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Lipids in Health and Disease

RESEARCH Open Access

WY-14643 attenuates lipid deposition ®
via activation of the PPARo/CPT1A ¥

axi1s by targeting Gly335 to inhibit cell
proliferation and migration in ccRCC

Rui Wang?, Jun Zhao™, Jiacheng Jin' Yun Tian' Lan Lan’ Xuejian Wang' Liang Zhu" and
Jianbo Wang",

Abstract

Background: Histologically, cytoplasmic deposits of lipids and glycogen are commmﬁ] clear cell renal
cell carcinoma (ecRCC). Owing to the significance of lipid deposition m ecRCC, munerous trials
targeting lipid metabolism have shown certain therapeutic potential. The agonism™6f peroxisome
proliferator-activated receptor-o (PPARa) via ligands, including WY-14643, has been considered a
promising intervention for cancers.

Methods: First, the effects of WY-14643 on malignant behaviors were investigated in ecRCC in vitro.
After RNA sequencing, the changes m lipid metabolism, especially neutral lipids and glycerol, were
further evaluated. Finally, the underlying mechanisms were revealed.

Results: Phenotypically, the proliferation and migration of ¢ccRCC cells treated with WY-14643 were
significantly inhibited in vitro. A theoretical functional mechanism was proposed in ccRCC: WY-14643
mediates lipid consumption by recognizing carnitine palmitoyltransferase 1A (CPT1A). Activation of
PPAR0 usmg WY-14643 reduces lipid deposition by increasing the CPT1A level, which also suppresses
the NF-«B signaling pathway. Spatially, WY-14643 binds and activates PPAR o by targeting Gly335.
Conclusion: Overall, WY-14643 suppresses the biological behaviors of ccRCC in terms of cell
proliferation, migration, and cell eycle arrest. Furthermore, its anticancer properties are mediated by the
inhibition of lipid accumulation, at least in part, through the PPARo/CPT1A axis by targeting Gly335, as
part of the process, NF-xB signaling is also suppressed. Pharmacological activation of PPARa might
offer a new treatment option for ceRCC.

Keywords: ccRCC, WY-14643, lipid accumulation, PPARa, CPTIA.
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Introduction

At least 40(@101133.11{1 people are identified as renal cell carcinoma (RCC) each vear in the world, to which
approximately half of the cases succumb [1]. Although the growing number of studies focus on diagnosing and
treating kidney cancer, there 1s still a high mortality rate [2]: approximately 70% of thé*Cases 1s clear cell renal cell
carcinoma (ccRCC) [3]. Up to 30% ccRCC patients have a poor prognosis, even if they are caught early and treated
with surgical methods [4]. The prognosis of these patients remains unsatisfactory [5].

Accunmlating evidence has indicated that aberrant metabolism contributes to the growth and metastasis of tumors
[6]- Moreover, recent studies have identified lipid metabolism reprogramnung as a trait of cancer [7]. Especially
the cytoplasm of ccRCC cells, a large amount of lipids and glycogen components accumulate, tumor tissues show a
characteristic clear cytoplasm on pathological sections, which 1s closely linked to the prominent metabolic disorder
of ccRCC [8]. Because of alterations m nwltiple metabolic pathways, ccRCC 1s mcreasingly recogmized as a
"metabolic disease” [9]. In ccRCC cells, due to Von Hippel-Lindau (VHL) gene mutation, hypoxia-inducible factors
(H]Fs) accumulate, and the Warburg effect occurs, resulting in increased synthesis of glycogen and fatty acids [10,
11]. Thus, targeting lipid biosynthesis may be a novel strategy to manage the development of ccRCC [12].

WY-14643 was recognized as a lipid-lowering agent [13]. Currently, WY-14643 is universally acknowledged®as
a peroxisome proliferator-activated receptor o (PPARu) agonist affecting lipid metabolism [14, 15]. PPAR«
promotes fatty acid oxidation and glycogen synthesis while mhibiting hipogenesis and glycolysis [16]. Due to its
position at the intersection of metabolism and cellular processes [17], PPAR« has drawn attention as a potential
target for malignancies, such as colorectal cancer and hepatocellular carcinoma [18-22]. It remains unclear, however,
whether WY-14643 is effective in treating ccRCC and its anticancer mechanism.

When mitochondrial oxidative phosphorylation occurs, carnitine palnmtoyltransferase 1A (CPT1A4) facilitates the
translocation of acyl groups, thus acting as a pivotal rate-limiting enzyme [23]. The critical role fatty acid oxidation
(FAO) in cancer metabolism has led to renewed interest in CPT1A as a pivotal mediator [24]. As a key factor in lipid
metabolism, CPT1A 1s engaged in the management of hipid metabolism through FAO 1n colorectal cancer [25], breast
cancer [26], nasopharyngeal carcinoma [27], etc. Recently, emerging evidence has shown CPT1A is downregulated
m ccRCC, concomitant with suppressed FAO; at the same time, overexpression of CPT1A reduces hpid
accumulation m ccRCC, thus suppressing cell proliferation [28, 29]. In addition. 1n ccRCC cells. hipid droplets are
syathesized only when CPT1A (regulated directly by HIF) is repressed [30]. As CPT 1A has become a core regulator
m lipid metabolism 1n ccRCC, therapies targeting CPT 1A nught have great potential for ccRCC treatment.

