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Abstract
Clear cell renal carcinoma (ccRCC) is histologically defined by its cytoplasmic lipid deposits. Lipid metabolism
disorder largely increases the risk of ccRCC. In this study, we aimed to investigate the biological functions and
molecular mechanisms of carnitine palmitoyl transferase 1A (CPT1A) in ccRCC. Our results showed that CPT1A is
decreased in ccRCC clinical samples and cell lines comparedwith that in normal samples. Lentivirus overexpressing
CPT1A was used to investigate the neoplastic phenotypes of ccRCC, and the results showed that lipid accumulation
and tumor growth are attenuated both in vitro and in vivo. In addition, CPT1A prevents cholesterol uptake and lipid
accumulation by increasing the peroxisome proliferator-activated receptor α (PPARα) level through regulation of
Class B scavenger receptor type 1 (SRB1) and cluster of differentiation 36 (CD36). Furthermore, PI3K/Akt signaling
pathway promotes tumor cell proliferation in ccRCC, which is related to the enhanced expression of CD36. Func-
tionally, weakened CPT1A expression is critical for lipid accumulation to promote ccRCC development. Collectively,
our research unveiled a novel function of CPT1A in lipid metabolism via PPARα/CD36 axis, which provides a new
theoretical explanation for the pathogenesis of ccRCC. Targeting CPT1A may be a potential therapeutic strategy to
treat ccRCC.
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Introduction
According to GLOBOCAN worldwide cancer statistics, approxi-
mately 338,000 new kidney cancer cases were diagnosed in 2012,
while 143,000 patients succumbed to the disease [1]. Clear cell renal
carcinoma (ccRCC) is the most frequent histological subtype, ac-
counting for >75% of all RCC cases [2]. Over the past years, great
progress has been made in identifying the genetic alterations driving
ccRCC development [3,4]; however, the prognosis of these patients
is still poor [5].
In a recent study, a strong association was proposed between

obesity and cancers [6], implying that dyslipidemia is a major factor
for tumorigenesis. Solid tumor cells require extracellular fatty acid

as a nutrient source, especially under metabolic stress conditions
[7]. ccRCC cells are characterized by the accumulation of choles-
terol, cholesterol esters, and other lipids [8,9], and a decrease in the
expression of specific fatty acid oxidation (FAO) enzyme has also
been found to be correlated with an increase in tumor stage, size,
and grade, with a concomitant decrease in the survival [10,11].
However, the underlying key fat enzymes that affect the tumor cells
are yet unclear in ccRCC.
Carnitine palmitoyl acyltransferase 1A (CPT1A) is located on the

outer mitochondrial membrane and is a rate-limiting fatty acid
oxidation (FAO) enzyme transporting fatty acid into mitochondria
for further oxidation by converting acyl-CoA into acyl-carnitines
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[12,13]. In addition to its function as an FAO enzyme in cancer cells,
CPT1A is engaged in various cellular processes owing to the iden-
tification of interacting proteins that are associated with tumor de-
velopment by regulating lipid metabolism through FAO in
nasopharyngeal carcinoma [14], breast cancer [15], and lympho-
cytic leukemia [16]. The expression and activity of CPT1A are de-
creased in the kidney of ccRCC patients compared with that in
normal kidney, and the poor outcome is associated with low ex-
pression of CPT1A in tumors in The Cancer Genome Atlas (TCGA)
[17]. At present, the mechanisms underlying the dysregulation of
lipid homeostasis in ccRCC are not precise, especially with respect
to CPT1A loss.
Peroxisome proliferator-activated receptor α (PPARα) is a mem-

ber of the nuclear receptor superfamily of transcription factors that
control nutrient sensing and transcriptional regulation of metabolic
pathways, especially fatty acid transport and FAO [18]. The
downregulation of PPARα significantly decreases the expression of
CPT1A and subsequently the rate of FAO in melanoma cells [19].
Activated PPAR-γ coactivator-1α (PPARGC1A, PGC1α) is translo-
cated into the nucleus, which promotes the expression of PPARα in
lipid metabolism [20], and the membrane fatty acid transporter
cluster of differentiation 36 (CD36) regulates downstream PGC1α
involved in lipid and energy metabolism [21]. The expression of
CD36 also activates Nrf2 [22], which has been described as the
downstream pathway for PI3K/Akt activation [23]. In hepatocel-
lular carcinoma (HCC), cartilage oligomeric matrix protein
(COMP)/CD36 signaling causes phosphorylation of Akt, resulting in
the upregulation of tumor-progressive genes [24]. Targeting these
pathways has been proven to be an effective strategy for inhibiting
the growth in ccRCC because the PI3K/Akt pathway is highly acti-
vated in ccRCC, and targeting this pathway, either alone or with
other drugs, has great potential for ccRCC treatment [25].
Cancer cells have developed mechanisms for the accumulation

of lipid, including excessive intracellular cholesterol, to support
cell growth. However, whether the accumulation of lipids is a
byproduct of altered metabolism in ccRCC or whether it con-
tributes to disease development is yet to be determined. Herein, we
found that overexpression of CPT1A reverses the lipid deposition
phenotype and biological phenotype in vivo and in vitro func-
tionally, and demonstrated that CPT1A is a regulator gene of lipid
accumulation via PPARα/CD36 axis, which controls the phos-
phorylation level of Akt in ccRCC development. Together, these
findings provide evidence of altered lipid metabolism in ccRCC
development, and show that CPT1A is a potential therapeutic
target for ccRCC treatment.

