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A B S T R A C T   

Colorectal cancer (CRC) is a common and deadly disease of the digestive system, but its targeted therapy is 
hampered by the lack of reliable and specific biomarkers. Hence, discovering new therapeutic targets and agents 
for CRC is an urgent and challenging task. Here we report that carnitine palmitoyltransferase 1A (CPT1A), a 
mitochondrial enzyme that catalyzes fatty acid oxidation (FAO), is a potential target for CRC treatment. We show 
that CPT1A is overexpressed in CRC cells and that its inhibition by a secolignan-type compound, 2,6-dihydrox
ypeperomin B (DHP-B), isolated from the plant Peperomia dindygulensis, suppresses tumor cell growth and in
duces apoptosis. We demonstrate that DHP-B covalently binds to Cys96 of CPT1A, blocks FAO, and disrupts the 
mitochondrial CPT1A-VDAC1 interaction, leading to increased mitochondrial permeability and reduced oxygen 
consumption and energy metabolism in CRC cells. We also reveal that CPT1A expression correlates with the 
survival of tumor-bearing animals and that DHP-B exhibits anti-CRC activity in vitro and in vivo. Our study 
uncovers the molecular mechanism of DHP-B as a novel CPT1A inhibitor and provides a rationale for its pre
clinical development as well as a new strategy for CRC targeted therapy.   

1. Introduction 

Colorectal cancer (CRC) is a common and deadly disease of the 
digestive system, which has few effective treatments due to the lack of 
early diagnosis and specific biomarkers [1,2]. The current methods for 
CRC diagnosis and treatment, such as colonoscopy, surgery, chemo
therapy, radiotherapy and targeted therapy, have various drawbacks 
and limitations, such as toxicity, resistance, low efficacy and narrow 
applicability [2–4]. Therefore, finding new therapeutic targets and 
agents is an urgent and difficult goal in CRC research. 

Carnitine palmitoyltransferase 1A (CPT1A) is a mitochondrial 
enzyme that regulates fatty acid oxidation (FAO), a metabolic pathway 
that is often upregulated in various cancers and linked to prognosis 
[5–8]. CPT1A expression is significantly higher in metastatic and 
advanced CRC than in normal tissues, suggesting its critical role in CRC 
progression and dissemination [9–12]. However, the molecular mech
anism and prognostic value of CPT1A in CRC are still unclear. Moreover, 
the available CPT1A inhibitor Etomoxir (ETO) has limited clinical use 

due to its high dosage and adverse effects on the heart, liver and insulin 
sensitivity [13–15]. Therefore, it is imperative to discover novel CPT1A 
inhibitors and evaluate their anti-CRC efficacy. 

Natural compounds from medicinal plants have emerged as prom
ising candidates for cancer treatment, owing to their diverse structures 
and biological activities. These compounds can enhance or complement 
the conventional cancer therapies, thereby improving survival, allevi
ating symptoms and increasing quality of life [16]. Previously, we iso
lated three secolignans with α-methylene-γ-butyrolactone (Michael 
acceptor) moieties from the Peperomia dindygulensis plant of the Peper
omia family, and showed that they all had potent anti-proliferative ef
fects on CRC cells in vitro (Table S1), with 2,6-dihydroxypeperomin B 
(DHP-B, Fig. 1A) being the most active and selective compound against 
CRC cells over normal colon epithelial cells. Therefore, DHP-B has the 
potential to serve as a novel lead compound for anti-CRC drug devel
opment. However, its in vivo anti-CRC activity and mode of action and 
target remain unknown, which hinders its further preclinical evaluation. 
In this study, we provide evidence of the anti-CRC activity and mecha
nism of action of DHP-B in vitro and in vivo. We demonstrate that DHP-B 
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effectively inhibits tumor growth in CRC cell lines and animal models 
with minimal toxicity. Using quantitative thiol reactivity profiling 
(QTRP) [17], transcriptomics, molecular biology and other techniques, 
we reveal that DHP-B acts as a covalent inhibitor of CPT1A, its primary 
target, and inhibits FAO by modifying Cys96 of CPT1A, leading to fatty 
acid accumulation, impaired energy metabolism and reduced cell pro
liferation. Furthermore, this compound induces apoptosis by disrupting 
the interaction of CPT1A with VDAC1 on the mitochondrial outer 
membrane and increasing mitochondrial permeability. Additionally, we 
show that CPT1A is overexpressed in CRC tissues compared to adjacent 
tissues, and correlates with poor prognosis. These findings establish 
DHP-B as a novel covalent inhibitor of CPT1A, and suggest that CPT1A is 
a viable therapeutic target for CRC. 

This study provides a theoretical rationale and experimental support 
for the potential application and preclinical development of DHP-B as an 
anti-CRC agent, as well as new insights and strategies for targeted 
therapy of CRC. The detailed experimental methods, results and dis
cussion are described below. 

2. Material and methods 

2.1. Chemicals 

DHP-B (>99 % purity) and Peperomin B (PB, Fig. S1, >99 % purity) 
were previously isolated and purified from the whole plants of Peperomia 
dindygulensis, which were collected from Yunnan, China, its 1H NMR and 
13C NMR spectra was provided in Fig. S2. Oxaliplatin (OXA, >99 % 
purity), Etomoxir (ETO, >99 % purity), Palmitic acid-13C16 (>99 % 
purity) were all purchased from Shanghai Yuanye Biotech Co., Ltd. 
(Shanghai, China). Palmitoylcarnitine and myristoyl-L-carnitine were 
obtained from Sigma-Aldrich Co. LLC (St. Louis, MO, USA). 

2.2. Cell culture 

LS513 cells (Cobioer, Nanjing, China) were cultured in RPMI 1640 
medium (Biological Industries, Kibbutz Beit Haemek, Israel) supple
mented with 10 % fetal bovine serum (FBS, Procell, Wuhan, China) and 
1 % penicillin/streptomycin (Hyclone, Logan, UT, USA). SW620, 
HCT116 and NCM460 cells (Cobioer) were grown in DMEM media 
(Hyclone) with the same supplements. RKO cells (ATCC, Manassas, VA, 
USA) and LS180 cells (Cobioer) were cultured in MEM media (Gibco, 
Thermo Fisher Scientific Inc., Waltham, MA, USA) with the same sup
plements. 293T cells (ATCC) were grown in DMEM (Hyclone) with the 
same supplements. All cell lines were grown at 37 ◦C in a humidified 
chamber with 5 % CO2. 

2.3. Cell viability assays 

Cells (1 × 104) were seeded in 100 μL of medium per well in a 96- 
well plate. After 24 h, cells were treated with corresponding drugs at 
the given doses and incubated at 37 ◦C in 5 % CO2 for another 48 h. Cell 
viability was assessed using a CCK-8 assay kit (Beyotime, Shanghai, 
China) according to the manufacturer’s instructions. The absorbance at 
450 nm was measured using a Spectra Max i3x plate reader (Molecular 
Devices, San Jose, CA, USA). Five replicates were utilized for each 
treatment condition. 

2.4. Apoptosis assays 

Cells (2.5 × 105) were seeded in 6-well plates and treated with the 
corresponding drugs for 48 h. For the apoptosis analysis, cells were 
washed twice with ice-cold phosphate-buffered saline (PBS) and stained 
with the Annexin V Alexa Fluor 647 Apoptosis Detection Kit (FCMACS 
Biotech Co., Ltd., Nanjing, China) according to the manufacturer’s in
structions. The stained cells were analyzed by a Gallios Flow Cytometer 
(Beckman Coulter Inc., Brea, CA, USA). The data were processed using 
FlowJo software (v. 10.4, FlowJo LLC, Ashland, OR, USA). Live cells 
were annexin V− /PI− , while apoptotic cells were annexin V+/PI+ or 
annexin V+/PI− . 

2.5. 3D tumor spheroids assays 

Cells in logarithmic growth phase were harvested by centrifugation 
and resuspended in the appropriate medium. The cells were diluted to 2 
× 105 cells/mL and 100 μL of cell suspension was seeded into each well 
of a Nunclon Sphera 96-well plate (PerkinElmer Inc., Waltham, MA, 
USA). The plate was incubated at 37 ◦C in a humidified incubator with 5 
% CO2 for 48 h until the cells formed 3D spherical structures. A pre- 
cooled 48-well plate was prepared by adding 50 μL of Matrigel Matrix 
(Corning, NY, USA) to each well. The 3D tumor spheroids were trans
ferred with a 200 μL wide-bore pipette tip and visually inspected for 
visible spheroids in the tip. The spheroids were gently planted on top of 
the Matrigel Matrix. The plate was then incubated at 37 ◦C in a CO2 
incubator for 15 min to allow the Matrigel to solidify and the spheroids 
to adhere to the gel. Then, 200 μL of the corresponding cell culture 
medium was added to each well. The next day, the cells were treated 
with different concentrations of drugs and incubated at 37 ◦C in a CO2 
incubator. The drug-containing medium was replaced every three days. 
The area of the 3D tumor spheroids was recorded by taking photographs 
with an inverted microscope (Olympus Corporation, Tokyo, Japan) 
every three days for a total of 12 days. Image J software (V2.90/1.53t, 
National Institutes of Health, Bethesda, MD, USA) was used to measure 
the area of each 3D spheroid and calculate the change in proliferation 
area of each 3D tumor spheroid. 

2.6. In vivo study 

All animal studies in this study have been reviewed and approved by 
the Animal Ethics Committee of Nanjing University of Chinese Medicine 
(approval number: #202109A020). 