Since downregulation of PPAR « significantly suppresses CPT1A expression and subsequently suppresses FAO m
melanoma cells [31]. the hypothesis that activation of PPAR« by WY-14643 mught affect CPT1A was raised. To test
this hypothesis, the impacts of WY-14643 on malignant phenotypes were examined in ccRCC, and possible
underlying mechanisms were also detected. In the current study, 1t was demonstrated that WY-14643 activates
PPAR by targeting Gly335 and then upregulates CPT1A to reduce lipid deposition, as pm‘@f the process, NF-xB
signaling 15 also suppressed.

Methods
Chemicals and antibodies
WTY-14643 was sourced from ApexBio (USA) GW6471 was obtamed from Topscience (China). Dimethy] sulfoxide
(DMSO0) was used as the solvent and was diluted to <0.1% before use. Antibodies specific to GAPDH, CDE2,
Cyclin A, Cyclin Bl, Vimentin, CPTIAQleaved caspase-3, Cleaved PARP, Bax and Bel-2 were purchased from
Proteintech Group (China). Antibodies specific to N-cadherin, NF-«xB pathwa@-‘er& purchased from Cell Signaling
Technology (USA). Antibodies specific to Caspase-3 were purchased from Abcam (England).

ell culture
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The human renal cell carcinoma*tell lines 786-0 and A498 and the human proximal tubular cell line HK2 were
sourced from the American Type Culture Collection (USA)Q&HS were grown in a sterile incubator 37 °C containing
5% COa. All the®¥ells were grown m the recommended medium contaming 1% pemicillin/streptomyein and 10%
fetal bovine serum (Gibeco, USA).
Colony formation assay
In a 6-well plate, 300 ccRCC cells per well were moculated after admumistration of WY-14643 for 24 h. When
colonies were formed and large enough to be visualized (nearly ﬁays). the cells were labeled with 0.1% crystal
violet after fixation 1n formaldehyde. Fially, the colonies were counted.
Cell viability assay
In a 96-well plate, after 2*10° ccRCC cells seeded per well adhered, different doses of WY-14643 were administered
for specific hours. Each well was filled with 10 pl of CCE-8 (ApexBio, USA) reagent. After 1.5 hours, ﬂ.IEQD
values at 450 nm were obtained with a microplate reader.
Wound healing assay
Briefly. 1n a six-well plate, ccRCC cells were cultured until confluence was observed. After serum starvation for 6
h. a scratch was made. Following the removal of detached cells and debris with PBS, appropriate doses of WY-
14643 were applied. Images were taken at () and 12 h after observing the wound gap. Cell nugration percentages
were calculated by Imagel.
Transwell assay
24-well plates (Commg, USA) contaiming § pm membrane filters were used for the assays. After adnumstration of
specified concentrations of WY-14643%or 24 h, 1*10* ccRCC cells were seeded per well. Twenty-four hours later,
the bottom cells were stamed after removing the upper cells. Cell nigration percentages were calculated by Image].
Oil red O (ORO) staining
To determine lipid droplets, after fixation in 10% formaldehvde, ccRCC cells were ninsed for 5 min in 60%
1sopropanol. Following staining for 10 minutes with freshly prepared ORO (Solarbio, China), images were taken
under a microscope (Leica, Germany). ORO quantification was performed by adding 300 pl of isopropanol to the
dnied cells, incubating for 3 minutes, and determiming the absorbance at 490 nm.
Nile red staining
To quantify the mntracellular neutral lipid content, 1 pg/ml Nile red fluorescent stain was used to label ccRCC cells
(ApexBio, USA) Briefly, 1*10* cells per well were seeded and inoculated. After treatment with different doses of
WTY-14643, the cells were rinsed with Triton X-100. Later, mntracellular neutral lipid deposits were observed by
staining with Nile red, and nucle: were identified by Hoechst 33342 (Beyotime, China). Images were then captured.
Total glycerol quantification test
Following WY-14643 treatment, total glycerol content was examined by a cell glycerol enzymatic assay kit (E1012,
Applygen, China). Briefly, after the cells were trypsinized, centrifuged, and lysed, and lipase was mactivated, then
the absorbance at 550 nm was detected after 10 pl supematant and 190 pl working solution were preserved m 37 °C
water bath for 10 nun. Finally, the total glycerol content was normalized to the total protemn amount (per mg units).
Western blotting analysis
After extracting total protein and determining protein concentration, the SDS PAGE gels loaded with 30 pg of protein
samples were transferred to polyvinylidene difluoride membranes i an ice-water bath. Incubation of membranes
with diluted primary antibodies was performed following the blocking procedure. Next day, after 1.5 h-incubation
in secondary antibodies, the membranes were exposed to the Bio-Rad ChemiDoc system followed by 3 nunutes of
reaction in the ECL nux

verse transcription-quantitative polymerase chain reaction (RT-qPCR)
After extracting total mRNA mﬁete:rmi.m'ng the concentration, cDNA was synthesized using the HiScript Q RT
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SuperMix for gPCR kat (Vazyme, Cluna). Subsequently, water, primers, ChamQ Universal SYBR qPCR Master Mix
(Vazyme, China), and cDNA templates were mixed in a Bio—RaQeal—Time PCR Detection System according to the
protocols. The following 1s a list of primer sequences used: CPTIAQ)rwa.rd S-TTCAGTTCACGGTCACTCCG-
3", reverse 5-TGACCACGTTCTTCGTCTGG-3" GAPDH. forward 5-GCACCGTCAAGGCTGAGAAC-3"
reverse 5-TGGTGAAGACGCCAGTGGA-3'.