Materials and Methods
Bioinformatics analysis
We downloaded the RNA-seq data of ccRCC dataset from TCGA
database and analyzed the gene expression of CPT1A through GE-
PIA (http://gepia.cancer-pku.cn). The box plot illustrated the as-
sociation between the expression and clinical features. The
relationship between CPT1A expression and patient survival was
analyzed by accessing the TCGA database through UALCAN web-
site. Search Tool for the Retrieval of Interacting Genes (STRING;
http://string.embl.de) database was used to evaluate the protein-
protein interaction (PPI) information. The relationships among the
PPARα and CPT1A, PGC1α were analyzed by the Multiple Gene
Analysis through Gene expression profiling Interactive Analysis

(GEPIA; http://gepia.cancer-pku.cn). Encyclopedia of Genes and
Genomes (KEGG) pathway and Gene Ontology (GO) functional
analysis are common useful methods for annotating gene functions
and identifying biological attributes for genome or transcriptome
data. The GO and KEGG pathway analysis were performed by KO-
BAS 3.0 (http://kobas.cbi.pku.edu.cn) web tool to explore the
biological pathways of CPT1A enrichment in ccRCC.

Patients and samples
ccRCC and the corresponding adjacent non-tumorous renal tissue
specimens were collected from 20 cases of ccRCC patients who
underwent operation at Department of Organ Transplantation, the
First Affiliated Hospital of Kunming Medical University from July
2016 to March 2018. Tumors were pathologically confirmed in all
patients, and none of them received any adjuvant treatment, such
as radiotherapy, chemotherapy, or immunotherapy prior to surgery.
After collection, all specimens were snap-frozen in liquid nitrogen
and stored at –80°C for protein extraction. Histological and patho-
logical diagnoses of all specimens were confirmed by the Depart-
ment of Pathology, the First Affiliated Hospital of Kunming Medical
University. Written informed consent of all patients involved in the
study was obtained before operation and the protocol of the present
study was approved by the Ethics Committee of Kunming Medical
University (No. KMMU2021MEC019).

Cell culture and reagents
The human ccRCC cell lines, ACHN, Caki-1, and 786-O, and normal
kidney epithelial HK2 cell line were obtained from Kunming In-
stitute of Zoology, Chinese Academy of Sciences (Kunming, China).
786O cells were cultured in Roswell Park Memorial Institute (RPMI)
1640 medium (HyClone, Logan, USA); ACHN, HK-2, and Caki-1
were cultured in Dulbecco’s modified Eagle medium (DMEM)/High
Glucose (HyClone). Both media were supplemented with 10% fetal
bovine serum (FBS; HyClone). All cells were cultured at 37°C in a
5% CO2 incubator. Etomoxir was obtained from Sigma-Aldrich
(Munich, Germany), WY14643 was from Selleck (Houston, USA),
and sulfosuccinimidyl oleate (SSO) was purchased from APExBio
(Houston, USA).

Lentivirus transfection
Lentivirus overexpressing CPT1A and the corresponding control
vector were purchased from GeneChem (Shanghai, China). Lenti-
virus overexpressing CPT1A was transfected into Caki-1 and 786O
cells, according to the manufacturer’s instructions. The experiments
were conducted for 48 h, and the overexpression efficiency was
verified by western blot analysis. Puromycin (5 μg/mL; Sigma-Al-
drich) was used to generate cell lines stably expressing CPT1A.

Immunohistochemical (IHC) staining
Tissue sections (5 μm) were dewaxed and rehydrated before an-
tigen retrieval. After incubation with 3% H2O2 at room tempera-
ture for 15 min, FBS was used to block the sections. Then, the
slides were incubated with primary antibodies overnight at 4°C,
followed by incubation with HRP-conjugated secondary antibody
for 1 h at room temperature. 3,3′-diaminobenzidine tetra-
hydrochloride (DAB) was used to visualize the immune com-
plexes, and the sections were counterstained with hematoxylin.
The primary polyclonal rabbit antibodies against CPT1A (1:200;
Abcam, Cambridge, UK) and CD36 (1:100; Abcam) were used.
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Images were acquired using a microscope (Nikon, Tokyo, Japan).
Percentage of positive cell scores was divided into 0 (0%–5%), 1
(6%–35%), 2 (36%–70%), and 3 (more than 70%). The intensity
of protein expression was determined as 0 (no staining), 1 (weakly
staining), 2 (moderately staining) and 3 (strongly staining). The
final score was calculated using the percentage score × staining
intensity score as follows: 0 (−), 2–3 (+), 4–6 (++), and > 6 (+
++). Final score < 4 was defined as high expression. The scores
were determined by two independent pathologists in a blinded
manner.