Immuno-compromised NSG mice were purchased from Gem
Pharmtech Co., Ltd. (Suzhou, China). Mice were housed in sterile con
ditions using HEPA-filtered micro-isolators and fed with irradiated food 
and sterile water. We then followed the protocol of Kasashima et al. [18] 
to generate orthotopic rectal tumor models in mice. Colorectal cancer 
cells were resuspended in Advanced DMEM/F12 medium (Gibco) con
taining 50 % Matrigel Matrix (Corning) at a concentration of 1 × 108 

cells/mL and kept on ice until injection. NSG mice (8–12 weeks old, 
animal license: SCXK (Shanghai) 2017–0010) were anesthetized with 
isoflurane (Piramal Critical Care Inc., Bethlehem, PA, USA) and placed 
in a supine position on a heating pad. Subcutaneous injection of 
Meloxicam (Labiana Health S.A., Terrassa, Spain) was administered for 
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Fig. 1. DHP-B suppresses colorectal cancer cell growth and induces apoptosis in vitro. (A) Chemical structure of DHP-B, highlighting its α-methylene-γ-butyrolactone 
moiety in red; (B) Dose-response curves of DHP-B against five colorectal cancer cell lines; (C) Comparison of IC50 values of DHP-B and positive drug oxaliplatin (OXA) 
against colorectal cancer cells; (D) Comparison of DHP-B and peperomin B (PB) in inhibiting colorectal cancer cell proliferation; (E) Representative images of 3D 
spheroids of normal colon epithelial cells NCM460 and colorectal cancer cells treated with DHP-B (scale bar: 100 μm) and statistical graphs of the changes in 3D 
spheroid area at different concentrations on 0, 3, 6, 9, and 12 days (lines represent mean area, different colored bands represent SD values, n = 5); (F) Immuno
fluorescence staining and quantification of Ki-67 (green) in SW620 and LS180 tumor spheroids treated with 5 μM DHP-B or DMSO (Ctrl) for 6 days (scale bar: 20 μm). 
The number of Ki-67 positive cells were quantified using Image J 1.5.3 software; (G) Flow cytometry analysis and quantification of apoptosis in colorectal cancer cells 
treated with 5 μM DHP-B for 24 h; (H) Flow cytometry analysis and quantification of apoptosis in SW620 cells treated with different concentrations of DHP-B for 24 
h. All of the studies above were examined using at least five biological replicates, and the results were expressed as mean ± SD; NS, not significant, *P < 0.05, **P <
0.01, ***P < 0.001, and ****P < 0.0001, upaired t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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analgesia and eye ointment was applied before surgery. The hind limbs 
of the mice were lifted and fixed with tape at an angle to the bottom, 
exposing the anus. A blunt hemostat was inserted into the anus and 
gently opened, grasping the ventral side of the rectum. The hemostat 
was flipped to the cranial side, exposing the rectal mucosa. A 0.3 mL 
insulin syringe with a 31-gauge needle was used to draw 10 μL of cell 
suspension and gently inserted 1–2 mm into the submucosal layer of the 
rectum. The cell suspension was slowly injected and any leakage or 
bleeding at the injection site was checked. The mice were placed on a 
heating pad and allowed to recover from anesthesia. Tumors developed 
in the rectum within 2 weeks. The tumor-bearing NSG mice were 
randomly assigned to three groups: control, DHP-B and OXA, with eight 
mice per group. The mice had free access to water and food. Intraperi
toneal injection of drugs or saline (25 mg/kg) was performed every 
other day for 14 days. At the end of the treatment, the tumors were 
harvested, weighed, fixed in 4 % paraformaldehyde (Sigma-Aldrich), 
embedded in paraffin and sectioned for immunohistochemistry. To 
further evaluate the efficacy, we also performed a survival experiment. 
The tumor-bearing NSG mice were randomly assigned to three groups: 
control, DHP-B and OXA, with eight mice per group. Intraperitoneal 
injection of drugs or saline (25 mg/kg) was performed every other day 
for 14 days as above. After the treatment, the survival time of the mice 
was recorded. The mice were euthanized when they showed signs of 
distress or lost 20 % of their body weight. Kaplan-Meier survival curves 
were used to compare the survival outcomes among different groups. 

2.7. Fluorescent immunohistochemistry 

Paraffin-embedded tumor tissue sections were dewaxed with xylene 
(Sigma-Aldrich) and rehydrated with graded ethanol. Antigen retrieval 
was performed with citrate buffer (pH 6.0) or EDTA buffer (pH 8.0) 
(Beyotime), followed by washing with PBS. Endogenous peroxidase 
activity was quenched by incubating the sections with 3 % hydrogen 
peroxide solution (Beyotime) for 60 min at room temperature, and then 
washing with PBS. The sections were blocked with BSA blocking buffer 
(Beyotime) for 30 min, and then incubated with primary antibodies 
(Table S4) diluted in antibody dilution buffer (Beyotime) for 1 h at 
37 ◦C. After washing with PBS, the sections were incubated with HRP- 
conjugated secondary antibodies of corresponding species (Table S4) 
for 1 h at room temperature, and then washed with PBS. Fluorescent 
staining was performed according to the instructions of the TSAPLus 
Fluorescent Triple Staining Kit (Servicebio) as follows: 75 μL of fluo
rescent staining working solution was added to each section and incu
bated in the dark for 20 min at room temperature, followed by washing 
with PBS. The sections were then incubated with DAPI solution (Serv
icebio) for 10 min at room temperature, and then washed with PBS. The 
sections were mounted with anti-fade mounting medium (Absin 
Bioscience Inc., Shanghai, China) and scanned and analyzed with 
THUNDER Imaging Systems (Leica Microsystems GmbH, Wetzlar, Ger
many). Image J software was used to quantify the fluorescence intensity 
of the target proteins in the sections. 

2.8. RNA-seq and data analysis 

SW620 cells were treated in triplicate with 5 μM DHP-B or 0.1 % 
DMSO for 48 h. Total RNA was extracted using an RNeasy kit (Qiagen 
GmbH, Hilden, Germany). RNA libraries were prepared from 1 μg total 
RNA using an mRNA-Seq Library Prep Kit (Lexogen GmbH, Vienna, 
Austria). Total RNA and library quality were assessed by Qubit 3.0 
Fluorometers (Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA, 
USA). Samples were sequenced by HiSeq/Novaseq (Illumina Inc., San 
Diego, CA, USA) according to Illumina’s guidelines. RNA-seq data were 
aligned to the human genome by Hisat2 (v2.0.1) and gene expression 
was quantified by HTSeq (v0.6.1). Differential expression was assessed 
using DESeq2 (https://bioconductor.org/packages/release/bioc/html/ 
DESeq2.html) with default settings. Gene ontology (GO) analysis was 

performed using the online tool DAVID (https://david.ncifcrf.gov/) for 
enrichment analysis. Gene set enrichment analysis (GSEA) was run using 
the Java GSEA Desktop Application with default parameters using the 
C5 ontology gene sets from MSigDB V6.2 (https://www.gsea-msigdb. 
org/gsea/msigdb/index.jsp) as screening gene sets. 

2.9. Nile red staining assays 

Lipid droplets or fatty acid accumulation in cells can be visualized by 
Nile red staining [19]. Tumor cells (5 × 105) were seeded in confocal 
dishes (NEST Biotechnology Co., Ltd., Wuxi, China) and treated with 
different drugs. Then, 2 mL of complete medium was added to each dish 
and incubated for 24 h. To induce lipid loading, Palmitic acid (final 
concentration 200 μM) (Shanghai Yuanye Biotech Co., Ltd.) was added 
to the medium and incubated for another 24 h. To induce lipid 
unloading, the medium was replaced with 2 mL of low-glucose DMEM 
(Procell) and incubated for 48 h to allow fatty acid metabolism. The cells 
under loading or unloading conditions were washed twice with PBS and 
fixed with 1 mL of 4 % paraformaldehyde (Sigma-Aldrich) for 20 min at 
room temperature. The cells were then washed twice with PBS and 
incubated with Nile red working solution (MedChemExpress, Mon
mouth Junction, NJ, USA) (2.5 μg/mL, 1 mL/well) in the dark for 20 
min. After washing three times with PBS, the cells were stained with 
DAPI solution (Servicebio) and washed twice with PBS. Anti-fade 
mounting medium (Absin Bioscience Inc.) (300 μL) was added to each 
dish and the cells were imaged with a Leica TCS SP8 laser confocal 
microscope (Leica Microsystems GmbH, Wetzlar, Germany). Image J 
software was used to quantify the Nile red fluorescence intensity in the 
cells under loading or unloading conditions, and calculate the fluores
cence change ratio, which reflects the ability of the cells to metabolize 
fatty acids. 

2.10. Isotope tracing assays [20] 

Long chain fatty acid ([U–13C]-palmitic acid or [U–13C]-myristic 
acid) (Shanghai Yuanye Biotech Co., Ltd.) was dissolved in ethanol at a 
concentration of 20 mM and then mixed with 10 % fatty acid-free bovine 
serum albumin (BSA) solution (Sigma-Aldrich) at a ratio of 1:5. The 
mixture was incubated at 37 ◦C for 1 h. Then, [U–13C]-palmitic acid (or 
[U–13C]-myristic acid) solution was diluted to a working concentration 
of 50 μM in serum-containing medium. Tumor cells (2 × 106) were 
seeded and incubated for 24 h. The medium was replaced with 2 mL of 
medium containing BSA-bound [U–13C]-palmitic acid (or [U–13C]- 
myristic acid) and different drugs. After 24 h, the cells were quickly 
washed with PBS and fixed with 1 mL of pre-cooled methanol (Sino
pharm) at − 80 ◦C for 30 min. The cells were collected on ice, lysed by 
sonication, centrifuged at 12000 rpm for 10 min at 4 ◦C, and the su
pernatant was dried in a vacuum dryer (Labconco Corporation, Kansas 
City, MO, USA). The dried samples were reconstituted in 20 μL of 
methanol and injected for analysis. The isotopic palmitic acid metabo
lites in the cells were detected by a validated LC-MS/MS method. The 
LC-MS/MS system consisted of a Prominence HPLC System (Shimadzu 
Corporation, Kyoto, Japan) and a Waters Sunfire C18 column (5 cm ×
2.1 mm, 3.5 m; Waters Corporation, Milford, MA, USA) for chromato
graphic separation. An AB Sciex QTrap 5500 mass spectrometer with an 
electrospray ionization source (AB Sciex LLC, Framingham, MA, USA) 
was used for detection in the positive-ion multiple reaction monitoring 
(MRM) modes. Palmitoylcarnitine or myristoyl-L-carnitine standards 
(Sigma-Aldrich) were used as references to quantify the isotopic frac
tions of palmitoylcarnitine or myristoyl-L-carnitine in the cell metabolite 
solution by Analyst 1.6.2 software (AB Sciex). The isotopic fractions 
were denoted as m+0, m+1, …, m + n, where n is the number of 
isotopically labeled carbon atoms in the long-chain acylcarnitine. The 
activity of CPT1A enzyme was assessed by the percentage and relative 
abundance of isotopically labeled long-chain acylcarnitine. 
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2.11. Oil red O staining 

Frozen cancer tissue sections were thawed at room temperature for 
30 min and fixed in 4 % paraformaldehyde for 10 min. After washing 
with tap water, the sections were immersed in 60 % isopropanol for 2 
min and stained with 60 % Oil Red O solution (Biosharp Life Science Co., 
Ltd., Hefei, China) for 10 min. The sections were then destained with 75 
% ethanol and washed with water. Hematoxylin solution (Biosharp) was 
used to counterstain the nuclei for 5 min, followed by differentiation 
solution (Biosharp) and bluing solution (Biosharp) to optimize the 
staining contrast. The sections were mounted with glycerin gelatin 
mounting medium (Biosharp) and examined by an inverted microscope 
(Olympus Corporation, Tokyo, Japan). The Oil-red O area in the sections 
was quantified using Image J software (V1.53). 

