h. The results
showed that fatty acids are distributed homogene-
ously and mostly co-localize with mitochondria in
CPT1A-overexpressing CNE2 cells after 12 h of chase;
but, in control cells, fatty acids accumulate as lipid
droplets, which seldom co-localize with mitochondria
(Figure 6B-C). Knockdown of Rabl4 decreases the
translocation of fatty acids into mitochondria in
CPT1A-overexpressing CNE2 cells. Similar results are
observed in CPT1A-overexpressing HK1 cells (Figure
S6E-F).

As a consequence of an impaired lipid flux after
Rabl4 knockdown, the content of lipid droplets is
increased, whereas the ATP content is decreased in
CPT1A-overexpressing cells following radiation
(Figure 6D-E). In addition to CPT1A-overexpressing
NPC cells, we also observed that knockdown of Rab14
suppresses cell survival in radiation-resistant NPC
cells, which endogenously express high levels of
CPT1A in response to radiation (Figure S7A-D).
Overall, these results indicate that Rab14 is required
to maintain the function of CPT1A in regulating fatty
acid trafficking and radiation resistance.

Etomoxir disrupts the CPT1A-Rabl14
interaction and fatty acid trafficking in
radiation-resistant NPC cells.

A previous study showed that ETO irreversibly

binds to the active site on the C-terminal of the CPT1A
protein and suppresses the enzymatic activity of
CPT1A [64]. Surprisingly, in our study, we found that
ETO disrupts the interaction of CPT1A and Rab14 in
radiation-resistant NPC cells (Figure 7A). In the study
of fatty acid trafficking, we found that fatty acids are
homogenously distributed throughout the mitoch-
ondrial networks after a 4 Gy dose of radiation.
However, ETO treatment blocks the translocation of
fatty acids from lipid droplets into mitochondria in
radiation-resistant cells (Figure 7B-C). Subsequently,
lipid accumulation and ATP depletion are also
observed in these cells upon ETO treatment with
radiation treatment (Figure 7D-E). These results
indicate that ETO might reduce the contact of lipid
droplets and mitochondria by suppressing the
CPT1A-Rabl4 interaction, and it also decreases the
transfer of fatty acids into the mitochondrial matrix by
inhibiting CPT1A enzymatic activity following
radiation therapy (Figure 9). In these ways, Etomoxir
impairs fatty acid flux and augments radiation-
induced energy starvation in radiation-resistant cells.

Furthermore, knockdown of CPT1A also induces
lipid accumulation and ATP depletion in
radiation-resistant NPC cells following radiation
(Figure S8A-B). To explore whether the energy stress
caused by CPT1A inhibition could be rescued by
activation of other metabolic pathways, we
supplemented 25 mM glucose or 5 mM glutamine to
CPT1A knockdown cells and measured their ATP
production at 24 h after exposure to radiation. The
data show that glucose had no effect on ATP levels in
response to radiation, but supplementation with
glutamine dramatically enhanced ATP production in
control cells, but only slightly increased the ATP
levels in CPT1A knockdown cells (Figure S8C). The
results indicate that glutamine could alleviate the
energy crisis caused by CPT1A inhibition, but could
not overcome it completely.