Oil red O (ORO) staining
ORO staining was conducted to compare lipid accumulation in tu-
mor and paracancerous tissues in ccRCC according to the manu-
facturer’s instructions. Cells plated in 6-well plates at triplicate were
rinsed with PBS twice, and fixed with 10% formaldehyde for 1 h.
They were then rinsed with 60% isopropanol for 5 min, stained
with 3 mg/mL ORO (Solarbio, Beijing, China) for 4 min, and wa-
shed with water three times. After freshly frozen, OCT-embedded
tumor sections were stained with a similar protocol after sectioning
into 8-μm slices on a cryostat. Briefly, fresh and frozen tissue sec-
tions were placed in propylene glycol for 2 minand then incubated
in ORO solution for 6 min. A mixture of 85% propylene glycol was
prepared in distilled water, the tissue sections were incubated in
this mixture for 1 min, and the slides were rinsed in distilled water
and examined under an inverted phase contrast microscope (Ni-
kon). For ORO quantification, the cells were dried, and 250 μL of
isopropanol was added and incubated for 3 min; the OD value of the
eluted solution was measured at 510 nm on a SpectraMax Plus 384
microplate reader (Molecular Devices, San Jose, USA).

Real-time polymerase chain reaction (RT-PCR)
Total RNA was isolated using Trizol reagent (TaKaRa, Dalian,
China). RT-PCR was performed using standard procedures. Briefly,
RNA samples were reverse transcribed into cDNA using RevertaidTM

First Strand cDNA Synthesis kit (Fermentas, Vilnius, Lithuania),
and quantitative PCR was performed using SYBR Green qPCR su-
per-mix UDG (Invitrogen, Carlsbad, USA) on a quantitative PCR
machine (Bio-Rad, Hercules, USA). The conditions were as follows:
initial denaturation at 95°C for 30 s, 40 cycles at 95°C for 30 s and
60°C (annealing temperature) for 30 s and extended at 65°C for
20 s. The expression level was quantified based on the 2-∆∆Ct method
and normalized to that of β-actin. The sequences of primers used
were as follows: CPT1A, forward 5′-TTCAGTTCACGGTCACTCCG-
3′, reverse 5′-TGACCACGTTCTTCGTCTGG-3′; and β-actin, forward
5′-GGCTGTGCTATCCCTGTACG -3′, reverse 5′-TTGATCTTCATTGT
GCTGGGTG-3′.

Western blot analysis
Western blot analysis was performed using standard procedures.
Tissues and cells were lysed in Mammalian Protein Extraction Re-
agent (Thermo Scientific, Waltham, USA) containing a protease
inhibitor cocktail (Roche Diagnostic, Indianapolis, USA). The pro-
teins were separated by 12% polyacrylamide/bisacrylamide gel
electrophoresis and transferred to PVDF membranes (Millipore,
Billerica, USA). The proteins were probed with primary antibodies
followed by a HRP-conjugated secondary antibody. Immunodetec-
tion was carried out with the Immobilon Western Chemilumines-
cent HRP substrate (Millipore). Normalization was conducted by

blotting the same samples with an antibody against β-actin. Den-
sitometry of the protein bands was quantified with Quantity One
software (Bio-Rad), and the values were expressed relative to β-
actin (control for loading and transfer). At least three independent
experiments were performed for each cell type studied. Primary
antibodies against the following proteins were used: CPT1A, pPI3K,
Akt, pAkt, SRB1, CD36, β-actin, and PPARα (1:5000; Abcam); Bcl-2,
Bax, and Caspase 3 (1:3000; Affbiotech, Cincinnati, USA); and
PGC1α (1:1000; Cell Signaling Technology, Beverly, USA).

MTS assay
An equivalent of 5×103 cells/well (200 μL/well) was cultured in a
96-well microtiter plate. At each time point, 20 μL of sterile MTS dye
(5 mg/mL; Promega, Beijing, China) was added to each well and
incubated for another 4-5 h at 37°C. The absorbance was measured
at 490 nm on a microplate reader.

Total cholesterol (TC) and total glyceride (TG) quantifi-
cation tests
TC content determination kit (Solarbio) was utilized to assay the
total triglyceride content of the cell samples with or without CPT1A
overexpression, according to the manufacturer’s protocol. Briefly,
3×105 cells were collected and reacted with the reagents provided.
The OD was measured spectrophotometrically at a wavelength of
420 nm on a microplate reader.
TG content determination kit (Solarbio) was used and TG content

was detected with a similar protocol.

Colony formation assay
About 500 cells/well were cultured in a 6-well plate for 21 days. The
medium was refreshed every 3 days. The culture was terminated
after colonies with >50 cells were formed. Subsequently, the cells
were fixed in 4% paraformaldehyde, stained with crystal violet
(Yeasen, Shanghai, China), and images were acquired under an
inverted phase contrast microscope (Nikon), and the number of
colonies were counted with ten randomly chosen fields.