2.12. The mitochondrial permeability transition pore (mPTP) assays 

Cells were seeded in six-well plates at a density of 5 × 105 cells/well 
and treated with drugs for 24 h after attachment. The cells were de
tached with trypsin (Gibco), centrifuged, counted and resuspended in 
assay buffer (Beyotime) at a concentration of 1 × 106 cells/mL. The 
mitochondrial permeability transition pore (MPTP) opening was 
detected using a MPTP Assay Kit (Beyotime), following the manufac
turer’s instructions with minor modifications. The following solutions 
were added into the 1 mL cell suspensions separately according to the 
groups: (a) 5 μL of Calcein AM staining working solution (1 μM), (b) 5 μL 
of a mixture of 1 μM Calcein AM and 0.4 mM CoCl2 (Sinopharm), and 5 
μL of a mixture of 1 μM Calcein AM, 0.4 mM CoCl2 and 100 μM ion
omycin (MedChemExpress). The tubes were incubated in the dark at 
37 ◦C for 30 min. After incubation, the cells were centrifuged at room 
temperature for 5 min and collected. The cells were washed twice with 
assay buffer and resuspended in 400 μL of assay buffer. The fluorescence 
signals of the different groups were measured by flow cytometry (BD 
Biosciences, San Jose, CA, USA) to indicate the MPTP opening. 

2.13. Extracellular flux analysis 

Extracellular flux was measured using a Seahorse XF-24 Analyzer 
(Agilent Technologies Inc., Santa Clara, CA, USA) with a XF Palmitate 
Oxidation Stress Test Kit (Agilent), following the manufacturer’s in
structions with minor modifications. Cells were seeded on XF-24 plates 
at a density of 5 × 104 cells/well and cultured for 24 h. Six hours before 
the assay, the cells were switched to substrate-limited medium (600 μL/ 
well). Before the measurement, the cells were incubated with FAO Assay 
Medium (400 μL/well) at 37 ◦C in a non-CO2 incubator for 45 min. 
During the assay, palmitate-BSA (PA), BSA, and inhibitors were injected 
sequentially at the following final concentrations: PA (180 μM) 
(Shanghai Yuanye Biotech Co., Ltd.), BSA (180 μM) (Sigma-Aldrich), 
etomoxir (100 μM) (Shanghai Yuanye Biotech Co., Ltd.), DHP-B (5 μM), 
antimycin A (0.2 μM) (MedChemExpress) and rotenone (0.2 μM) 
(MedChemExpress). Oxygen consumption rate (OCR) was automatically 
calculated by the Seahorse XF-24 analyzer software (Agilent). 

2.14. QTRP assays 

QTRP experiments were performed as previously described [17]. 
SW620 cells were treated with DMSO or DHP-B for 48 h. The cells were 
harvested and lysed in protein lysis buffer (Table S2) (Abcam, Cam
bridge, UK) and the protein concentrations were determined by a BCA 
protein assay kit (Thermo Fisher Scientific Inc., Waltham, MA, USA). 
The proteins (1.5 mg) were reduced with DTT (YIFEIXUE Biotechnology 
Co., Ltd., Beijing, China) and alkylated with iodoacetamide (Bomeibio 
Technology Co., Ltd., Shanghai, China), and then labeled with IPM (100 
μmol/L, Kerafast Inc., Boston, MA, USA) at room temperature for 1 h. 
The proteins were precipitated by the methanol-chloroform method and 
digested with trypsin in trypsin digestion buffer (Table S2) containing 1 

mol/L urea. The tryptic peptides were desalted by HLB SPE cartridges 
(Waters Corporation, Milford, MA, USA) and conjugated with isotopi
cally labeled azido-biotin reagents with a photo-cleavable linker 
(Kerafast) by CuAAC. After CuAAC, the peptides were washed, mixed at 
a 1:1 ratio of vehicle vs. DHP-B, washed again, and incubated with 
streptavidin-agarose beads (Thermo Fisher Scientific) in streptavidin 
binding buffer (Table S2) at room temperature for 2 h with rotation. The 
beads were washed with washing buffer (Table S2) and exposed to 365 
nm UV light for 2 h at room temperature. The beads were centrifuged at 
2000×g for 5 min and the supernatant containing the photo-released 
peptides was concentrated and desalted by C18 stage tips (Thermo 
Fisher Scientific) and HLB SPE cartridges. The peptides were analyzed 
by a Q-Exactive Plus Qrbitrap mass spectrometer (Thermo Fisher Sci
entific). The MS data were processed by pFind 3 software (https://gith 
ub.com/pFindStudio/pFind3) and an automated post-processing 
algorithm. 

2.15. Microscale thermophoresis (MST) assay 

A pcDNA3.1-GFP-CPT1AWT plasmid encoding full-length human 
CPT1A with a GFP tag was obtained from the Public Protein/Plasmid 
Library (PPL, Shanghai, China, Table S3). A CPT1AC96A mutant plasmid 
was generated by site-directed mutagenesis using the QuickMutation 
Plus Site-Directed Mutagenesis Kit (Beyotime) and the pcDNA3.1-GFP- 
CPT1AWT plasmid as a template. The primers were synthesized by 
Sangon Biotech Co., Ltd. (Shanghai, China), and their sequences are 
listed in Table S3 (Please see Fig. S3 for the sequencing results of plasmid 
mutation). The plasmids were transfected into 293T cells using Lip
ofectamine 6000 (Beyotime). The cells were washed with ice-cold PBS 
and lysed in protein lysis buffer (Beyotime) on ice. The protein con
centrations in the cell lysates were determined by BCA assay (Thermo 
Fisher Scientific Inc., Waltham, MA, USA). The equilibrium dissociation 
constant (Kd) was measured by microscale thermophoresis using a 
Monolith NT.115 instrument (NanoTemper Technologies GmbH, 
Munich, Germany). DHP-B was diluted to different concentrations and 
incubated with GFP-tagged CPT1AWT or CPT1AC96A mutant proteins (1 
mg/mL) in the cell lysates for 15 min. The samples were loaded into 
glass capillaries and analyzed by the instrument. The Kd values were 
calculated from triplicate measurements using the mass action equation 
with the NanoTemper software. 

2.16. Cellular thermal shift assays [21] 

CETSA was performed as follows: 293T cells were transiently 
transfected with pcDNA3.1-FLAG-CPT1AWT (PPL, Table S3) or 
pcDNA3.1-FLAG-CPT1AC96A plasmids using Lipofectamine 6000 
(Beyotime) for 48 h according to the manufacturer’s instructions. The 
cells were then treated with DHP-B (5 μM) or DMSO (Sinopharm) for 4 h. 
The cells were harvested, counted and resuspended in PBS (containing 1 
mM PMSF) (Beyotime) at a concentration of 2 × 107 cells/mL. The cell 
suspension was divided into ten PCR tubes and heated from 37 to 72 ◦C 
for 1 min with a temperature gradient. The tubes were snap-frozen in 
liquid nitrogen and thawed twice, and then centrifuged at 12,000×g for 
25 min to collect the supernatant. A 20 μL sample of the supernatant was 
subjected to SDS-PAGE and Western blotting using anti-FLAG antibody 
(Sigma-Aldrich Co. LLC, St. Louis, MO, USA). The CETSA curves and the 
melting temperature at 50 % protein stability (Tm50) were analyzed by 
GraphPad Prism software (GraphPad Software Inc., San Diego, CA, 
USA). 

2.17. Constructing overexpression and knockdown cell lines 

SW620 cells were transduced with lentiviral vectors encoding short 
hairpin RNAs (shRNAs) targeting CPT1A or a non-targeting control 
(Table S3). The lentiviral vectors were produced by co-transfecting 293T 
cells with shRNA plasmids and packaging plasmids using Lipofectamine 
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6000 (Beyotime). The transduced cells were selected with puromycin (1 
μg/mL, Beyotime) for three days. CPT1A expression was verified by 
western blotting. To re-express CPT1A or its C96A mutant in SW620 
cells with CPT1A knockdown, we transduced the cells with lentiviral 
vectors encoding full-length human CPT1A or CPT1AC96A fused with a 
puromycin resistance gene (Table S3). The CPT1AC96A mutant plasmid 
was generated by site-directed mutagenesis using the QuickMutation 
Plus Site-Directed Mutagenesis Kit (Beyotime) and the wild-type CPT1A 
plasmid as a template. The primers used for mutagenesis are listed in 
Table S3. The lentiviral vectors were produced and transduced as 
described above. The re-expressed cells were selected with puromycin 
(1 μg/mL, Beyotime) for three days. 