Flow cytometry

After treatment with specified concentrations of WY-14643 for 48 h. 1¥10% 786-O cells were fixed in ethanol
overmght at -20 °C. The next day, after the fixed cells were centrifuged and washed, Triton X-100 and RNase were
added. Finally, propidium 1odide was diluted to 100 pg/ml. After thathl cycle distibution was analyzed by BD
flow cytometry.

Bioinformatics analysis

MNext-generation transcriptomic sequencing was conducted by the Illumina NovaSeq 6000 sequencing platform
(Biozeron, China). To further analyze related pathways,“Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) were both calculated by GOATOOLS and KOBAS. Protein—protein interactions (PPIs) were
estimated b e Search Tool for the Retrieval of Interacting Genes (STRING: http://string embl de). To investigate
the correlation between PPARa and CPT1A, gene correlation analysis was conducted ene Expression Profiling
Interactive Analysis (GEPIA) and The University of Alabama at Bimmngham Cancer Data Analysis Portal
(UALCAN).

Molecular modeling

Whether WY-14643 binds specifically to the PPARo protein was mnvestigated by molecular docking. The protein
receptor was accessec@om the RCSB PDE protein structure database (https://www.resb.org’). To optinuze WY-
14643, the Polak-Ribiére-Polyak conjugate gradient algorithm was used along with the semiempirical PM3 method.
Senuflexible docking between the ligand and the receptor was performed via AutoDockTools using the AwtoDock
Vina program_ The docking score of the ligand molecule WY-14643 and the protein receptor PPARo was -7.5
keal/'mol Finally, the results were visualized using Ligplot and PyMOL software.

Statistical analysis

All valuﬁata were analyzed by SPSS 11.0 and presented as th«ﬁman + 5D. Dafferences in groups were assessed
by Student's t test or one-way ANOVANP<0.05 was taken into consideration for the significance.

Results

WY-14643 inhibits ccRCC cell proliferation and changes the morphology

Cell proliferation was exanuned after treatment with WY-14643, further morphological changes were also observed.
Fig_ la and 1b represent that following treatment with increasing doses of WY-14643, 786-0 and A498 cells show
a decreased viability. The half maxamal mhibitory concentration (IC50) values were 219.1+11.7 uM and 207 4+83
pM for 786-O and A498 cells, respectively. Fig. 1c and 1d show that cell viability decreased significantly with time
after 200 pM WY-14643 were applied to 786-O and A498 cells. After WY-14643 treatment, proximal tubular cells
were evaluated for viability, a CCK-8 assay using HE?2 cells was next performed. According to Fig. le, pretreatment
with WY-14643 did not affect HK.2 cell viability at specified concentration (from 0 pM to 300 pM) for 48 h. Finally,
1t was observed that WY-14643-treated cells exhibited reducer cell—cell contact and fewer filopodia versus control
(0 pM)-treated cells, as shown m Fig. 1f These results demonstrated that WY-14643 mhibits ccRCC cells
proliferation dose- and time-dependently and WY-14643 adnunistration suppresses cell-cell contact and filopodia

formation.
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Fig. 1 WY-14643 inhibits ccRCC cell proliferation and changes the morphology. a and b. 48 hours after treatment
with WY-14643 at the indicated doses, the absorbance of ceRCC cells was examined at 450 nm. ¢ and d., cell
viabihity was calculated at the indicated time points after 200 pM WY-14643 applied to ccRCC cells. e. HE2 cell
viability was determined after specified doses of WY-14643 were administered for 48 h f The changes in cell
morphology were observed after admmistration of WY-14643 for 48 h and photographed under an inverted
microscope. Magnification, 100x. &0_05, ==P<0.01. WY, WY-14643.

