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Abstract: Background: Colorectal cancer (CRC) represents a substantial risk to public health. Bevacizumab, the first US

FDA-approved antiangiogenic drug (AAD) for human CRC treatment, faces resistance in patients. The role of lipid

metabolism, particularly through OPA3-regulated lipid droplet production, in overcoming this resistance is under

investigation. Methods: The protein expression pattern of OPA3 in CRC primary/normal tissues was evaluated by

bioinformatics analysis. OPA3-overexpressed SW-480 and HCT-116 cell lines were established, and bevacizumab

resistance and OPA3 effects on cell malignancy were examined. OPA3 protein/mRNA expression and lipid droplet-

related genes were measured with Western blot and qRT-PCR. OPA3 subcellular localization was detected using

immunofluorescence. Proliferation and apoptosis were assessed via colony formation and flow cytometry. Tube

formation assays were conducted to assess the angiogenic potential of human umbilical vein endothelial cells

(HUVECs). Lipid analysis was used to measure the phosphatidylcholine (PC) and lysophosphatidylcholine (LPC)

levels in CRC cells. Results: Bioinformatics analysis revealed that OPA3 was downregulated in CRC. Overexpression

of OPA3 inhibited CRC cell proliferation, stimulated apoptosis, and suppressed the angiogenic ability of HUVECs.

OPA3 effectively reversed the resistance of CRC cells to bevacizumab and decreased lipid droplet production in CRC

cells. Additionally, OPA3 reversed the bevacizumab-induced lipid droplet production in CRC cells, thereby increasing

CRC cell sensitivity to bevacizumab treatment. Conclusion: This study suggests that OPA3 modulates lipid

metabolism in CRC cells and reduces resistance to bevacizumab in CRC cells. Therefore, OPA3 may be a potential

therapeutic target against the AAD resistance in CRC.

Introduction

Based on the most recent data published by GLOBOCAN
(https://gco.iarc.fr/), China experienced an approximate total
of 555,477 newly diagnosed cases of colorectal cancer (CRC)
and 286,162 fatalities associated with CRC in 2020 [1–3].
Effective strategies to reduce the burden of CRC are
urgently needed. Angiogenesis is crucial to tumor growth,
since it results in the formation of new blood vessels.
Factors that regulate angiogenesis include vascular
endothelial growth factor (VEGF), platelet-derived
endothelial cell growth factor (PD-ECGF), angiopoietin,
thrombin sensitivity element (TSP), and erythropoietin-
producing hepatocellular receptor (Eph) [4,5]. Blocking the
pathologic angiogenesis is indicated to contribute to CRC
therapy with improved survival outcomes [6].

Antiangiogenic drugs (AADs), such as bevacizumab,
inhibit VEGF signaling to prevent new blood vessel
formation in the tumor microenvironment, ultimately
limiting the supply of nutrients and oxygen in tumor
growth [7]. As one of the representative AADs and the first
anti-angiogenic monoclonal antibodies approved in the
world, bevacizumab has been extensively utilized in the
treatment of various malignancies [8]. However, high
concentrations of bevacizumab have been shown to induce
drug resistance in cancer cells, resulting in the activation of
VEGF signaling and tolerance to hypoxia in CRC [9,10].

In recent years, cancer has been increasing recognized as
metabolic disorders with dysregulated lipid metabolism [11].
Increased lipid uptake, storage, and lipogenesis are seen in
different types of cancers, contributing to the advancement
of tumors. A lipid droplet (LD) is an organelle that affects
the cell physiology in diverse aspects such as energy storage
and response to cellular stress [12], and LD accumulation is
one of the metabolic characteristics associated with cancer
[13]. Lipid metabolism is crucial in cancer resistance, as
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higher lipid levels can lead to the formation of cancer stem
cells [14]. Additionally, AADs are revealed to cause tumor
hypoxia, leading to the uptake of free fatty acids and fatty
acid oxidation, and targeting the lipid metabolic pathways
can potentially reduce AAD resistance and improve the
treatment efficacy [15,16]. The outer mitochondrial
membrane lipid metabolism regulator OPA3 (OPA3) is
implicated in the regulation of lipid metabolism, linking
lipid uptake with lipid storage in the liver [17,18]. However,
whether OPA3 affects the bevacizumab resistance in CRC
remains unknown.

Based on these findings, we hypothesize that OPA3 may
reverse the resistance of CRC cell lines to bevacizumab by
modulating LD production. Our study results may offer new
perspectives on developing therapeutic strategies to combat
AAD resistance in CRC.

Materials and Methods

Bioinformatics analysis
OPA3 protein expression was analyzed in 97 CRC primary
tumor samples and 100 normal tissues using UALCAN
(http://ualcan.path.uab.edu/), which utilized data from the
Clinical Proteomic Tumor Analysis Consortium (CPTAC)
dataset for colorectal cancer.