2.18. Co-IP pulldown assays 

FLAG pulldown assays were performed as follows. SW620 cells sta
bly expressing FLAG-GFP（Table S3）, FLAG-CPT1AWT, or FLAG- 

CPT1AC96A were treated with DMSO (Sinopharm) or DHP-B (5 μM) for 
48 h. The cells were washed with ice-cold PBS and lysed in Co-IP lysis 
buffer (Beyotime) on ice. The cell lysates were centrifuged at 12000×g 
for 10 min at 4 ◦C and the supernatant was incubated with BeyoMag™ 
Anti-Flag Magnetic Beads (Beyotime). The beads were washed twice 
with cold TBS (Beyotime) and eluted with acid elution buffer (Beyo
time). The eluate was neutralized by adding neutralization buffer and 
mixed well. The eluted proteins were processed in two ways: first, for 
proteomic identification, the proteins were reduced with DTT 
(YIFEIXUE Biotechnology Co., Ltd.) and alkylated with iodoacetamide 
(Bomeibio Technology Co., Ltd., Shanghai, China), and then precipi
tated by the methanol-chloroform method. The proteins were digested 
with trypsin in trypsin digestion buffer (Table S2) containing 1 mol/L 
urea. The digestion was stopped with 0.75 % trifluoroacetic acid 
(Sinopharm), and the peptides were concentrated by a centrifugal vac
uum concentrator (Labconco Corporation) and desalted by C18 stage tips 
(Thermo Fisher Scientific). The peptides were analyzed by label-free 

Fig. 2. DHP-B suppresses colorectal cancer cell growth and induces apoptosis in vivo and improves survival of tumor-bearing mice. (A) Schematic illustration of the 
orthotopic colorectal cancer model and the treatment regimen; (B) Representative images and quantification of tumor weight from different treatment groups; (C) 
Immunofluorescence staining and quantification of Ki-67 (green) and cleaved caspase-3 (C-CASP3, red) in tumor tissues from different treatment groups (scale bar: 
20 μm). The number of Ki-67 or C-CASP3 positive cells were counted using Image J 1.5.3 software. Data are median ± IQR from ten random fields per sample; (D) 
Kaplan-Meier survival curve of tumor-bearing mice treated with different agents. The blue box indicates the treatment period and the “+” sign denotes censored mice 
that were euthanized due to 20 % weight loss. The black dashed line represents the median survival time of each group. OXA was used as a positive control. Data are 
from eight mice per group. The above animal studies were evaluated using eight mice per group, with results reported as median ± IQR; NS, not significant. *P <
0.05, **P < 0.01, ***P < 0.001, unpaired t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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proteomics using a Q-Exactive Plus Qrbitrap mass spectrometer 
(Thermo Fisher Scientific). The MS data were processed by MaxQuant 
software (version 1.6.0.1) and statistically analyzed by Perseus software 
(version 1.6.17.0) as previously described. Second, for Western blot 
validation, the proteins were mixed with SDS-PAGE loading buffer 
(Beyotime) and heated at 95 ◦C for 5 min. The supernatants were sub
jected to SDS-PAGE and Western blotting using anti-FLAG antibody 
(Sigma-Aldrich). 

2.19. Immunofluorescence (IF) staining 

IF staining was performed as follows. Cells on coverslips were fixed 
with 4 % paraformaldehyde (Sigma-Aldrich) in PBS for 15 min, washed 
three times, and permeabilized with 0.2 % Triton X-100 (Beyotime) for 
20 min. The cells were then blocked with 1 % BSA (Sigma-Aldrich) in 
PBST (Thermo Fisher Scientific) for 30 min and incubated with primary 
antibodies (Table S4, diluted 1:200) in the same buffer overnight at 4 ◦C. 
After washing three times with PBST, the cells were incubated with 
secondary antibodies (Table S4, diluted 1:500) for 1 h. The cells were 
then washed twice and stained with DAPI (Abcam plc, Cambridge, UK) 
for nuclear counterstaining. The coverslips were mounted and imaged 
by a Leica TCS SP8 confocal microscope (Leica Microsystems GmbH). 
Colocalization analysis was performed using Image J software (V2.90/ 
1.53t). 

2.20. Western blot 

Western blotting was performed as follows. Proteins separated by 
SDS-PAGE were transferred onto PVDF membranes (Millipore Corpo
ration, Billerica, MA, USA). The membranes were blocked with 5 % BSA 
(Sigma-Aldrich) in PBS-T (Thermo Fisher Scientific) for 2 h at room 
temperature, and then incubated with primary antibodies (Table S4, 
diluted as indicated) in the same buffer overnight at 4 ◦C. The mem
branes were washed three times with PBS-T and incubated with sec
ondary antibodies (Table S4, diluted 1:5000) in 5 % BSA in PBS-T for 2 h 
at room temperature. The membranes were washed five times with PBS- 
T and the signals were detected by the Super ECL Detection Reagent Kit 
(Yeasen Biotechnologies Co., Ltd.). The images were captured by the 
Tanon 5200 Chemiluminescent Imaging System (Tanon Science & 
Technology Co., Ltd., Shanghai, China) and the signal intensity was 
quantified by ImageJ software. 

2.21. Stastical analysis 

All the statistical tests were performed with RStudio (RStudio, PBC, 
Boston, MA, USA) open-source software (V1.3.959) using the “ggpubr” 
package (V 0.4.0). Two-tailed Student’s t-test or one-way analysis of 
variance (ANOVA) was applied to determine statistical significance. All 
data were presented as Mean ± SD or Median ± IQR, and significance 
was described as follows: ns, not significant, *P < 0.05, **P < 0.01, ***P 
< 0.001, ****P < 0.0001. 

3. Results 

3.1. DHP-B inhibits CRC cell growth and triggers apoptosis both in vitro 
and in vivo 

To evaluate the anti-proliferative activity of DHP-B against CRC 
cells, we first determined the IC50 values of DHP-B for five CRC cell lines 
(SW620, LS513, HCT116, HT29 and SW480) and normal human colon 
epithelial cells (NCM460) by CCK-8 assay. The results showed that DHP- 
B significantly inhibited the proliferation of these five CRC cell lines at 
concentrations ranging from 1.8 to 6.8 μM, with SW620 cells being the 
most sensitive, with an IC50 of 1.8 μM. In contrast, DHP-B had a lower 
toxicity to normal colon epithelial cells (NCM 460), with an IC50 of 97.1 
μM. The positive control drug oxaliplatin (OXA) had IC50 values of 

2.5–9.3 μM and 29.2 μM for CRC cells and normal colon epithelial cells, 
respectively (Fig. 1B and C). We also found that the main active moiety 
of DHP-B was the α-methylene-γ-butyrolactone group, as the removal of 
this group resulted in a compound Peperomin B (PB) that had a signif
icantly reduced anti-proliferative activity against SW620 cells (Fig. 1D). 

To further validate the anti-proliferative activity of DHP-B, we used a 
three-dimensional tumor spheroid model [22] to observe the effects of 
DHP-B on CRC cells and normal colon epithelial cells. The results 
showed that at doses greater than or equal to 4 μM, DHP-B significantly 
inhibited the growth of SW620 and LS513 spheroids, and reduced their 
area to less than half of that of the blank control group after six days of 
treatment. The effects on the other three CRC cell lines and normal colon 
epithelial cell spheroids were weaker (Fig. 1E, S4). To further evaluate 
the effect of DHP-B on colorectal cancer cell proliferation, we performed 
Ki-67 fluorescence staining on 3D cultures of SW620 and HCT116 cell 
lines, which are sensitive and relatively insensitive to DHP-B, respec
tively. As shown in Fig. 1F, DHP-B (5 μM) significantly reduced Ki-67 
expression in both cell lines, indicating its anti-proliferative activity. 
Furthermore, we observed that DHP-B was more potent against SW620 
cells than HCT116 cells, consistent with the previous data. 

In addition to inhibiting proliferation, we also tested the ability of 
DHP-B to induce apoptosis in CRC cells. By flow cytometry using 
Annexin V/PI double staining, we found that at a dose of 5 μM, DHP-B 
significantly induced apoptosis in all five CRC cell lines, with SW620 
cells being the most effective, with an apoptosis rate of over 50 %, 
comparable to OXA. We also observed a dose-dependent induction of 
apoptosis by DHP-B in SW620 cells (Fig. 1G–H, S4). 

To evaluate the anti-CRC effect of DHP-B in vivo, we established an 
orthotopic CRC model using NSG mice and randomly divided them into 
three groups, receiving intraperitoneal injections of blank solution, 
DHP-B (25 mg/kg) or OXA (25 mg/kg), four times a week for two weeks 
(Fig. 2A). The results showed that compared with the blank control 
group, both DHP-B and OXA significantly inhibited the growth of 
SW620 cells in the mouse rectum, as evidenced by a significant reduc
tion in tumor weight. Notably, DHP-B had a better anti-tumor effect than 
OXA (Fig. 2B). By fluorescence immunohistochemistry analysis, we 
found that DHP-B significantly reduced the expression of proliferation- 
related factor Ki-67 in tumor tissues, while significantly increased the 
expression of pro-apoptotic factor C-CASP3 in tumor tissues. Compared 
with OXA, DHP-B had a more pronounced effect on upregulating C- 
CASP3 (Fig. 2C). 

To further evaluate the effect of DHP-B on the survival of model 
mice, we also used an orthotopic CRC-NSG mouse model and randomly 
assigned them to three groups, receiving vehicle, DHP-B (25 mg/kg) or 
OXA (25 mg/kg), four times a week for two weeks. Then we monitored 
the median survival time of each group of mice (euthanasia was per
formed when mice exhibited signs of distress or weight loss of 20 %). 
According to Kaplan-Meier curves, we found that compared with the 
vehicle control group (median survival time 36 days), both DHP-B and 
OXA significantly extended the median survival time of mice. More 
importantly, DHP-B further increased the median survival time (>60 
days) of mice, significantly better than OXA (51.5 days, Fig. 2D). 

3.2. DHP-B inhibits the proliferation and induces apoptosis of CRC cells 
by inhibiting the FAO pathway and increasing mitochondrial membrane 
permeability 

To investigate the molecular mechanism of DHP-B in suppressing the 
proliferation and triggering the apoptosis of CRC cells, we first used 
RNA-Seq to analyze the transcriptome of SW620 cells treated with DHP- 
B, and performed GSEA and GO enrichment analysis. GSEA results 
showed that compared with the vehicle control group, DHP-B signifi
cantly downregulated the gene sets related to fatty acid metabolism, 
such as Fatty acid beta-oxidation, Cellular lipid catabolic process and 
Fatty acid catabolic process, while significantly upregulated the gene 
sets related to mitochondrial permeability, such as Permeabilize 
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mitochondria and Mitochondrial transmembrane transport (Fig. 3A). 
GO enrichment analysis results also corroborated the significant impact 
of DHP-B on the Fatty acid beta-oxidation pathway (Fig. 3B). 