WY-14643 impairs the colony formation of ccRCC cells and induces cell cycle arrest

The colony formation assay was subsequently conducted. Fig. 2a-c illustrates that treatment with WY-14643
significantly impaired colony formation ability and decreased the colony formation rate when compared to that in
the control groups. Cell cycle changes are usually accompanied by changes in cell proliferation. Thus, cell cycle
changes were evaluated by flow cytometry after WY-14643 treatment. WY-14643 treatment of 786-0 cells for 48 h
dose-dependently led to cell retention m the S phase (Fig. 2d), and the data m Fig. 2e clearly

Fig. 2 WY-14643 impairs the colony formation of ccRCC cells and induces cell cycle arrest. a. Images of colony
formation were captured after pretreatment with WY-14643 1n ccRCC cells. b and ¢. The colony formation rate was
analyzed. d An exanunation of the cell cycle distribution was performed in 786-0 cells after specified doses of WY-
14643 were applied for 48 by a BD Accuri C6 flow cytometer. e. Cell cycle distribution was quantified. £ After WY-
14643 was admimstered for 48 h, 5-G2/M-related protems were detected and analyzed qua.utitativelyg=3)_ *P<0.05,
**P<0.01. WY, WY-14643.

show that there was an increase from 45.4% to 59.4% of 786-0 cells in the 5 phase. The results of the experiment
were further confirmed by western blotting following treatment with WY-14643, which showed that the S-G2/M-
related protems CDE2, cyclin A, and cyclin Bl were downregulated m 786-O cells after WY-14643 treatment (Fig.
2f). These data provide evidence that S phase arrest contributes to the antiproliferative effects of WY-14643, at least
m part. In summary, WY-14643 effectively mhibits the growth of ccRCC.

WY-14643 suppresses ccRCC cell migration

Transwell assays and wound healing assavs were both performed for assessing cell motility. As Fig_ 3a and 3b show,
administration of WY-14643 significantly suppressed the migration abilities of ccRCC cells compared with those of
the control-treated cells. Cell nugration was also quanttatively analyzed. In the Transwell assay, sinular phenotypes
were observed. Compared with the control, high WY-14643 concentrations,

Fig. 3 WY-14643 suppresses ccRCC cell migration. a. Photographs of wound gaps were taken 12 h after scratching
(left) and cell migration percentages were calculated (night) m 786-0 cells. b. In A498 cells, photographs of wound
gaps were taken 12 h after scratching (left) and cell migration percentages were calculated (right). c. After
pretreatment with WY-14643, a Transwell assay was conducted to assess cell nugration and 1mages were taken.
Magnification, 100x. d and e. Cell mi gration percentages were calculated. fand g After treatment with various doses
of WY-14643, mesenchymal markers were detected by western blotting and analyzed quantitativelywi=3). *P<0.05,
*=P<0.01. WY, WY-14643.

especially 200 and 300 pM, sigmficantly reduced mugrating ccRCC cells (Fig. 3c). Results of quantitative analyses
of the Transwell assay are shown in Fig. 3d and 3e. Cell motility and tumor metastasis are enhanced by epithelial-

mesenchyvmal transition (EMT) [32]. To determine the possible mechanisms by which WY-14643 affects cell
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migration, important mesenchymal markers were detected m 786-0 cells. As Fig. 3f shows, treatment with WY-
14643 significantly imhibited N-cadherin and vimentin. In Fig. 3g, analogous results are shown in A498 cells.
According to these results, EMT 1nhibition nmught account for the mhibition of cell nugration by WY-14643.

WY-14643 treatment disrupts abnormal lipid metabolism in ccRCC cells

Next-generation transcriptomic sequencing was conductedo mvestigate the differentially expressed genes (DEGs)
and enriched pathways in depth in ccRCC cells after treatment with WY-14643. As shown i Fig. 4a, global
differential gene expression clustering analysis was conducted based on FPEM counts, and 1075 upre gulated genes
and 625 downregulated transcripts were identified. As shown 1n Supplementary Fig. la and 1b, KEGG pathway
analysis and GO term enrichment analysis revealed crucial genes and pathways, including p33 signaling pathway,
Hippo signaling pathway, movement,

Fig. 4 Many genss were considered related to metabolism or metabolic processes based on transcriptomic
sequencing and subsequent annotation. a. Heatmap wisualization of differential expression between the WY-14643
treatment group and the ctrl groups. b. KEGG annotations of the DEGs. The layer 1 pathways are marked m the
top right-hand comer. ¢. GO annotations of the DEGs. The abscissas in a and b represent the number of genes

annotated to a certamn pathway.

retinol metabolism, drug metabolism, apoptosis, etc. These results indicated that WY-14643 1s worthy of exploration
and expectation because it interfered with many biological and cellular processes, mcluding development and
differentiation, apoptosis, movement, etc. Then, as shown 1n Fig. 4b and 4¢, according to KEGG and GO annotation,
the maximum proportion of genes was annotated to metabolism pathways or metabolic processes, mamly including
lipid metabolism, energy metabolism, catalytic activity, etc. Considering abnormal lipid metabolism in ccRCC and
the lipid-lowering effect of WY-14643, the role WY-14643 i lipid metabolism in ccRCC was focused on.
Accordingly, protein-coding genes correlated with lipid metabolism, especially tmglyceride tumover, fatty acid
activation and oxidation, were further identified. In addition, their expression levels were visualized with a heatmap
(Supplementary Fig. 1c). The regulatory effect of WY-14643 on tnglyceride turnover and fatty acid oxidation mn
ccRCC can be accessed mtuitively through the heatmap. All the results above suggest that WY-14643 treatment
disrupts abnormal lipid metabolism i ccRCC cells.