Etomoxir re-sensitizes NPC xenografts to
radiation therapy

Based on the data obtained from in vitro models,
we hypothesized that CPT1A confers radiation-
resistance to NPC cells by preventing radiation-
induced lipid accumulation and mitochondrial
apoptosis. To confirm this hypothesis in vivo, we
treated athymic nude mice bearing CNE2-IR
xenografts with ETO, radiation (IR), or a combination
of ETO and IR. CNE2 xenografts treated with
radiation were also established as a radiation-
responsive control. Consistent with the in vitro results,
CNE2-IR xenografts were apparently more resistant
to radiation than the CNE2 xenografts (Figure 8A-C
and Figure S9A-C). Treatment with either radiation or
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ETO modestly decreased the tumor growth of 8A-C and Figure 9D). These results indicate that ETO
CNE2-IR xenografts, whereas ETO combined with  re-sensitizes CNE2-IR xenografts to radiation.
radiation substantially reduced tumor growth (Figure
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Immunoprecipitation analysis showing the binding of CPT1A and Rab14 in CNE2-IR and HK1-IR compared with parental cells at 24 h after exposure to 4 Gy IR or
Etomoxir (80 uM). IgG served as a negative control. (B) Confocal microscopy analysis of morphologies and subcellular location of free fatty acids in groups indicated
in (A) (red: Mito Tracker Red; green: BODIPY C16; blue: DAPI; scale bar = 25 um). (C) Pearson’s coefficient analysis representing relative cellular co-localization of
free fatty acids overlapping with mitochondria in groups indicated in (A). Images were analyzed using Image ] software. Data are expressed as mean values * S.D. of
12 independent cells analyzed by microscopy for each group (*p < 0.05, **p < 0.01, ***p < 0.001). (D) Flow cytometry analysis of cellular neutral lipid content using
the LipidTOX Red probe in groups indicated in (A). Values represent LipidTOX Red intensity mean values *+ S.D. of 3 independent experiments (*p < 0.05, *p <
0.01). (E) Intracellular ATP levels of groups indicated in (A). Values represent ATP concentration mean values  S.D. of 3 independent experiments (*p < 0.05, *p

< 0,01, *4p < 0.001).
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Figure 8. Etomoxir triggers intracellular lipid accumulation and apoptosis in vivo, and sensitizes tumors to radiation therapy. (A) Representative
images of CNE2-IR xenografts from the indicated treatment groups. Vehicle: saline vehicle; IR: 2 Gy of irradiation restricted to tumors, twice a week, 2 weeks; ETO:
Etomoxir, 40 mg/kg, every two days, 3 weeks; ETO + IR: Etomoxir-irradiation combination. (B) Tumor growth curves of CNE2-IR xenografts in groups indicated in
(A). Tumor volume analysis is represented as mean values * S.D. (n = 4, each group). Statistical significance of final tumor volumes was calculated using the two-tailed
t test (*p < 0.05, ¥*p < 0.01). (C) Tumor weight was measured at the end of the experiment. Results are shown as mean values + S.D. (n = 4, each group; **p < 0.01,
*#¥p < 0.001). (D) Representative Oil Red O staining of tumor xenografts from groups indicated in (A). (E) Representative cleaved caspase 9 staining of CNE2-IR
xenografts in groups indicated in (A). (F) Column scatter of cleaved caspase 9 histoscores of CNE2-IR xenografts in groups indicated in (A). Results are shown as

mean values  S.D. (n = 4, each group; *p < 0.05, **p < 0.001).

To further explore the association of lipid
metabolism and radiation resistance, we stained lipid
droplets in frozen tissue sections of CNE2-IR
xenografts using Oil Red O. Most of the lipid droplets
were distributed in tumor cells, and a few of them
were scattered in mesenchymal tissue (Figure 8D).
Surprisingly, the lipid droplets were abundant in
tumor cells especially located on the edge of the
typical cell death region, where the cells are found
with homogeneous cytoplasm, pyknotic nuclei and
lack of cell structures under hematoxylin and eosin
staining. These histological changes combined with

Oil Red O staining strongly suggest that lipid
accumulation is associated with radiation-induced
cell death. Moreover, ETO or radiation treatment
increases the strength and positive rate of both Oil
Red O and cleaved caspase 9, and the combination of
ETO and radiation further enhances these alterations
(Figure 8D-F). Based on these results, the
accumulation of lipid droplets caused by CPT1A
inhibition ~might contribute to mitochondrial
apoptosis, which re-sensitizes CNE2-IR xenografts to
radiation therapy (Figure 9).
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Figure 9. A schematic to illustrate CPT1A-mediated radiation resistance in NPC. (A) The enhanced CPTIA expression and the CPT1A-Rabl4
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apoptosis and re-sensitizes NPC cells to radiation.