Previous studies have shown that Fatty acid beta-oxidation pathway 
(FAO) pathway activation enhances CRC cell invasion and metastasis 

[23]. We performed bioinformatics analysis of transcriptome and clin
ical data from The Cancer Genome Atlas (TCGA) database (http://gdac. 
broadinstitute.org/runs/stddata__2016_01_28/dat 
a/COADREAD/20160128/) and stratified CRC patients into high and 
low FAO expression groups based on the median expression value of 

(caption on next page) 
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FAO pathway genes. We found that high FAO expression group had 
significantly lower overall survival than low FAO expression group 
(log-rank P value = 0.048, Fig. 3C). This result suggests that FAO 
pathway expression is a prognostic marker for CRC patients. 

To validate the above transcriptome results, we used Nile red 
staining to detect the effect of DHP-B on lipid droplet accumulation in 
SW620 cells. The positive control drug Etomoxir (ETO) is a known 
CPT1A inhibitor that blocks the transport of long-chain fatty acids into 
mitochondria for FAO [24]. We incubated SW620 cells in culture me
dium containing palmitic acid (the loading phase), then cultured them 
in serum-free medium (the unloading phase), and stained lipid droplets 
with Nile red at different stages and imaged them by confocal micro
scopy. The results showed that in the unloading phase, the Nile red 
fluorescence intensity in the vehicle control group cells decreased 
significantly, indicating that the cells utilized the fatty acids in the lipid 
droplets for FAO. In contrast, in the DHP-B (5 μM) and ETO (100 μM) 
treatment groups, the Nile red fluorescence intensity increased signifi
cantly, indicating that the metabolism of fatty acids in the cells was 
inhibited (Fig. 3D). Using the ratio of Nile red fluorescence intensity in 
the unloading phase to that in the loading phase as an indicator of FAO 
activity, we found that the ratio in the DHP-B and ETO treatment groups 
was significantly higher than that in the control group (Fig. 3D), further 
confirming the inhibitory effect of DHP-B on the FAO pathway. 

To investigate the impact of DHP-B on the FAO pathway in SW620 
cells, we traced the fate of U-[13C]-palmitate or U-[13C]-myristitate 
using stable isotope labeling. As shown in Fig. 3E, we measured the 13C 
incorporation into long-chain acylcarnitines, which are intermediates of 
FAO. We observed that both DHP-B (5 μM) and ETO (100 μM) signifi
cantly decreased the fraction and relative abundance of 13C-labeled 
palmitoyl-carnitine or myristoyl-carnitine in the total long-chain acyl
carnitine pool in treated cells (Fig. 3F), indicating that DHP-B impaired 
the mitochondrial transport and oxidation of long-chain fatty acids. 
Using Seahorse Analyzer to measure cell FAO-dependent oxygen con
sumption rate (OCR), we also found that DHP-B and ETO treatment 
groups both significantly reduced SW620 cell basal and maximal FAO 
levels (Fig. 3G), further indicating that DHP-B impaired CRC cell fatty 
acid oxidation metabolic capacity. To validate the effect of DHP-B on 
FAO pathway in vivo, we performed Oil Red O staining on tumor sections 
from orthotopic CRC mouse model. The results showed that compared 
with the vehicle control group, DHP-B (25 mg/kg) treatment group had 
a significantly increased Oil Red O staining level in tumor sections, 
indicating that DHP-B also inhibited fatty acid metabolism in vivo, 
leading to fatty acid accumulation (Fig. 3H). In addition to blocking FAO 
pathway, we also found that DHP-B increased mitochondrial membrane 
permeability in CRC cells, which may be one of the causes for DHP-B- 
induced apoptosis. We used flow cytometry to detect the effect of 

DHP-B on mitochondrial permeability in SW620 cells. The results 
showed that compared with the vehicle control group, DHP-B (5 μM) 
treatment group significantly reduced the fluorescence intensity of 
mitochondrial calcium fluorescent probe Calcein AM, indicating that 
DHP-B increased mitochondrial membrane permeability, resulting in 
calcium fluorescence leakage from mitochondria (Fig. 3I). 

3.3. DHP-B covalently binds to C96 site of CPT1A, a key enzyme 
regulating FAO pathway, and regulates tumor cell proliferation and 
apoptosis 

To identify the molecular target and binding site of DHP-B, we used a 
LC-MS/MS-based QTRP method to screen the target proteins and 
cysteine sites that covalently bind to DHP-B. This method can determine 
whether covalent binding occurs based on the relative abundance 
change of target protein peptides containing reactive cysteines in mass 
spectrometry before and after drug treatment [17]. The experimental 
procedure is shown in Fig. 4A. In SW620 cells, we detected and identi
fied 1741 peptides containing reactive cysteines, among which only one 
peptide came from CPT1A protein, and its relative abundance change 
(RatioH/L value) reached 8.72, much higher than the threshold (5.0) for 
judging significant covalent binding, suggesting that this peptide cova
lently bound to DHP-B (Fig. 4B, Table S5). After identification by pFind3 
software, this peptide contained the Cys96(C96) site of CPT1A protein, 
so we tentatively considered that C96 of CPT1A was the covalent 
binding site of DHP-B (Fig. 4B). CPT1A is a key fatty acid oxidation 
enzyme that converts long-chain fatty acyl-CoA to long-chain fatty 
acylcarnitine, which then enters mitochondria for β-oxidation. This is 
consistent with our previous transcriptome enrichment analysis results 
that DHP-B affects FAO pathway in CRC cells. To further verify whether 
the covalent binding of DHP-B to CPT1A C96 site has a 
concentration-dependent relationship, we measured the RatioH/L value 
of the peptide containing C96 of CPT1A protein in SW620 cells after 
treatment with different concentrations of DHP-B. The results showed 
that as the concentration of DHP-B increased, the RatioH/L value of the 
peptide containing C96 of CPT1A protein also increased significantly, 
reaching 36.32, indicating that the covalent binding of DHP-B to CPT1A 
C96 had a significant concentration dependence (Fig. 4C). To exclude 
whether DHP-B could also covalently bind to other cysteine sites of 
CPT1A protein, we detected two other peptides containing cysteines in 
CPT1A protein, namely peptides containing C304 and C742. The results 
showed that the RatioH/L values of these two peptides were both less 
than 5.0, indicating that DHP-B did not have significant covalent bind
ing with them (n = 5, Fig. 4C and D). Therefore, we concluded that C96 
of CPT1A was the only covalent binding site of DHP-B. 

To verify the binding of DHP-B to CPT1A protein and its binding site 

Fig. 3. DHP-B affects fatty acid oxidation and mitochondrial permeability in colorectal cancer cells. (A) GSEA enrichment analysis of the RNA-seq data of SW620 
cells treated with DHP-B, showing the significantly enriched pathways and NES values (P < 0.001); (B) GO enrichment analysis of the RNA-seq data of SW620 cells 
treated with DHP-B, showing the significantly enriched terms and -Log10P values; (C) Kaplan-Meier survival curves of the transcriptomic expression level of fatty acid 
oxidation pathway (GOBP_FATTY_ACID_BETA_OXIDATION) and the survival of clinical colorectal cancer patients (TCGA, Firehouse Legacy). The high-expression 
group (orange) and low-expression group (blue) were divided based on the median value of expressions. The difference between the survival curves was statisti
cally analyzed by log-rank test. (D) Nile red staining and fluorescence confocal microscopy of intracellular fatty acids in SW620 cells in different treatment groups 
(CTR: DMSO, DHP-B: 5 μM, ETO: 100 μM). The loading phase is the stage of incubation with palmitic acid for 24 h, and the unloading phase is the nutrient restriction 
stage of culturing with low glucose DMEM medium for 48 h. The ratio of fluorescence intensity in the unloading phase to that in the loading phase is shown; (E) 
Schematic diagram of the isotope tracing experiment with [U–13C]-palmitic acid (or [U–13C]-myristic acid); (F) U-[13C]-isotopic labeling of long-chain acylcarnitines 
in SW620 cells. The ratio of labeled (m+1~m + n) to unlabeled (m+0) long-chain acylcarnitines in SW620 cells treated with different drugs; and the relative 
abundance of unlabeled (12C) and labeled (13C) long-chain acylcarnitines are shown. Data are median ± IQR from ten random fields per sample. (G) Oxygen 
consumption rates (OCR) of SW620 cells treated with different drugs assayed with 180 μM BSA-conjugated palmitate (PA, left panel) under basal conditions (middle 
panel) and in response to FCCP (right panel). Results for maximal OCR are expressed as a percent increase in OCR relative to BSA-treated cells (BSA). Data are mean 
± SEM from five independent experiments; (H) Oil red staining and quantification of positive area (quantified by Image J 1.5.3 software) in frozen tumor sections 
from different treatment groups, ten random fields per sample were counted and averaged; (I) Flow cytometry analysis and quantification of mitochondrial 
permeability transition pore opening in different drug treatment groups, Iono is an abbreviation for Ionomycin, Co2+ is an abbreviation for CoCl2, and the relative 
fluorescence intensity of Calcein AM detected (compared to CTR) percentage to evaluate the permeability of mitochondria after drug treatment. All of the studies 
above were examined using at least five biological replicates, and the results were expressed as mean ± SD（if different, it has been mentioned before）; NS, not 
significant, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, upaired t-test. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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at the extracellular protein level, we constructed eukaryotic expression 
plasmids with GFP or FLAG tags for CPT1AWT and CPT1AC96A respec
tively, and transfected them into 293T cells. We used two methods to 
detect the binding of DHP-B to CPT1A protein. The first one was MST 
method [25], which used MST technique to measure the affinity be
tween fluorescently labeled target CPT1A protein (GFP-tagged) and 
DHP-B in cell lysate. The results showed that by fitting the curve of MST 
signal changes of different concentrations of DHP-B interacting with 
GFP-CPT1AWT protein, we obtained the equilibrium dissociation con
stant Kd value of 1.62 μM for the affinity between DHP-B and CPT1AWT 

protein, indicating that DHP-B had good affinity with CPT1AWT protein. 
However, when the fluorescently labeled protein mutated at C96 
(GFP-tagged-CPT1AC96A), its affinity with DHP-B decreased significantly 
and Kd value could not be calculated. These results confirmed that C96 
was the key site for DHP-B’s affinity with CPT1A protein (Fig. 4E). The 
second one was CETSA method, which used the change in thermal sta
bility of target proteins in cells or cell lysates before and after drug 
treatment to evaluate the direct binding of drugs to target proteins [21]. 
The results showed that DHP-B could increase the thermal stability of 
FLAG-CPT1AWT protein expressed in intact cells, making its thermal 
melting curve significantly shift to the right compared with vehicle 
group, ΔTm value was 3.35 ◦C, suggesting that DHP-B could directly 
bind to CPT1AWT protein in cells. However, when the protein mutated at 
C96 (FLAG-CPT1AC96A), the thermal melting curve of the target protein 
before and after DHP-B treatment did not shift significantly, further 
suggesting that C96 was the key site for DHP-B binding to CPT1A protein 
(Fig. 4F). 