WY-14643 alleviates lipid accumulation in ccRCC cells

It 15 generally acknowledged that mntracellular lipid accumulation 1s a significant charactenistic of ccRCC. The effect
of WY-14643 on lipid metabolism was next mvestigated As Fig. 5a represents, ccRCC cells stamed with O1l red O
displayed fewer lipid droplets after WY-14643 treatment, and the absorbance was quantitatively exanined, as shown
m Fig. 5b and 5c. Nile red 1s a fluorescent stain specific for the detection of intracellular neutral lipids, and
mtracellular lipid levels were then identified by using Nile red staming Fig. 5d shows that WY-14643 treatment
obviously reduced intracellular neutral lipid levels m 786-O cells, especially at a high dose. A498 cells also showed
similar results (Fig. 5e). The end products of triglyceride breakdown in the fat mobilization pathway are glycerol
and fatty acids; here, the content of intracellular glycerol was further detected by using a glycerol content assay kit.
The miracellular glycerol content increased with mcreasing concentrations of WY-14643 treatment in ccRCC cells,
as shown m Fig 5f and 5g. The above results implied that WY-14643 treatment effectively ameliorated lipid

accumulation by facilitating triglyceride consumption and then increasing the level of glycerol.

WY-14643 inhibits lipid accumulation via the regulation of CPT1A in ¢cRCC cells
Multiple lines of evidence show that CPT1A, a core regulator in FAO in ccRCC, is bound and repressed by HIFs,
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resulting in the storage of fatty acids in lipid droplets, thus inducing a clear cytoplasmic phenotype [28-30]. Usmg
STRING, the mterplay between PPARu and CPT1A proteins was discovered in ccRCC, as shown m Fig. 6a. In
addition, by UATL.CAN and GEPIA gene correlation analysis m ccRCC, the related coefficients of PPARa and
CPT1A were R=0.62 and R=0.69, respectively (Fig. 6b and 6c). Both CPT1A mRNA and CPT1A protein were then
evaluated 1n the current research. CPT1A mRNA levels did not change significantly with increasing WY-14643
concentration, except for a slight increase when a mgh dose was adnunistered to 786-0 cells, as demonstrated in Fig.
6d and 6f However, according to Fig. 6e and 6g, the CPT1A protein levels were obviously elevated as the WY-
14643 concentration mncreased in ccRCC cells. CPT1A protem levels were consistent with the lipid droplet changes
m Fig. 5a-e. These results implied that WY-14643 treatment mhibited lipid accunmlation via the regulation of
CPTIA.

Fig. 5 WY-14643 facilitates triglyceride consumption in ccRCC cells. a. After 48 h-treatment with 200 M WY-
14643 ip1d droplets in ccRCC cells were evaluated by Oil red O staming. Magnification, 400x. b and ¢. The OD
values at 490 nm were quantitatively measured. d and e. Neutral lipid levels were evaluated by Nile red staining
after treatment with WY-14643 at the indicated doses for 48 h, and images were captured. Magnification, 200x_ f
and g. The miracellular glycerol content was measured after 48 h-treatment with WY-14643 at the indicated doses
7 86-0 and A498 cells. *P<0.05, **P<0.01. WY, WY-14643.

WY-14643 treatment reduces lipid deposition via the PPARa/CPT1A axis in ccRCC cells

As discussed above, WY-14643 treatment upregulated CPT1A. Ithas been confirmed that the upregulation of PPAR«
significantly promotes CPT1A expression and subsequently promotes FAO [31]. In addition, enhanced FAO
mediated by PPAR o upregulation and WY-14643 administration was less pronounced in the presence of etomoxir,
an 1rreversible inhibitor of CPT1A[33, 34]. Therefore, the PPARw/CPT 1 A axis was considered to play a role in WY-
14643-mediated lipid consumption in ccRCC. Then, the function of PPAR o 1n the mechanism by which WY-14643
upregulates CPTIA was examined by using the PPARu-selective antagonist GW6471 [35] The treatment
concentration of WY-14643 was set at 200 pM, which 1s approximately the IC50, to make the results more credible.
Moreover. in a cell-based assay, 2 pM GW6471 mostly inhibited the activation of PPARo mediated by 200 pM WY-
14643 [36]. As shown in Fig. 7a and 7Tb, GW6471 did not appear to have any obvious effects on CPT1A protein
levels. However, CPT 1A protemn levels were markedly inlubited by WY-14643 combmed with GW6471 m ccRCC

cells compared with treatment with WY-14643 alone. Afterward, Nile red staining was conducted again to

Fig. 6 WY-14643 upregulates CPT1A i ccRCC cells. a. PPI evaluated by STRING. b and ¢. In ¢cRCC, gene
correlation analysis between PPARa and CPT1A through UALCAN and GEPIA d. Specific doses of WY-14643
were admimstered, and relative CPTIA mRINA expression levels were analyzed in 786-O cells (n=3). e. Specified
doses of WY-14643 were treated, and CPT1A protemn expression levels were detected and analyzed quantitatively
n 786-0 cells (n=3). {. Different concentrations of W1-14643 were applied, and relative CPT1A mRNA expression
levels were analyzed 1n A498 cells (n=3). g. Different concentrations of WY-14643 were adnumstered, and CPT1A
protein expression levels were detected and analyzed quantitatively in A498 cellsi=3). *P<0.05, **P<0.01. WY,
WY-14643.