Enzyme-linked immunosorbent assay
Mitochondria were isolated from normal and tumor tissue after
homogenization in an isotonic cold sucrose solution (30% sucrose;
1× PBS) and centrifugation at 600 g for 15 min at 4°C. The super-
natant was subjected to centrifugation again at 12,000 g for 20 min.
The resulting pellet was resuspended in 2 mL homogenization buffer
and washed by centrifugation at 7000 g for 10 min, and finally
suspended in 0.5 mL homogenization buffer. The concentration of
mitochondria was quantified by BCA assay. An equivalent of 10 μg
total protein was used for the CPT1A activity assay using a detection
kit (Jianglai Biotechnology, Shanghai China).

Immunofluorescence staining
Cells were fixed with 4% paraformaldehyde for 15 min at room
temperature and permeabilized with 0.3% Triton X-100. After being
blocked with donkey serum for 1 h at room temperature, the cells
were incubated with primary antibody at 4°C overnight and then
incubated with fluorescence-conjugated secondary antibodies
(1:1000; Invitrogen) at room temperature in the dark for 1 h. Sub-
sequently, the cells were washed three times with PBS and mounted
with Prolong Gold anti-fade reagent containing DAPI (Invitrogen).
The cell images were captured under a fluorescence microscope
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(Olympus, Tokyo, Japan).

Cholesterol uptake assay
The cholesterol uptake assay was performed using a Cholesterol
Uptake Assay kit (ab236212; Abcam) according to the manu-
facturer’s instructions. Briefly, cells or vehicle control were treated
with 100 μL serum-free culture medium containing 20 μg/mL NBD
cholesterol overnight. Then, the cells were collected by cen-
trifugation at 250 g for 5 min, and 100–500 μL Assay Buffer was
added before analyzing by flow cytometry using an FL1 (FITC)
channel (FloMax 2.82; Partec: CyFlow® Space, Goerlitz, Germany).

Cholesterol depletion analysis
Cholesterol depletion was verified using a Cell-based Cholesterol
Assay kit (ab133116; Abcam), according to the manufacturer’s in-
structions. A total of 3×104 cells were seeded in each well of a 96-
well plate. The next day, cells were treated with experimental
compounds or vehicle control for 48–72 h. U18666A, a cholesterol
transport inhibitor, was used as a positive control (provided at a
concentration of 2.5 mM). U18666A was used with a serial of di-
lutions starting at 1.25 μM. Cells were grown overnight. Most of the
culture medium was removed from the wells and the cells were
fixed with Cell-Based Assay Fixative Solution for 10 min. The cells
were washed with Cholesterol Detection Wash Buffer three times,
with 5 min each. The Filipin III Stock Solution (prepared as de-
scribed in Pre-Assay Preparation) was diluted at 1:100 using Cho-
lesterol Detection Assay Buffer. Filipin III Solution (100 μL) was
added to each well and incubated in the dark for 30–60 min. Then
the cells were washed with wash buffer two times, with 5 min each.
Finally, the staining was examined using a fluorescent microscope
(Olympus) with an excitation wavelength of 340–380 nm and
emission wavelength of 385–470 nm.

Tumor xenograft study in mice
Four-week-old female BALB/c-nude mice were obtained from the
Experimental Animal Center of Kunming Medical University
(KMMU), and housed in an environment at a temperature of 22±
1°C, relative humidity of 50%±1%, and a 12/12 hlight/dark cycle.
All animal experiments (including mice euthanasia) were carried
out in compliance with the regulations and guidelines of the in-
stitutional animal center of KMMU and the Association for Assess-
ment and Accreditation of Laboratory Animal Care (AAALAC) and
the Institutional Animal Care and Use Committee (IACUC) guide-
lines (No. KMMU2021149).
Caki-1 cells (2×106) with or without CPT1A overexpression were

subcutaneously injected into the armpit. At 14 days post-trans-
plantation, tumor volume was measured every 3 days. Mice were
sacrificed 5 weeks after cells were transplanted. All 12 mice were
euthanized with pentobarbital sodium by intraperitoneal injection
at a dose of 150 mg/kg, the euthanasia was confirmed by cervical
dislocation, and the xenograft tumors were dissected for weighing
and photographing. Fresh tumor tissues were stored at –80°C for
sectioning and staining.

Statistical analysis
All assays were performed at least three times, and data are ex-
pressed as the mean± standard deviation (SD). Student’s t-test was
performed to determine significance. P<0.05 were considered sta-
tistically significant. All statistical analyses were carried out using

GraphPad Prism 6.0 (La Jolla, USA).