To further verify the role of CPT1A in DHP-B’s anti-CRC effect in 
cellular level, we constructed two SW620 cell lines with knockdown of 
CPT1A protein respectively (Fig. S5), and treated them with DHP-B (5 
μM) or ETO (100 μM), then evaluated their cell proliferation and 
apoptosis effects. The results showed that compared with control group 
(Vector_1), both groups of CPT1A stable knockdown cells had significant 
enhancement in cell anti-proliferation and pro-apoptosis effects 
(Fig. 5A, C and E), indicating that CPT1A had the function of modulating 
cell proliferation and apoptosis in SW620 cells. When treated with DHP- 
B or ETO, these effects did not show significant improvement in CPT1A 
knockdown cells (Fig. 5A, C and E), further indicating that DHP-B and 
ETO both achieved anti-tumor effects by inhibiting CPT1A function. 

To confirm that C96 of CPT1A was the binding site for DHP-B, we 
stably expressed either wild-type CPT1A (CPT1AWT) or CPT1A with a 
C96A mutation (CPT1AC96A) in aforementioned SW620 cells with 
CPT1A knockdown (CPT1AKD− 1) (Fig. S5). We then assessed the effects 
of DHP-B (5 μM) or ETO (100 μM) on cell proliferation and apoptosis in 
these cells. As shown in Fig. 5B and D, re-expression of either CPT1AWT 

or CPT1AC96A significantly increased the proliferation of SW620 cells 
under both 2D and 3D culture conditions. Treatment with DHP-B or ETO 
markedly reduced the proliferation of cells expressing CPT1AWT under 
both culture conditions, whereas treatment with DHP-B had no signifi
cant effect on the proliferation of cells expressing CPT1AC96A, although 
ETO still inhibited their proliferation. Similarly, re-expression of either 
CPT1AWT or CPT1AC96A significantly decreased the apoptosis of SW620 
CPT1A cells (Fig. 5E). Treatment with DHP-B (5 μM) or ETO (100 μM) 
markedly increased the apoptosis of cells expressing CPT1AWT, whereas 

treatment with DHP-B had no significant effect on the apoptosis of cells 
expressing CPT1AC96A, although ETO still induced their apoptosis. These 
results demonstrate that CPT1A is the target of DHP-B for suppressing 
colorectal cancer and that C96 of CPT1A is essential for the binding and 
activity of DHP-B at the cellular level. 

Lastly, we combined DHP-B with ETO and found that the combina
tion treatment group (D + E) had no significant difference in cell anti- 
proliferation, pro-apoptosis compared with single DHP-B treatment 
group (Fig. 5F). These results further indicated that DHP-B and ETO 
acted on the same target CPT1A. 

3.4. CPT1A overexpression in CRC correlates with poor prognosis and is a 
key target for regulating CRC proliferation and apoptosis 

We investigated the clinical significance of CPT1A, the target of 
DHP-B, in CRC using transcriptome data from TCGA_PAN_CANCER_
ATLAS [26]. We found that CPT1A expression was significantly higher 
in CRC patients with lymph node metastasis (N1–N2) than in those 
without (N0) [27], and positively correlated with the degree of metas
tasis (Fig. 6A). Moreover, high CPT1A expression was associated with 
lower median survival (6.61 vs 8.89 months, P = 0.029, Fig. 6A), indi
cating poor prognosis for CRC patients. 

To determine the role of CPT1A in CRC growth, we compared the 
expression and activity of CPT1A in orthotopic tumors derived from two 
CRC cell lines with different responses to DHP-B: SW620 (sensitive) and 
HCT116 (relatively insensitive). We used immunohistochemistry and 
fluorescence imaging to measure CPT1A expression and Ki-67 staining 
in tumor sections from NCG mice. As shown in Fig. S6, SW620 tumors 
expressed higher levels of CPT1A and formed larger and heavier 
orthotopic tumors than HCT116 tumors. In addition, SW620 tumors 
showed higher fluorescence intensity of Ki-67 than HCT116 tumors, 
indicating higher proliferation rates. These results demonstrate that 
CPT1A expression and function are associated with CRC tumor growth in 
vivo. At the cellular level, CPT1A protein expression was also signifi
cantly higher in CRC cells than in normal human colon epithelial cells 
(Fig. 6B), especially in SW620 cells derived from lymph node metastasis 
of CRC patients. Using a 3D cell spheroid proliferation assay, we 
observed a strong positive correlation between CPT1A expression and 
tumor spheroid growth (R = 0.93, P = 0.007, Fig. 6C), as well as be
tween CPT1A expression and DHP-B or ETO sensitivity in CRC cell lines 
(P = 0.004, R = 0.95 for DHP-B; P = 0.02, R = 0.88 for ETO, Fig. 6D). 
These results suggest that CPT1A is aberrantly overexpressed in CRC 
cells and promotes cell proliferation. 

We further examined the molecular mechanism of CPT1A in regu
lating proliferation and apoptosis in CRC cells using shRNA-mediated 
knockdown of CPT1A in SW620 cells. We performed metabolic and 
functional analyses on these cells and found that CPT1A knockdown 
significantly reduced the metabolism of long-chain fatty acids U-[13C]- 
palmitate or U-[13C]-myristitate (Fig. 6E); increased the intracellular 
accumulation of fatty acids and lipid droplets (Fig. 6F); and decreased 
the basal and maximal palmitate-dependent oxygen consumption rate 
(OCR) (Fig. 6G and H), indicating that CPT1A modulated the FAO in 
CRC cells. Moreover, CPT1A knockdown increased the cell mitochon
drial permeability, suggesting that CPT1A also influenced cell apoptosis 

Fig. 4. Screening and molecular biological validation of covalent targets of DHP-B against CRC. (A) The proteome from DHP-B or DMSO-treated SW620 cells was 
tagged with an alkynyl 3-indoleacetic acid (IPM) probe in vitro and digested by trypsin. The peptides were conjugated with Light (L) and Heavy (H) UV cleavable 
biotin-azide (Az-UV-biotin) reagents, combined and collected using streptavidin beads. Photo-releasing probe-modified peptides for LC-MS/MS analysis and pFind3 
post-processing. (B) Distribution of competitive QTRP ratios (RatioH/L) from SW620 reactions with 5 μM or 50 μM of DHP-B (n = 5). A threshold of five-fold or more 
IPM probe labeling blockage (RatioH/L > 5) marks cysteines that are sensitive to DHP-B, and proteins with the most competitive DHP-B reactivity are named. (C) 
Representative MS1 profiles for DHP-B-sensitive C96 peptide in CPT1A showing concentration-dependent IPM labeling blockade (n = 5). (D) MS1 spectrum and 
RatioH/L for active cysteine-containing peptides from the CPT1A protein; among the three peptides only C96 demonstrates activity to 5 μM DHP-B competition (n =
5). The RatioH/L data mean ± SD is provided. (E) MST dose-response curves of GFP-labeled CPT1AWT or CPT1AC96A mutant bound to DHP-B. Dissociation constants 
(Kd) values were also exhibited (n = 5). (F) CETSA showed the thermal stability of CPT1AWT or CPT1AC96A mutant proteins following treatment with DHP-B (5 μM). 
Right panel: CETSA curve and the thermal stability to reach 50 % of temperature (Tm) value was performed using GraphPad Prism software, n = 5, presented as Mean 
± SD. 
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by regulating cell mitochondrial permeability (Fig. 6I). 
To validate the role of CPT1A in CRC cell proliferation and apoptosis 

in vivo, we established an orthotopic CRC mouse model using NSG mice. 
We observed that CPT1A knockdown (CPT1AKD− 1) significantly 
inhibited tumor growth and reduced tumor weight compared to the 
control group (Vector, Fig. 7A). We also performed fluorescent immu
nohistochemistry on tumor tissues and detected a significant decrease in 
the expression of the proliferation marker Ki-67 and a significant in
crease in the expression of the pro-apoptotic factor C-CASP3 after 
CPT1A knockdown (Fig. 7B), confirming that CPT1A regulated tumor 
proliferation and apoptosis in CRC tissues. Furthermore, we performed 
oil red O staining on tumor sections and found that CPT1A knockdown 
increased the oil red staining level, indicating that CPT1A impaired fatty 
acid metabolism and caused fatty acid accumulation in CRC cells in vivo 
(Fig. 7C). Finally, we assessed the effect of CPT1A expression on mouse 
survival (euthanasia when animals showed pain/or weight loss by 20 
%). We found that CPT1A knockdown significantly prolonged the 
painless median survival time of mice (>60 days) compared to the 
control group (39 days, P = 0.05), as shown by the Kaplan-Meier plot in 
Fig. 7D. These results demonstrate that CPT1A expression in CRC 
directly affects its proliferation and apoptosis in vivo, as well as the 
survival and prognosis of the mouse model. 

3.5. DHP-B disrupts the interaction of CPT1A with VDAC1, increases 
mitochondrial membrane permeability, and induces apoptosis in CRC cells 

CPT1A is involved in FAO metabolism, providing energy and 
biosynthetic precursors for tumor growth, as well as modulating certain 
signaling pathways or transcription factors, such as AMPK, mTOR, HIF- 
a, that affect tumor cell proliferation, migration and epithelial- 
mesenchymal transition [27,28]. However, in this study, we also 
observed that CPT1A had a key role in regulating apoptosis of CRC cells. 
We hypothesized that CPT1A might interact with other proteins on the 
mitochondrial membrane and regulate mitochondrial membrane 
permeability, thereby influencing the mitochondrial-mediated apoptosis 
pathway. 