Discussion

Tumor cells show metabolic flexibility in order
to survive therapy [11, 65]. In recent years,
metabolomics represents a promising approach to
investigate the metabolic features of therapy-resistant
tumor cells [66, 67]. Integrative metabolomics analysis
was applied to discover the adaptive nutrients usage
and specific metabolic pathway-addition in
metformin-tolerant ovarian cancer and KRAS-
ablation-resistant pancreatic cancer [68-70]. These
metabolomics analyses provide fundamental insights
into the metabolic preferences of therapy-resistant
tumor cells and are helpful to identify new drug
targets to improve therapeutic outcomes.

In this study, we performed metabolomics and
identified a robust lipid turnover and FAO signature
in radiation-resistant NPC cells, which suggests that
lipid reprogramming may play a vital role in
mediating radiation resistance in NPC. Previous
studies focusing on lipid metabolism in NPC reported
a unique fatty acid synthesis (FAS) profile in NPC [71,
72]. Compared with nasopharyngeal epithelium, NPC
tissue exhibited strong accumulation of lipid droplets
[72]. Moreover, adipocyte triglyceride lipase (ATGL)
was down-regulated in NPC cell lines relative to
nasopharyngeal epithelial cell lines [72]. However, an
active lipolysis and high expression of monoglyceride
lipase (MAGL) was detected in highly metastatic NPC
cells relative to a low-metastatic population [73]. We
also found that radiation-resistant NPC cells have an
active fatty acid trafficking and utilization signature
compared with radiation-responsive cells. These lipid

metabolic characteristics in highly metastatic NPC
cells and radiation-resistant NPC cells indicate that
the metabolic shift from FAS to lipolysis may provide
a survival advantage for NPC cells to overcome
anoikis or radiation-induced stress.

Based on the metabolomics data, CPT1A, the
rate-limiting enzyme of FAO, is consistently
up-regulated in radiation-resistant NPC cells, and
high expression of CPT1A is significantly associated
with poor overall survival of NPC patients following
radiation therapy. Moreover, inhibition of CPT1A

re-sensitizes NPC cells to radiation therapy in

vitro and in vivo. The evidence suggests that the
expression of CPT1A could be a prognostic indicator
of NPC, and targeting FAO in CPT1A high-expression
NPC patients might improve the therapeutic efficacy
of radiotherapy.

Previous studies showed that CPT1A could form
a complex with long chain acyl-CoA synthetase
(ACSL) and voltage-dependent anion channel
(VDAC) on mitochondrial outer membranes to benefit
fatty acid transportation through the mitochondrial
membrane [56]. Acetyl-CoA carboxylase a (ACC), the
first enzyme involved in FAS, also interacts with
CPT1A in hepatocellular carcinoma [74]. Glucose
starvation dissociated CPT1A from the complex and
increased the translocation of CPT1A onto
mitochondria, which suggests that a transformation
from FAS to FAO is needed to overcome nutrient
depletion. According to our LC-MS/MS analysis, we
did not find the binding of ACC or ACSL to CPT1A in
NPC cells, but we found that VDAC and, intriguingly,
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several Rab GTPases potentially bind to CPT1A. We
observed an increased binding of CPT1A-Rabl4 in
radiation-resistant NPC cells. Additionally, the
mRNA level of Rab14 was positively correlated with
the mRNA level of CPT1A in NPC tumor tissues from
the Oncomine Database. Rab GTPases belong to the
RAS oncogene family, which regulates vesicle
trafficking and receptor cycling [75, 76]. Rabl4 is
reported to be directly targeted by microRNA-451 and
microRNA-338-3p in human non-small-cell lung
cancer [77, 78]. Recently, Rabl4 was found to be
up-regulated in gastric cancer cells and promotes cell
proliferation [79]. However, the mechanism of Rab14
involvement in cancer is still unclear.