Results
Deletion of CPT1A in ccRCC cells facilitates lipid accu-
mulation
RNA-seq data of patients with ccRCC were downloaded from the
TCGA database. Low expression of CPT1Awas closely related to the
survival and prognosis of patients (Figure 1A,B). We initially
stained the ccRCC tissue by IHC, and the results showed that the
percentage of CPT1A-positive cells, which appear as brown-yellow
or tan-brown (Figure 1C), was obviously decreased comparing with
that in adjacent normal tissues (P<0.001). The downregulation of
CPT1A in ccRCC clinical samples was further verified by RT-PCR
and immunoblotting (Figure 1D,E). ELISA assay showed a low
CPT1A activity in ccRCC (P<0.001; Figure 1F). We also compared
the basal level of CPT1A in different renal cell lines, including
normal kidney epithelial cell lines (HK-2), renal adenocarcinoma
(ACHN), and ccRCC cell lines (Caki-1 and 786O). The results
showed that the expression of CPT1A was lower in ccRCC cell lines
than that in HK-2 (P<0.001) but higher in renal adenocarcinoma
cell line ACHN (P<0.001; Figure 1G). Since the function of CPT1A
is to transport long-chain fatty acids into the mitochondrion, we
speculated that its downregulation might reduce the lipid droplets
in ccRCC cells. Next, we noticed more lipid deposition in ccRCC
tissues than in adjacent normal tissues (P<0.001; Figure 1H),
which was further confirmed in cell lines (Figure 1I). These results
demonstrated that CPT1A was downregulated in ccRCC, which
might be linked to abnormal lipid accumulation in ccRCC.

CPT1A inhibits ccRCC growth via inhibiting cholesterol
uptake and lipid accumulation
We examined whether these malignant cells could utilize lipid as an
alternative energy source due to the low expression of fatty acid
transporter CPT1A in ccRCC. The cells were incubated with eto-
moxir (80 μM), a CPT1A enzymatic inhibitor, for 12 h. The results
showed an increasing cell proliferation when CPT1A was inhibited
(Figure 2A). In the colony formation assay, the number of colonies
was reduced in CPT1A overexpressing cells compared with that in
the corresponding control group (P<0.001; Figure 2B). Further-
more, immunoblotting was used to detect the expressions of cell
proliferation-related proteins, such as Cyclin-dependent kinase 2
(CDK2), CDK4, and Cyclin protein D1 (CyclinD1). The results
showed that the expressions of CDK2, CDK4, and CyclinD1 were
downregulated (P<0.001), indicating that cell growth was impeded
when CPT1A was overexpressed (Figure 2C). We also performed a
xenograft assay using CPT1A overexpression Caki-1 cells and its
normal control cells. Mice that were injected with CPT1A-over-
expressing cells showed smaller tumor volume than its normal
control group (Figure 2D). The above results indicated that CPT1A
overexpression decreases the proliferation of ccRCC in vitro and in
vivo. In addition, the frozen sections of tumor tissues from nude
mice were stained with ORO, and a decreased lipid accumulation
was observed when CPT1A was overexpressed in vivo (P<0.001;
Figure 2E). Meanwhile, the contents of TC and TG were decreased
in the CPT1A-overexpressing cells (P<0.001; Figure 3A,B), and
intracellular cholesterol accumulation was weakened when CPT1A
was overexpressed (Figure 3C). Flow cytometry assay revealed that
CPT1A overexpression could arrest the cholesterol uptake in ccRCC
cells (P<0.001; Figure 3D), leading to less intracellular cholesterol
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accumulation. The levels of cholesterol uptake-related proteins
determined by western blot analysis indicated that CD36, ATP-
binding cassette transporters G1 (ABCG1), SRB1, and lectin-like
oxLDL receptor 1 (LOX1) were markedly decreased (P<0.001;
Figure 3E). Collectively, these findings demonstrated that CPT1A
suppresses ccRCC growth via inhibiting cholesterol uptake and lipid
accumulation.

The potential relationships among CPT1A, PPARα and
PGC1α
In order to explore the biological function of CPT1A in lipid meta-
bolism in ccRCC, the KEGG pathway and GO functional analyses

were performed using the Cluster Profiler package. Under the cutoff
criteria gene size ≥ 20 and false discovery rate (FDR) < 0.01, high
expression samples were found to be enriched in the PPAR signaling
pathways (Figure 4A,B). PPRAα is a key biomarker gene of ccRCC
[26]. PPI network and miRNA-gene network were constructed and
analyzed by https://string-db.org and gene expression profiling
interactive analysis (GEPIA). The STRING tool revealed that CPT1A,
PPARα, and PGC1α proteins interact with each other in ccRCC
(Figure 4C), and multiple gene analysis through GEPIA showed that
the related coefficient of CPT1A and PPARα in ccRCC was R=0.7
(P=0), and that of PPARα and PGC1α was R=0.49 (P=0) (Figure
4D,E). Furthermore, immunofluorescence staining confirmed that

Figure 1. Deficiency of CPT1A increases the lipid formation and cell proliferation in ccRCC (A) Analysis of CPT1A mRNA expression between
ccRCC and adjacent tissues through the GEPIA website. (B) The TCGA database accessed through the UALCAN website was used to analyze the
relationship between CPT1A expression and the patient survival rate. (C) The expression of CPT1A protein in ccRCC and adjacent tissues revealed
by IHC. Scale bar = 50 μm. The percentage of tissue cores displaying low or high CPT1A staining in ccRCC tissues. (D) The RT-qPCR results
obtained from 12 cases of ccRCC tissues and adjacent normal tissues showed that CPT1A mRNA expression is downregulated in ccRCC tissues. (E)
Western blot analysis revealed a downregulation of CPT1A protein expression in ccRCC tissues. (F) The activity of CPT1A in ccRCC tissues
comparing with that in normal tissues detected by ELISA kit. (G) Western blot analysis of CPT1A protein expression in one normal kidney epithelial
cell HK-2 and three other RCC cells Caki-1, 786O and ACHN. (H) Lipid deposition in tumor and adjacent ccRCC tissues by Oil red O staining. Scale
bar= 50 μm. (I) Lipid deposition in one normal kidney epithelial cell and three RCC cells identified by Oil red O staining. Scale bar= 50 μm. Values
are shown as the mean±SD. ***P<0.001 (Student’s t-test).
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PPARα and PGC1α were co-expressed in ccRCC cells, and the ex-
pressions of PPARα and PGC1α were increased in CPT1A-over-
expressing cells (Figure 4F). In order to confirm this, we detected
the protein levels of PPARα and PGC1α in CPT1A overexpressed
cells, and found that the expression of PPARα was increased
(P<0.001), and the expression of PGC1α was also increased
(P<0.001; Figure 4G). Our results suggested that there is a potential