To identify the potential mechanism of CPT1A in regulating mito
chondrial membrane permeability, we performed a mass spectrometry- 
based co-immunoprecipitation (Co-IP) experiment to screen the proteins 
that interact with CPT1A. The experimental procedure is shown in 
Fig. 8A. By LC-MS/MS analysis of FLAG antibody-pulled down proteins 
bound to CPT1AWT, we detected many significantly enriched proteins 
(-Log10P > 1.5, Log2 enrichment>2) in SW620 cells (Fig. 8B, Table S6), 
including VDAC1, a key protein that controls mitochondrial membrane 
permeability. VDAC1 is a protein located on the outer mitochondrial 
membrane, which forms a voltage-dependent ion channel that regulates 
the material exchange and signal transduction between mitochondria 
and cytosol [29]. Under mitochondrial stress, VDAC1 can oligomerize 
and form a large pore (meta-pore) that releases mitochondrial sub
stances into the cytosol, such as Cyto C, thereby triggering the down
stream apoptotic program [30–33]. 

To examine the effect of DHP-B on the interaction partners of CPT1A 
in SW620 cells, we performed the same immunoprecipitation experi
ment after 12 h of compound treatment. We observed that DHP-B 
treatment abolished the enrichment of VDAC1 protein in the Co-IP 

experiment in the control group. However, when we used CPT1AC96A 

mutant protein, which lacks the key amino acid residue for covalent 
binding of DHP-B to CPT1A, we did not detect a significant reduction in 
the interaction between VDAC1 and CPT1A by DHP-B treatment 
(Fig. 8B, Table S6), suggesting that DHP-B specifically inhibited the 
binding of CPT1A to VDAC1 via C96. We further validated the MS-based 
Co-IP results by Western blot. In the FLAG tag-based protein pulldown 
experiment, we detected a strong signal of VDAC1 protein in SW620 
cells expressing FLAG-CPT1AWT, indicating that CPT1A formed a com
plex with VDAC1 at the cellular level, and that their interaction was 
significantly disrupted by 5 μM dose of DHP-B; but this inhibitory effect 
was not evident in SW620 cells expressing FLAG-CPT1AC96A mutant 
protein (Fig. 8C). Moreover, we used immunofluorescence co- 
localization to visually observe the co-localization of CPT1A (purple) 
and VDAC1 (green) on mitochondria (red) before and after DHP-B 
treatment. The results are shown in Fig. 8D. Using Image J’s Coloc 2 
plugin for protein co-localization analysis (using Pearson’s R value as 
indicator), we found that DHP-B treatment significantly reduced the co- 
localization of CPT1A and VDAC1 on mitochondria. These results 
confirmed that DHP-B disrupted the interaction of CPT1A and VDAC1 on 
the outer mitochondrial membrane in CRC cells, preventing the forma
tion of CPT1A-VDAC1 complex. 

To investigate the effect of DHP-B-mediated disruption of CPT1A- 
VDAC1 complex on mitochondrial membrane permeability and cell 
apoptosis, we used cross-linker EGS (Sigma-Aldrich) to stabilize VDAC1 
oligomers and analyzed VDAC1 molecular weight by gel electrophoresis 
and immunoblotting (Fig. 9A) [32–34]. We found that 5 μM DHP-B 
treatment increased the VDAC1 protein oligomers in SW620 cells (see 
long exposure image), indicating that VDAC1 underwent significant 
oligomerization after DHP-B treatment (Fig. 9B). This phenomenon also 
occurred in two stable transfection cell lines with CPT1A knockdown 
(Fig. 9C, long exposure image), further indicating that CPT1A regulated 
the oligomerization of this mitochondrial membrane protein by inter
acting with VDAC1. The oligomerization of VDAC1 induced by CPT1A 
knockdown did not show significant enhancement after DHP-B treat
ment (Fig. S7), further indicating that DHP-B induced VDAC1 oligo
merization in a CPT1A-dependent manner. 

VDAC1 oligomerization increased the mitochondrial membrane 
permeability, which was also observed in SW620 cells treated with DHP- 
B or CPT1A knockdown. This increased membrane permeability resulted 
in the release of Cyto C from the mitochondrial intermembrane space 
into the cytosol [32–34]. The release of Cyto C is a critical step of cell 
apoptosis, which triggers the formation of apoptosome by binding to 
caspase 9. The apoptosome activates caspase 9, which in turn activates 
other caspases, such as caspase 3, thereby inducing cell apoptosis [35]. 
To test this, we measured the expression of Cyto C in the cytosol of 
SW620 cells after DHP-B treatment. The results are shown in Fig. 9D&F. 
DHP-B (5 μM) treatment significantly increased the expression of Cyto C 
in the cytosol, as well as the activation of caspase 9 and caspase 3, as 
indicated by the increased expression of their cleaved forms, suggesting 
that cells underwent caspase-dependent apoptosis. Similarly, we 
assessed the expression and activation of Cyto C, caspase 9 and caspase 3 
in two CRC cells with CPT1A knockdown. The results were consistent 
with the DHP-B treatment group (Fig. 9E&G), further confirming that 
CPT1A regulated VDAC1 oligomerization, Cyto C release, and cell 

Fig. 5. CPT1A is the anti-colorectal cancer target of DHP-B at the cellular level. (A) Cell proliferation of SW620 cells with CPT1A knockdown (CPT1AKD− 1, 
CPT1AKD− 2) or control (Vector_1) treated with DMSO, DHP-B (5 μM), or ETO (100 μM); (B) Cell proliferation of SW620 CPT1AKD− 1 cells stably expressing vector 
(Vector_2), wild-type CPT1A (CPT1AWT), or C96A mutant CPT1A (CPT1AC96A) treated with different drugs. (C) 3D spheroid growth of SW620 cells with CPT1A 
knockdown or control treated with different drugs. Representative images and quantification of spheroid area are shown (scale bar: 100 μm); (D) 3D spheroid growth 
of CPT1AKD− 1 SW620 cells stably expressing Vector_2, CPT1AWT, or CPT1AC96A treated with different drugs. Representative images and quantification of spheroid 
area are shown (scale bar: 100 μm); (E) Cell apoptosis of SW620 cells with CPT1A knockdown or control (left panel) or SW620 CPT1AKD− 1 cells stably expressing 
CPT1AWT, or CPT1AC96A (right panel) treated with different drugs. Representative flow cytometry plots and quantification of apoptotic cells are shown; (F) Cell 
proliferation (left), 3D spheroid growth (middle), and cell apoptosis (right) of SW620 cells treated with DMSO, DHP-B, ETO, or their combination, respectively. 
Representative images, flow cytometry plots, and quantification are shown. Scale bar, 100 μm. All of the studies above were examined using at least five biological 
replicates, and the results were expressed as mean ± SD; NS, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, upaired t-test. 
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apoptosis by interacting with VDAC1 (Fig. 9H). 

4. Discussion 

In this paper, we report a novel natural drug-like lead compound 

DHP-B with potent anti-CRC activity in vitro and in vivo. This molecule 
covalently modifies Cys96 of CPT1A on the mitochondrial outer mem
brane of CRC cells, blocks the FAO pathway, induces intracellular fatty 
acid accumulation, impairs energy metabolism for tumor cells, and in
hibits cell proliferation. Moreover, DHP-B triggers tumor cell apoptosis 

(caption on next page) 
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by disrupting the interaction of CPT1A-VDAC1 and increasing mito
chondrial permeability. Furthermore, we identify CPT1A as a novel anti- 
CRC target, which is aberrantly overexpressed in maglignant CRC cells, 
modulates tumor cell proliferation, apoptosis, and directly influences 
the survival of tumor-bearing animals. 

Firstly, this study reports a mechanism by which DHP-B selectively 
and covalently binds to Cys96 of CPT1A, as revealed by QTRP prote
omics screening and validated at cellular and molecular levels. We 
believe that DHP-B recognizes a unique pocket surrounding Cys96 of 
CPT1A and forms a covalent bond with this residue. This strategy is 

reminiscent of other small molecules that achieve selective covalent 
inhibition of their targets [36]. Conversely, cysteine residues in other 
proteins may be inaccessible or incompatible with DHP-B due to spatial 
or conformational factors, thus avoiding unwanted covalent in
teractions. Furthermore, the lipophilic nature of DHP-B enables its 
translocation across the mitochondrial membrane and its engagement 
with Cys96 of CPT1A, which is located on the membrane surface. This 
leads to the modulation of CPT1A activity and downstream effects. 
However, the molecular details of DHP-B and CPT1A binding require 
further elucidation by obtaining their co-crystal structure in future 