assess lipid accummlation The data in Fig. 7c show that GW647] did not obviously affect lipid accummlation;
nevertheless, treatment with WY-14643 plus GW6471 1 786-O cells markedly restored lipid accummulation
compared with treatment with WY-14643 alone, and the results were similar in A498 cells (Fig. 7d). After the
application of the PPARa imhibitor GW6471, there were synchronous changes in lipid droplets and CPTIA
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expression levels suggesting a critical role for CPT 1A in WY-14643-mediated lipid consumption. In summary, WY-
14643 treatment reduces lipid deposition via the PPARow/CPT 1A axis in ccRCC cells.

Fig. 7 WY-14643 reduces lipid deposition via the PPARa/CPT1A axis. a and b. ccRCC cells were treated with
GWo471, WY-14643, or WY-14643 plus GW6471, and CPTIA protemn levels were detected and analyzed
quantitatively (n=3). ¢ and d. Neutral lipid levels were evaluated by Nile red staiming after 48 h-treatment with
GW6471, WY-14643, or WY-14643 plus GW6471 i ccRCC cells, and images were captured. Magnification, 200x.

0.05, #=*P<0.01. WY, WY-14643.

WY-14643 inhibits the NF-xB pathway in ccRCC cells

As KEGG and GO enrichment analyses showed that the apoptosis pathway was activated after WY-14643
admimstration (Supplementary Fig. 1a and 1b), apoptosis-related proteins were then detected. As shown 1n Fig. 8a-
d, cleaved caspase-3 and cleaved PARP levels were found to be upregulated, as well as an increase in the ratio of
Bax/Bcl-2 after WY-14643 was administered. It was found that the NF-«B pathway participates in lipid metabolism
other than mflammation [37, 38], which can also be inhibited by PPAR« via suppressing the phosphorylation of
IxBa[39]. To further investigate the mechanism by which WY-14643 functions, WY-14643 was added to ccRCC
cells, and then, the NF-xB signaling was exammed. Fig. 8e shows that WY-14643 significantly suppressed the
phosphorylation level of IKER and the phosphorylation of IxBa. Moreover, WY-14643 substantially reduced the
expression and the phosphorylation levels of p65, further inhibiting transcrptional regulation in 786-O cells. Fig. 8f
shows analogous results in A498 cells. The results above mdicate that the NF-xB signaling 15 effectively mhibited
after treatment with \N’Y—1464ﬂ| human ceRCC cells. It has been demonstrated that treatment with WY-14643
upregulates CPT1A and ﬁﬂ]ibil@le NF-xB signaling 1n the current research, however, the direct connection between
CPT1A and NF-«B signaling remains unclear. Thus, 786-O cells were added with specified doses of pyrrolidine
dithiocarbamate (PTDC), an NF-«B inhibitor, the applied concentration was based on a previous report [40]. As
shown m Supplementary Fig. 2, CPT1A was significantly upregulated after PDTC treatment. In summary, the NF-
B pathway benefits CPT1 A upregulation caused by WY-14643 treatment.

Fig. 8 WY-14643 mhibits the NF-«xB pathway. a and b. After different doses of WY-14643 were applied, apoptosis-
related proteins were evaluated and analvzed quantitatively in ccRCC cells (n=3). ¢ and d. Bax/Bcl-2 was calculated
m ccRCC cells. e and f. After specified doses of WY-14643 were admmustered, the NF-xB pathway were measured
by western blotting and analyzed quantitatively W=3). *P=0.05, **P=0.01 WY, WY-14643.

WY-14643 activates PPARa/CPT1A by targeting Gly335

The results above have shown that WY-14643 regulates lipid metabolism in ccRCC by activating PPARa, which 1s
consistent with previous research. To model the interaction between WY-14643 and the PPAR«a protemn complex, a
molecular modeling assay was conducted. As Fig. 9a and 9b represent, the hgand WY-14643 enters the protein cavity
and binds with the amino acid residue Gly335 of the protein receptor PPARa by forming a 3.33 A hydrogen bond;
at the same time, hydrophobic interactions were formed between the ligand WY-14643 and other amuino acid residues,
as shown in Fig. 9a. These hvdrogen bonds and hydrophobic interactions make the protein and ligand molecules

bind tightly and exert certamn physiological activities.