relationship among CPT1A, PPARα and PGC1α.

CPT1A suppresses the activity of PI3K/Akt signaling via
inhibiting CD36
To elucidate the regulatory pathways implicated in the effect of
CPT1A overexpression on ccRCC cell metabolism, we examined the
expressions of related proteins in the PI3K/Akt signaling pathway

Figure 2. CPT1A overexpression prevents lipid accumulation and cell proliferation in vivo and in vitro (A) Cell proliferation of Caki-1 and 786O
incubated with etomoxir (80 μM) at 0, 6, 12, 24, and 36 h detected by MTS assay. (B) Colony formation assay of Caki-1 and 786O stably transfected
with CPT1A overexpression lentivirus indicated that overexpression of CPT1A could inhibit the proliferation in ccRCC. (C) The expressions of CDK2,
CDK4 and CyclinD1 detected by western blot analysis. (D) Orthotopic xenograft transplanted with NC (n = 6) and OE-CPT1A/Caki-1 cells (n = 6).
Tumor volume at day 14 was measured in each group. (E) Oil red O staining of frozen sections of tumor tissue from nude mice. Scale bar= 50 μm.
Values are shown as the mean±SD. *P<0.05, ***P<0.001 (Student’s t-test).
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by western blot analysis. As a result, we found that CPT1A over-
expression significantly decreased the levels of pPI3K and pAkt
without affecting their corresponding total protein levels
(P<0.001), and the expressions of Bax and Caspase 3 were in-
creased but the expression of Bcl-2 was decreased (P<0.001;
Figure 5A). PPARα can regulate liver cell energy metabolism re-
modeling via Akt signaling [27]. To evaluate weather phosphory-
lated Akt level in ccRCC is regulated by PPARα or CD36 in ccRCC,
we promoted the expression of PPARα by treatment with WY14643
(an activator of PPARα) for 24 h and detected the level of phos-

phorylated Akt by western blot analysis. The results showed that
the expression of PPARα was increased in ccRCC cells when CPT1A
was overexpressed, and treatment with WY14643 could further
induced the expression PPARα (P<0.001). The level of phos-
phorylated Akt was decreased when CPT1A was overexpressed
(P<0.001), but the level phosphorylated Akt was not further de-
creased by treatment withWY14643 (P>0.05; Figure 5B). Then, we
treated the CPT1A-overexpressing cells with SSO (an inhibitor of
CD36) for 24 h to investigate whether the impeded activity of CD36
could aggravate the decreased level of phosphorylated Akt induced

Figure 3. CPT1A overexpression decreases the cholesterol absorption and intracellular lipid accumulation (A,B) Contents of TC and TG in CPT1A-
overexpressing Caki-1, 786O cell and their corresponding normal control cell lines were detected by ELISA kits. (C) Cholesterol deposition in
CPT1A-overexpressing Caki-1 and 786O cells and their corresponding normal control cells. Scale bar= 50 μm. (D) Cholesterol absorption between
CPT1A-overexpressing Caki-1 and 786O and their corresponding normal control cells detected by Flow cytometry. (E) The protein expressions of
CD36, ABCG1, SRB1, LOX1 in CPT1A-overexpressing Caki-1, and 786O cell and their corresponding normal control cell lines determined by
western blot analysis. Values are shown as the mean±SD. ***P<0.001 (Student’s t-test).
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Figure 4. The potential relationship among CPT1A, PPARα and PGC1α (A,B) KEGG and GO were used to map pathway database. KEGG pathways
analysis of the genes in the top four modules. (C) The STRING website was used to analyze the interaction of proteins with CPT1A-related proteins.
CPT1A was input into STRING, and the main cluster was formed. (D,E) Multiple genes correlation analysis between CPT1A and PPARα (R = 0.7)
and between PGC1α and PPARα (R = 0.49) using GEPIA website. (F) The expressions of PPARα and PGC1α in CPT1A overexpression Caki-1 and
786O cells and their corresponding normal control cells detected by immunofluorescence assay. Scale bar = 100 μm. (G) The protein expressions
of PPARα and PGC1α in CPT1A-overexpressing Caki-1, 786O cells and their corresponding normal control cell lines determined by western blot
analysis. Values are shown as the mean±SD. ***P<0.001 (Student’s t-test).
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by CPT1A overexpression. The results showed that the expression
of CD36 was decreased with CPT1A overexpression (P<0.001).
Treatment with SSO could reduce the expression of CD36 and fur-
ther decreased the level of phosphorylated Akt (P<0.001;
Figure 5C). These results indicated that CPT1A inhibits the phos-
phorylation of Akt via inhibiting CD36.