In our study, we found that Rab14 does not affect
the translocation of CPT1A onto mitochondria in NPC
cells. However, it could locate on lipid droplets in
NPC cells, consistent with three lipid droplet-specific
proteomics screenings in other cells [63]. Recently,
lipid droplets have been recognized as active
organelles [80]. The close physiological association
between lipid droplets and mitochondria has been
confirmed in response to nutrient depletion [81, 82].
In our study, the co-localization of CPT1A, Rab14 and
mitochondria was remarkably increased in
radiation-resistant NPC cells. Knockdown of Rab14
re-sensitized CPT1A-overexpressing NPC cells to
radiation, and decreased fatty acid transfer from lipid
droplets to mitochondria in these cells. These results
indicate that the binding of CPT1A and Rab14 might
act as a molecular bridge between lipid droplets and
mitochondria and promotes fatty acid trafficking.

In addition to the function of CPT1A in ATP and
NADPH production, a new role for CPTIA in
epigenetics has been identified [29, 31, 32]. The
mitochondria-generated acetyl coenzyme A could be
exported to the cytoplasm through the citrate
transporter and citrate lyase. The ratio of cytosolic
acetyl coenzyme A is essential for histone acetylation
by p300 [83]. Recently, CPT1A-dependent acetyl
coenzyme A production was found to be essential to
promote acetylation of histones at lymphangiogenic
genes [84, 85]. In another study, CPT1A replenished
carbons of the TCA cycle that were incorporated into
nucleotide precursors and substantially promoted
nucleotide synthesis in endothelial cells [86].
Intriguingly, a product of CPT1A transcript variant 2,
was found to be expressed in the nuclei of breast
cancer cells, which interacted with histone deacetylase
1 (HDACI), leading to epigenetic regulation of
cancer-related gene expression [87]. The function of
CPT1A in epigenetics and nucleotide synthesis might
also contribute to tumor therapeutic resistance.

Due to the critical role of CPT1 in diseases, drugs
specifically targeting CPT1 have begun to receive the

attention of researchers. The most investigated
small-molecule inhibitor of CPT1 enzyme is Etomoxir,
which has been used in the clinical treatment of type 2
diabetes and heart failure [49, 88-90]. In our study,
Etomoxir efficiently re-sensitized NPC cells to
radiation therapy in vitro and in vivo. Other studies
also reported that Etomoxir exerted anticancer effects
against prostate cancer, colon cancer, metastatic
triple-negative breast cancer and leukemia in vivo [34,
91-93].

We unexpectedly found that Etomoxir has
inhibitory effects on the CPT1A-Rabl4 interaction, but
the mechanism is unclear. A previous study showed
that Etomoxir irreversibly binds to the active site on
the C-terminal of the CPT1A protein [64]. Our
computational protein-protein interaction prediction
only suggested a physical interaction between the N
terminal of CPT1A and Rabl4. Thus, whether
Etomoxir directly targets the binding sites of CPT1A
and Rab14 or changes the conformation of the CPT1A
protein and subsequently suppresses the CPT1A-
Rabl4 interaction is not clear. In the future, further
experiments should be performed to delineate the
precise mechanism of the CPT1A-Rab14 interaction.

Overall, through a metabolomics approach, we
found that FAO is active in radiation-resistant NPC
cells. Additionally, the rate-limiting enzyme of FAO,
CPT1A, is highly expressed in radiation-resistant
NPC cells and corresponds with poor overall survival
of NPC patients following radiation therapy.
Importantly, we identified a lipid-associated protein,
Rabl4, as a novel CPT1A binding protein. The
CPT1A-Rab14 interaction facilitates fatty acid transfer
from lipid droplets to mitochondria, which promotes
fatty acid utilization and maximizes ATP production.
Knockdown of Rabl4 attenuates CPT1A-mediated
fatty acid trafficking and radiation resistance.
Inhibition of CPT1A re-sensitizes radiation-resistant
NPC cells to radiation therapy through the induction
of lipid accumulation and mitochondrial apoptosis
bothin witroand in wvivo. Collectively, our data
demonstrate the utility of metabolomics approaches
for addressing cancer therapy resistance, and suggest
that targeting CPT1A might be a beneficial regimen to
improve the therapeutic effects of radiotherapy in
NPC patients. Additionally, the CPT1A-Rabl4
interaction could be another attractive interface for
the discovery of novel CPT1A inhibitors.
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