Fig. 9 The highest ranked position of WY-14643 docking the PPAR.« protein complex. a. Interactions between WY-
14643 and the activating residues of PPARa in a 2D model. b. Interactions between WY-14643 and PPARa are
delineated in a 3D model. Hydrogen bonds are indicated by red dashed lines, and the docked amino acid residue 1s
also highlighted.
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Discussion

Metastatic ccRCC patients show a poor prognosis, and their quality of life 1s severely impaired [4]. Accumulating
evidence has revealed that ccRCC 15 an established example of a cancer type undergoing a reprogramming of lipid
metabolism during its progression [10]. Repression of fatty acid oxidation driven by HIFs forces fatty acids to be
stored 1n lipid droplets in clear cytoplasm m ccRCC cells [30]; at the same time, lipidonuc-associated transcrptomic
analysis revealed a higher level of triacylglycerols, phospholipids, and cholesterol esters in ccRCC cancerous tissues
than in the surrounding renal cortex [41]. The cmtical role of CPTLA in abnommal lipid deposition in ccRCC has
recently been demonstrated [28, 30]. Targeting abnormal lipid biosynthesis mught offer new treatment options for
ccRCC [12].

It was demonstrated that WY-14643 mhibited ccRCC cell prohferation, suppressed ccRCC cell nugration, and
induced 5 phase arrest in the present study. Furthermore, it was shown that WY-14643 attenuated lipid deposition
via the PPARa/CPT1A axis, in the process, the NF-xB signaling was also suppressed. Moreover, it was demonstrated
by molecular modeling that WY-14643 activates PPARa by targeting Gly335. The proposed mechanism is detailed
in Fig. 10.

WY-14643 was first utilized as a lipid-lowernng drug, and 1ts antagomsm effect on PPARa was found to be

Fig. 10 Schematic illustration of the acthivity of WY-14643 1n ccRCC. WY-14643 upregulates CPT1 A by recogmzing
and activating PPAR« and inhibiting the NF-xB signaling, and then promotes FAO m the nutochondrion, followed
by decomposition of lipid droplets.

responsible for this function soon after [42]. PPARw, a ligand-activated transcription factor, regulates
numerous genes responsible for lipid and lipoprotein metabolism [43]. Recently, WY-14643 has been proven to
suppress tumorigenesis in colon cancer and lung cancer m vivo m a PPARa-dependent manner [44]. Considening
abnormal lipid accumulation in ccRCC, in this study, WY-14643 was adnunistered to ccRCC cells. Although 786-0
cells did not show anv significant effects on viability after treatment with WY-14643 at concentrations less than 100
pM 1n a previous report [45], this 15 not nconsistent with the above results. In the current study, 1n ccRCC cells, cell
viability was slightly affected after 100 pM WY-14643 was applied, while 200 pM WY-14643 treatment exerted an
obvious antiproliferative effect. In addition, the purity of the drug mught also be a factor.

Inhibition of PPARa/y by pharmaceutical means could induce EMT through PPAR signaling [46], which might
explain that WY-14643 suppressed ccRCC cell nugration 1n the present study. Most cancer cells gradually acquire
mesenchymal features with dinunished epithelial characteristics via protein mternalization, leading to a "parhal
EMT" phenotype, which enhances the possibility of tumor metastasis, including ccRCC [32, 47]. In recent studies,
metabolic shufts, including hipid metabolism reprogrammung, were reported to regulate EMT progression and
merease tumor aggressiveness [48]. Furthermore, the induction of EMT was negatively affected by FAO [49. 50].
All these data suggest that the inlibition of EMT by WY-14643 might partly be ascribed to PPARa-mediated
upregulation of FAO.

The DEGs after treatment with WY-14643 were identified by transcriptomic sequencing. KEGG pathway and GO
enrichment analyses showed that multiple canonical pathways were enriched, including the p53 pathway, Hippo
signaling, apoptosis and retinol metabolism These results suggested that WY-14643 interfered with many biological
or cellular processes, mncluding development and differentiation, signal transduction, movement, metabolism, cell
commmnication and response to stress and chemicals. These results also miply that, as a pronusing treatment for
ccRCC, WY-14643 1s worthy of exploration due to its broad effects. Then, the maximum proportion of genes was

subjected to metabolism pathways or metabolic processes according to KEGG and GO annotation, indicating that
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WTY-14643 interferes with metabolism processes m ccRCC, as expected: these results suggest that WY-14643
participates in metabolic regulation in ccRCC. Therefore, the role of WY-14643, revealed as a lipid-lowering agent,
m lipid metabolism 1n ccRCC was next investigated 1n detail.

Growing evidence suggests that PPARg agomism by WY-14643 is involved i lipid metabolism in multiple organs
m addition to the liver [14, 51]. In renal falure, activation of PPARa using WY-14643 can avoid acute tubular
necrosis by promoting fatty acid oxidation [52]. Sinularly, this study concluded that WY-14643 reduced lipid
accumulation i ccRCC via PPARu. CPT1A, the rate-limiting enzyme for FAO, was demonstrated to be directly
regulated by PPARo [53], and mnlibition of CPT1A by etomoxir could rescue the improved FAO due to PPAR«
upregulation and WY-14643 admnistration [33, 34]. Another study has shown that CPT1A inhibition promotes
mtracellular lipid accumulation by suppressing PPAR« and then upregulating CD36 in ccRCC [29]. Therefore, the
PPARow/CPT1A axis was supposed to be the mechanism by which WY-14643 attenuated lipid deposition in ccRCC.
After administration of WY-14643, CPT1A was upregulated in the current research, conforming to the lipids
consumption, implying that PPARa/CPT1A might account for this phenomenon. PPI analysis evaluated by STRING
and gene correlation analysis through UATCAN and GEPIA also provided some evidence. Herein, WY-14643
treatment obviously upregulated the CPT1A protein levels: the mRNA levels also increased, but the increase was
not statistically significant, which may be related to protem decomposition via the ubiquitin—proteasome pathway or
the asynchrony of transcription and translation. Afier the PPARu antagonist GW6471 treatment, CPT1A expression
levels were markedly decreased and lipid accumulation was restored by treatment with WY-14643 pus GWo471
compared with that with treatment with WY-14643 alone. In view of the synchronous changes in lipid droplets and
CPT1A expression levels, 1t 1s reasonable that the PPARo/CPT 1A axis participated in the lipid metabolism regulation
mediated by WY-14643. All the results above suggest that WY-14643 treatment reduces lipid deposition via the
PPARo/CPTI1A axis.