Discussion
ccRCC, charactered by a reprogramming of energetic metabolism,
involves different processes, such as aerobic glycolysis [28–30].
Complex I is inhibited by NADH dehydrogenase 1 alpha sub-
complex 4-like 2 (NDUFA4L2), an HIF-1 target gene encoding a
regulatory protein that attenuates mitochondrial oxygen consump-
tion [31], and Rpn10 directly promotes inhibitor of nuclear factor-
kappa B alpha (IκBα) degradation through the ubiquitin-proteasome
system (UPS) to promote cell proliferation, migration, and invasion
in ccRCC [32]. Previous studies have demonstrated that elevated
lipogenesis and accumulation of intracellular lipid droplets in tu-
mors contribute to cell membrane synthesis, cell growth, and
transformation [33–35]. The metabolic adaptation in ccRCC re-
sulting in lipid storage is necessary for ccRCC development [36].

The 36-kDa phospholipid-binding protein annexin A3 (AnxA3) in
the endocytic compartment negatively modulates lipid storage in
ccRCC cells by interfering with the vesicular trafficking involved in
lipid uptake and accumulation [37].
Integrated lipid-omics-transcriptomics approach revealed that

ccRCC tissues exhibit a reprogramming of fatty acid metabolism in
association with altered expressions of lipid metabolism-associated
genes such as CPT1A, and delineated a lipidomic profile of human
ccRCC, which is inhibited by hypoxia inducible factors (HIFs), re-
ducing FA transport into mitochondria, and rerouting FA to LDs for
storage [9]. Subsequently, we identified the most dysregulated FAO-
enzyme, CPT1A, and investigated its role in ccRCC. In the present
study, we found that the expression of CPT1A is negatively corre-
lated with the malignant clinicopathological features of ccRCC. The
loss of CPT1A expression in ccRCC clinical samples reduced the
CPT1A activity. Moreover, large-scale survival analysis showed that
loss of CPT1A expression in ccRCC associated with poor prognosis
could serve as an independent prognostic indicator.
Typically, fatty acid synthesis, cholesterol uptake, and β-oxida-

tion are tightly balanced to avoid intracellular lipid accumulation.
Reprogrammed cellular metabolic pathways of fatty acid and cho-

Figure 5. CPT1A suppresses the activity of PI3K/Akt signaling via downregulating CD36 (A) Bax, Bcl-2, Caspase 3, p-Akt, Akt, p-PI3K, and PI3K
protein levels in different groups (OE/NC CPT1A Caki-1, OE/NC CPT1A 786O). (B) Caki-1 and 786O cells were treated with 50 μM of Wy14643 for
24 h. PPARα and p-Akt levels in different groups. (C) After cells were treated with the inhibitor of CD36 (SSO, 25 μM)for 24 h, CD36 and p-Akt protein
levels were determined in different groups. Values are shown as the mean±SD. ns: no significance; ***P<0.001 (Student’s t-test).
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lesterol synthesis have been recognized as common metabolic
hallmarks in several tumor types [38,39]. CPT1A is underregulated
by the lipid metabolism pathway related to PPARα [26], which is
confirmed in this study. PPARα is a key transcription factor that
regulates the expression of proteins involved in fatty acid uptake
and β-oxidation [40]. The deficiency of PPARα contributes to
overloading lipid-associated tubular injury, while PPARα agonist
exerts an opposite effect [41]. PGC1α is a transcriptional coactivator
within the metabolic reprogramming family [42]. PPARα and
PGC1α stimulate the transcription of the CPT1A gene [43]. In the
present study, PPARα and PGC1α were co-expressed in ccRCC cell
lines, as detected by immunofluorescence staining, and the ex-
pressions of both molecules were further enhanced by CPT1A
overexpression. Consistent with this finding, the protein expression
of PPARα was increased in CPT1A-overexpressed whole cell lysate.
The STRING platform at the protein level and multiple gene ana-
lyses through GEPIA also revealed an interaction among CPT1A,
PPARα, and PGC1α in ccRCC.
CD36 is counter-regulated by PPARα [44]and is upregulated in