Fig. 6. Mechanistic study of CPT1A regulating the proliferation and apoptosis of CRC cells. (A) Gene expression of CPT1A and its association with patient lymph 
node metastasis (left panel) and Kaplan-Meier curve survival prognosis analysis (right patients) of colorectal cancer patients (based on TCGA PAN CANCER ATLAS 
data), N0 indicates no lymph node metastasis (n = 339), N1 indicates 1–3 lymph node metastases (n = 141), N2 indicates 4 or more lymph node metastases (n = 110); 
(B) Western blot showing CPT1A protein levels in different colorectal cancer cells; (C) Correlation analysis of CPT1A protein levels and 3D tumor spheroid area; and 
(D) sensitivity to DHP-B (left panel) or ETO (,right panel) in different cell lines. The confidence interval (blue scale) was calculated using Pearson’s correlation with 
confidence interval under the “ggscatter” function in the “ggplot2” package of Rstudio. Data are mean from five independent experiments; (E) Isotope tracing 
experiment with [U–13C]-palmitic acid (or [U–13C]-myristic acid) in SW 620 cells with CPT1A knockdown, showing the ratio of labeled (m+1~m + n) to unlabeled 
(m+0) long-chain acylcarnitines; and the relative abundance of unlabeled and U-[13C]-labeled long-chain acylcarnitines; (F) Nile red staining combined with 
fluorescence confocal microscopy to observe the accumulation of intracellular fatty acids in SW620 cells before and after CPT1A knockdown (left panel), statistical 
results are the ratio of fluorescence intensity in the unloading phase to that in the loading phase (right panel, n = 5). (G–H) Oxygen consumption rates (OCR) of 
SW620 CPT1A knockdown cells assayed with 180 μM BSA-conjugated palmitate (G) under basal conditions (H, left panel) and in response to FCCP (H, right panel). 
Results for maximal OCR are expressed as a percent increase in OCR relative to BSA-treated cells. Graphs show mean ± SEM, n = 5. (I) Flow cytometry detection of 
mitochondrial permeability transition pore detection results before and after SW620 CPT1A knockdown, using the percentage of relative fluorescence intensity of 
Calcein AM detected (compared to CoCl2 group or DMSO group) to evaluate the permeability of mitochondria after drug treatment. All of the studies above were 
examined using at least five biological replicates, and the results were expressed as mean ± SD or mentioned otherwise; NS, not significant, *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001, upaired t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 7. CPT1A regulates CRC cell growth and survival in vivo. (A) Representative images and quantification of tumor weights of rectal tumors derived from SW620 
cells with or without CPT1A knockdown (Vector and CPT1AKD− 1, respectively). (B) Fluorescence immunohistochemistry of Ki-67 (green) and C-CASP3 (red) 
expression, markers of cell proliferation and apoptosis, respectively, in tumor tissues with or without CPT1A knockdown (scale bar, 20 μm). Quantification of Ki-67 
and C-CASP3 expression levels in different tumor tissues are shown in the boxplots. The expression ratios of Ki-67 and C-CASP3 were measured using Image J 1.5.3 
software, and 10 random microscopic fields were counted and averaged for each sample; (C) Oil red O staining of lipid droplets in frozen tumor sections with or 
without CPT1A knockdown. Quantification of oil red O positive area ratios in different tumor tissues are shown in the boxplots. The positive area of oil red O was 
measured using Image J 1.5.3 software, and 10 random microscopic fields were counted and averaged for each sample; (D) Kaplan-Meier survival curve of NCG mice 
bearing orthotopic tumors derived from SW620 cells with or without CPT1A knockdown. The blue box represents the period of drug administration and the “+” sign 
denotes animals that did not perish but had a 20 % weight loss and were humanely euthanized. The black dashed line represents the median survival time of model 
animals. The animal studies were evaluated using seven mice per group, with results reported as median ± IQR; NS, not significant. *P < 0.05, **P < 0.01, ***P <
0.001, unpaired t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 8. Identification and validation of VDAC1 as a key binding partner of CPT1A that regulates CRC cell apoptosis. (A) Schematic diagram of the MS-based CO-IP 
pulldown screening protocol; (B) Volcano plots showing the differential protein enrichment between anti-FLAG Co-IP and isotype control Co-IP (n = 3). The cutoff 
criteria for enrichment factor were log2 = 2 (4-fold enrichment) and -log10 (t-test P-value) = 1.5. FLAG-CPT1AWT or FLAG-CPT1AC96A are highlighted in green, and 
mitochondrial proteins are marked in blue; (C) Western blot analysis of the interacting proteins of FLAG-GFP(GFP), FLAG-CPT1AWT, or FLAG-CPT1AC96A in SW620 
cells treated with DMSO or DHP-B (5 μM) for 24 h. Representative blots are shown, indicating the specific interaction of VDAC1 with CPT1A, which was significantly 
reduced by DHP-B treatment. The CPT1AC96A mutant protein also interacted specifically with VDAC1, but this interaction was not affected by DHP-B treatment; (D) 
Fluorescence microscopy images of the co-localization of CPT1A (purple) and VDAC1 (green) on mitochondria (red) in SW620 cells before and after DHP-B treatment 
(5 μM) (left panel). The white arrow points to the statistical cross-sectional area of co-localization of CPT1A and VADC1 proteins. The Pearson’s R value of the 
fluorescence signals of CPT1A and VDAC1 before and after DHP-B treatment was calculated and quantified using the Coloc 2 plugin in Image J to determine the level 
of co-localization between them (right panel). All above experiments were performed with at least five biological replicates, and the results were expressed as Median 
± IQR or otherwise stated; NS, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, unpaired t-test. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 9. DHP-B targets the CPT1A-VDAC1 axis, induces VDAC1 oligomerization, and triggers CRC cell apoptosis. (A) Schematic diagram of the mechanism by which 
DHP-B inhibits the binding of CPT1A and VDAC1, induces VDAC1 oligomerization, increases mitochondrial membrane permeability, promotes the release of cy
tochrome C from mitochondria, and leads to tumor cell apoptosis; (B) Immunoblot analysis of the oligomerization of purified VDAC1 after treatment with DHP-B and 
the cross-linking reagent EGS to stabilize the oligomers during electrophoresis (left panel). The positions of VDAC1 monomers (Mono), dimers (Di), tetramers (Tetra) 
and multimers (Multi) are indicated. Quantification of oligomers is shown in the right panel; (C) Immunoblot analysis of the oligomerization of VDAC1 in SW620 
cells with or without CPT1A knockdown (Vector and CPT1AKD− 1, respectively) after treatment with DHP-B. The positions of VDAC1 monomers (Mono), dimers (Di), 
tetramers (Tetra) and multimers (Multi) are indicated (left panel). Quantification of oligomers is shown in the right panel; (D&F) Western blot analysis of the 
expression levels of cytochrome C (Cyto C), CASP9, cleaved CASP9 (C-CASP9, 39&37 kDa), CASP3 and cleaved CASP3 (C-CASP3, 17 kDa) proteins in SW620 cells 
after treatment with DHP-B (5 μM); (E&G) Western blot analysis of the expression levels of Cyto C, CASP9, C-CASP9, CASP3 and C-CASP3 proteins in SW620 cells 
after CPT1A knockdown; (H) Schematic diagram summarizing the mechanism by which DHP-B inhibits CRC cell proliferation and induces apoptosis by targeting 
CPT1A. All experiments were performed with at least five biological replicates, and the results were expressed as mean ± SD or otherwise stated; NS, not significant, 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, unpaired t-test. 
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studies. 
Secondly, this study extends the understanding of the role of CPT1A 

in CRC based on previous studies. CPT1A is a key enzyme involved in 
FAO, which is frequently overexpressed in various cancers, such as liver 
cancer, nasopharyngeal carcinoma, breast cancer, ovarian cancer, and 
so on [37–41]. The high expression of CPT1A may be associated with 
tumor cell growth, metastasis and resistance, as well as with tumor 
clinical stage and prognosis [42–44]. For CRC patients, recent studies 
have shown that the increased gene copy number and protein over
expression of CPT1A in tumor tissues correlate with clinical pathological 
parameters especially prognosis, suggesting that it may serve as a mo
lecular marker and therapeutic target for CRC [27,45]. We demon
strated that CPT1A can significantly regulate CRC cell proliferation by 
facilitating FAO and providing energy and metabolic intermediates for 
cells in vitro and in vivo. 

More importantly, this study first revealed that CPT1A can also 
regulate mitochondrial membrane permeability by binding and inter
acting with VDAC1 protein on the mitochondrial outer membrane of 
tumor cells. VDAC1 is a pore-forming channel protein located on the 
mitochondrial outer membrane, which mediates the transport of sub
stances and ions between mitochondria and cytoplasm [30]. VDAC1 has 
also been reported to be involved in mitochondrial-mediated apoptosis, 
modulating mitochondrial membrane potential or cytochrome c release 
by oligomerization or interacting with Bcl-2 family proteins [31]. 
VDAC1 plays a vital role in various diseases, including neurodegenera
tive diseases and cancer [32,46]. We showed that when CPT1A was 
covalently inhibited or knocked down, the oligomerization degree of 
VDAC1 increased, leading to increased mitochondrial outer membrane 
permeability, cytochrome c release into the cytoplasm, and markedly 
elevated cell apoptosis level. Therefore, we propose that the binding 
between CPT1A and VDAC1 may be an important regulatory mechanism 
for CPT1A on CRC cell apoptosis. 

This study also provides a theoretical rationale and experimental 
support for the potential application and preclinical development of 
DHP-B as an anti-CRC agent, as well as new insights for targeting CPT1A 
and its regulated FAO metabolism as a target and pathway for CRC 
treatment. Currently, there are few known inhibitors of CPT1A, among 
which the most prominent one is ETO, which has been used in clinical 
trials for treating heart failure and type 2 diabetes [12], and has 
exhibited anti-tumor effects in some in vitro and in vivo cancer models 
[47,48]. However, this compound requires a high dose for cancer 
treatment and has considerable hepatotoxicity, and has not yet entered 
clinical research. Therefore, developing a novel highly efficient and low 
toxic CPT1A inhibitor for cancer treatment is an urgent challenge. 
DHP-B is the first discovered covalent inhibitor of CPT1A, which has the 
advantages of high potency, reducing the effective concentration and 
dose compared to ETO; and prolonged action time, due to covalent 
binding resulting in low dissociation rate of drug-target complex or 
requiring protein turnover to restore activity. A preliminary toxicity 
evaluation study in normal mice has shown that, at the effective doses 
reported in this paper, DHP-B has no significant effect on body weight 
and no obvious toxicity to vital organs including liver and kidney, 
whereas the same dose of ETO significantly reduces animal weight 
(Fig. S8). This suggests that DHP-B has a better safety profile than ETO. 
However, the current research on DHP-B is still in the early stage, and 
there are still some limitations and challenges that need to be addressed, 
such as the selectivity, stability, water solubility, pharmacokinetics, oral 
bioavailability (Table S7), toxicity, and efficacy of DHP-B in different 
CRC subtypes and stages, as well as the possible resistance mechanisms 
and combination strategies of DHP-B with other anti-CRC agents. 
Therefore, further studies are needed to optimize the structure and 
properties of DHP-B, and to evaluate its therapeutic potential and safety 
in more comprehensive and rigorous preclinical models and clinical 
trials. 

5. Conclusions 

In conclusion, this study showed by experiments that CPT1A is a 
viable therapeutic target for CRC, and DHP-B is its novel covalent in
hibitor with potent anti-CRC activity in vitro and in vivo. In the future, 
novel covalent inhibitors of CPT1A such as DHP-B may offer new 
treatment options for CRC patients, especially for those who are resistant 
or refractory to conventional chemotherapy and other targeted thera
pies. Moreover, DHP-B may also be used in combination with other 
drugs to achieve synergistic or additive effects. However, DHP-B still 
requires more preclinical and clinical studies to confirm its safety and 
efficacy, as well as to determine its optimal dosage and indications. 
Furthermore, it is still necessary to further elucidate the regulatory 
mechanism and signaling pathway of CPT1A in CRC, as well as its cor
relation and interaction with other molecular markers such as KRAS, 
BRAF, MSI and so on, in order to provide more evidence for personalized 
treatment. 
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