There is growing recognition that NF-«B signaling take parts in many processes of cancer development in ccRCC
[54]. The NF-xB signaling, a canonical pathway 1n inflammation, connects metabolism with inflammation during
these processes [35]. Cytoplasmic lipid accumulation characterizes ccRCC, while lipid deposition provokes slight,
chronic inflammation. NF-xB seems to be the culpnt i the production of inflammation in the lipid-overloaded
environment [8, 56]. The direct mvolvement of NF-xB 1n lipid regulation has been further demonstrated [37, 57, 58].
Hence, mn this study, NF-«B signaling was exammed by western blotting and found to be suppressed after WY-14643
was administered, which 1s consistent with previous results [39]. In the current study, in ccRCC cells, CPT1A was
upregulated and the NF-«B signaling was inhibited after WY-14643 treatment. However, the direct connection
between CPT1A and the NF-«B signaling keeps ambiguous. In fact, a negauve regulatory effect has been proposed
between NF-«B and CPT1A [59]. To venfy thus, inllibitio@f the NF-+B pathway by PDTC was performed m 786-
O cells. It was shown that CPT1A protein expression levels were increased by PDTC treatment, suggesting that the
NE-«B pathway benefits CPT1A upregulation caused by WY-14643 treatment.

Qomparimns with other studies and what does the current worck add to the existing knowledge
The anticancer effects of WY-14643 via PPARw activation have recently been discovered in tumors [36, 60]. Here,
the anticancer effects of PPARa agonism by W1-14643 were reported in ccRCC for the first time. Application of
WT-14643 at a higher concentration resulted in a more pronounced anticancer effect in ccRCC 1n companson with
a previous study [45]. In addition, m existing studies on tumors, the functions of PPAR a have recerved little attention:
conversely, the cument study provides a possible mechanism by which PPARu regulates lipid metabolism and
highlights the anticancer effect of WY-14643 1 ccRCC.

Study strengths and limitations



435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478

Page 11 of 19

The study proposed that PPAR« 15 a therapeutic target for ccRCC due to 1its role in abnormal hpid accunmlation.
Activation of PPARu by WY-14643 exerts anticancer effects on ccRCC cells, which also makes WY-14643 a
pronusing therapeutic strategy for ccRCC. This research, however, 1s subject to several himutations. The first
limitation concemns the stability of WY-14643 during cell experiments. Second, the present study focused exclusively
on hpid metabolism, but glucose and lipid metabolism mteract with each other due to the Warburg effect [10]. In
further investigations, more detailed components of glycolipid metabolism will be assessed, and metabolomics mmght
be implemented if necessary. Finally, a more detailed mechanism still needs to be elucidated in further explorations

due to the current lack of sufficient references.

Conclusion

WT-14643 1nhibits the biological behaviors of ccRCC 1n terms of cell prohiferation, nigration, and cell cycle arrest.
Furthermore, WY-14643 attenuates lipid deposition, which might contribute to its anticancer properties, at least in
part; WY-14643 acts through the PPARo/CPT LA axas by targeting Gly335, as part of the process, NF-«B signaling
15 also suppressed. The above findings strongly suggest that PPARu nught be an important marker for ccRCC and
that lipid regulation by targeting PPARa might be a feasible strategy to improve ccRCC prognosis. This study
mcluded in vitro pharmacodynamic expeniments, providing a reference and basis for m vivo and clinical experiments

of PPARa agomists, ncluding WY-14643, m the future.
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Supplementary Fig. 1 WY-14643 treatment disrupts lipid metabolism in ¢ccRCC cells. a. pathway enrichment
analyses of the DEGs. b. GO ennichment analyses of the DEGs. ¢. AHeatmap of DEGs m lipid metabolism, including

fatty acid binding and actrvation, fatty acid oxidation, tnglycende tumover, etc. The honizontal axis in a and b
represents the enrichment factor. WY, WY-14643.

Supplementary Fig. 2 Inhibition of the NF-kB pathway upregulates CPT1A _ a. Specified doses of PDTC, a NF-kB
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655 mhibitor, were admmnistered to 786-O cells for 24 h, and CPT1A protein expression levels were detected by western
656 blotting and analyzed quantitatively. *P<0.05, **P<0.01.