ccRCC (Supplementary Figure S1). CD36, SRB1 and lysosomal in-
tegral membrane protein type 2 (LIMP2) are three members of Class
B scavenger receptors [45]. In addition to scavenger receptors, SR-
A, LOX and CD36 promote lipid uptake, and cholesterol efflux is
regulated by SR-B1 in foam cell formation. Interestingly, SRB1 is a
transmembrane protein that has been well-characterized as a un-
ique multifunctional receptor for cholesterol influx and efflux
mediating cholesterol movement into and out of cells [46]. SRB1
and ABCG1 cholesterol transfer to high-density lipoprotein (HDL),
resulting in an insufficient activity of the lipid efflux pathway [47].
Herein, two members of Class B scavenger receptors, CD36 and
SRB1, were found to be highly expressed in ccRCC cells. CPT1A
overexpression reduces the levels of CD36, ABCG1 and SRB1 pro-
teins. The absence of CPT1A inhibits cholesterol metabolism and
causes cholesterol deposition in macrophages [48]. The above
phenomena might explain the phenotype of the enhanced choles-
terol level and increased intracellular lipid deposition in ccRCC. In
the present study, we found that CPT1A deficiency increases the
intracellular cholesterol absorption and lipid accumulation via the
PPARα/CD36 axis, while overexpression of CPT1A reduces the
cholesterol absorption and intracellular lipid accumulation.
ccRCC is characterized by large intracellular lipid droplets (LDs)

containing free and esterified cholesterol, and elevated dietary
cholesterol promotes tumor growth. Blocking exogenous sources of
cholesterol is sufficient to cause ccRCC cell apoptosis and decreased
PI3K/Akt signaling [49], which is consistent with our results. The
phosphorylation of Akt promotes cancer development [50], and Akt
is frequently activated in RCC, which is linked to the survival and
progression of cancers [51]. In the present study, CPT1A over-
expression reduces the intracellular cholesterol accumulation and
maintains the phosphorylation Akt at a low level in ccRCC cells,
which could be further reduced by SSO, an inhibitor of CD36. Akt is
a master regulator of cell survival under stress conditions [52].
Cloning test and xenograft tumor studies in nude mice showed that
CPT1A overexpression inhibited cell proliferation and decreased the
protein expressions of CDK2, CDK4 and CyclinD1 in ccRCC.
Meanwhile, mitochondrial apoptosis-related proteins, including
Bax and Caspase 3 were increased, and Bcl-2 was decreasing in
CPT1A-overexpressing cells with increased cell apoptosis. To-
gether, these findings indicated that the deficiency of CPT1A in-

creases the cholesterol influx, leading to cholesterol accumulation,
and the increased cholesterol level related to PPARα/CD36 axis
promotes the phosphorylated Akt to accelerate cell proliferation in
ccRCC. However, the potential molecular mechanisms about mu-
tual regulation mechanism between CPT1A and PPARα need to be
further explored in ccRCC. In further studies, whether increased
cholesterol accumulation induced by CD36 overexpression is re-
sponsible for the activity of phosphorylated Akt to promote cell
proliferation in ccRCC needs to be further verified.
Due to ccRCC chemotherapy resistance, anti-angiogenesis is one

of the most innovative targeted therapies for ccRCC. In recent years,
a better understanding of the molecular basis of RCC has led to the
introduction of anti-angiogenic therapies for this tumor. Cytotoxic
drugs or TKIs, such as sunitinib, have been used for ccRCC therapy
in clinic, although these drugs yield partial responses in a minority
of patients, with no evidence of complete responses [53]. Never-
theless, the combinations of inhibitors of the PD1/PD-L1 axis with
VEGF inhibitors or cytotoxic T-lymphocyte antigen (CTLA)-4 in-
hibitors have shown promising efficacy in metastatic renal cell
carcinorma (mRCC) [54]. Considering this, we will explore the effect
of CPT1A on cytotoxic drugs or TKIs such as sunitinib in the future,
which may reveal new function of CPT1A in ccRCC clinical therapy.
In conclusion, long-chain fatty acid transferase CPT1Amay play a

unique role in the biological behavior of ccRCC and our study
provides new insights into the molecular mechanisms of lipid dis-
order-promoted cell proliferation in ccRCC. Dysregulated choles-
terol absorption and lipid accumulation in ccRCC are induced by the
loss of CPT1A, indicating its potential role as both prognostic
marker and therapeutic target in ccRCC. Our data extend the un-
derstanding of the important role of CPT1A in ccRCC metabolism
and development, and provide a potential target for the exploration
of therapeutic strategies in ccRCC. This is the first report demon-
strating that CPT1A overexpression inhibits the tumor growth in
vivo and in vitro by decreasing the cholesterol absorption and lipid
accumulation via PPARα/CD36 axis and suppressing Akt phos-
phorylation in ccRCC. These interactions are illustrated in Figure 6.

Figure 6. Diagram of the function of CPT1A in ccRCC progression (A)
ccRCC cells have an excessive lipid accumulation caused by CPT1A
deficiency. CPT1A deficiency inhibits PPARα level and promotes CD36
level, leading to an increased lipid accumulation which in turn pro-
motes an activity of PI3K/Akt signaling. (B) Overexpression of CPT1A
promotes ccRCC cell apoptosis by suppressing the activity of PI3K/Akt
signaling and decreasing intracellular lipid accumulation. Mechan-
istically, CPT1A overexpression downregulates the expressions of
CD36 and SRB1, and upregulates the expression of PPARα.
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Thus, the restoration of the activity of CPT1A via PPARα/CD36 axis
may be a promising ccRCC therapeutic strategy, which provides
new hope for patient treatment.
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Supplementary data is available at Acta Biochimica et Biophysica
Sinica online.
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