Cell culture and treatment
Human normal colon mucosal epithelial cell line (NCM460)
was purchased from Gibco Biological (CM-H203, Shanghai,
China). Human CRC cell line SW480 was purchased from
ABIOWELL (AW-CCH107, Changsha, China). Human
CRC cell lines (HCT-8, Caco-2 and HCT-116) were
purchased from MED-BIO-CHEM (CLH0095-RT;
CLH0041-RT; CLH0090-RT, Shanghai, China). The
American Type Culture Collection (ATCC, Manassas,
Virginia, USA) provided the human umbilical vein
endothelial cells (HUVECs, PCS-100-010) that we used. At
37°C, with 5% CO2 and 95% air, all cells were grown in
Roswell Park Memorial Institute (RPMI)-1640 media
(#11875093, Gibco, Carlsbad, CA, USA) + 10% Fetal Bovine
Serum (FBS, #A3161001C, Gibco, Carlsbad, CA, USA) +1%
penicillin–streptomycin (#15140163, Gibco, Carlsbad, CA,
USA). To generate a resistance model, 250 μg/mL of
bevacizumab (A0420B, purity, 95%, Meilunbio, Dalian,
China) was employed.

Cell transfection
SW480 and HCT-116 cells (2.5 × 105) were grown in 6-well
plates overnight. For OPA3 overexpression, lentiviral OPA3
overexpression vectors (Over-OPA3) were designed and
synthesized by Abace Biotechnology (Beijing, China) based
on the pLenti-CMV-puro backbone. The Over-OPA3 and
lentiviral blank control (Over-NC) were transfected into
SW480 and HCT-116 cells using Lipofectamine 2000
transfection reagent (#11668019, Invitrogen, Carlsbad, CA,
USA) following manufacturer’s instructions. Cells were
infected with lentivirus with 8 µg/ml polybrene (#ST1380,
Beyotime, Shanghai, China). After 36 h, 0.7 μg/mL
puromycin (#ST551, Beyotime) was added to select the

infected cells, and the overexpression efficacy was examined
using quantitative real-time polymerase chain reaction
(qRT‒PCR).

qRT‒PCR
TRIzol� reagent (15596018, ThermoFisher, USA) was
employed to isolate RNA, which was subsequently reverse
transcribed into cDNA utilizing an iScriptTM cDNA
Synthesis Kit (1708890, Bio-Rad Laboratories, USA).
Following this, PCR was conducted using SYBRTM Green
HiScript� III RT SuperMix (R323, Vazyme, China), with
three cycles consisting of repeats. PCR results were
calculated using the 2−ΔΔCT method with GAPDH as the
internal control. Sequences of primers were Human OPA3:
F: 5′-AGTGTATCACTGGGTGGAG-3′, R: 5′-GATGAAG
ATGGTGGCTTCG-3′; Human lysophosphatidylcholine
acyltransferase 2 (LPCAT2): F: 5′-TCTACGCCCGG
CTCAACTAT-3′, R: 5′-GACAATCTGGACCCGCCTC-3′;
Human perilipin 2 (PLIN2): F: 5′-GTTGATCCACAACCG
AGTG-3′, R: 5′-TAGGCTGAGGACATGAGGT-3′; Human
vascular endothelial growth factor A (VEGF): F: 5′-TCA
CCAAGGCCAGCACATAG-3′, R: 5′-GGCTCCAGGGCA
TTAGACAG-3′; Human GAPDH: F: 5′-TCAAGATCATCA
GCAATGCC-3′, R: 5′-CGATACCAAAGTTGTCATGGA-3′.

Western blot
Proteins were prepared according to standard protocols. They
were denatured and covered by SDS‒PAGE and loaded on
polyvinylidene fluoride membranes (IEVH85R, Millipore,
USA). Quantitative analysis was performed using a BCA
Protein Assay Kit (23225, ThermoFisher, USA). Primary
antibodies were added and cultured with the membranes at
4°C overnight and then mixed with secondary antibody
(ab7090, 1/1000, Abcam, Cambridge, UK) for 1 h at room
temperature. The bands were visualized using BeyoECL Plus
(P0018M, Beyotime, China). The primary antibodies
(Abcam, UK) used included anti-OPA3 (ab69163, 1/1000),
anti-lysophosphatidylcholine acyltransferase 2 (LPCAT2,
ab224244, 1/1000), anti-perilipin 2 (PLIN2) (ab108323,
1/1000) and GAPDH (ab9484, 1/1000).

Immunofluorescence
The cell lines NCM460, SW480, HCT-8, Caco-2, and HCT-116
were prepared, fixed for 15 min with 4% paraformaldehyde
(#P0099, Beyotime Institute of Biotechnology, Shanghai,
China), and then treated for 20 min with 0.5% Triton X-100
solution (#ST797, Beyotime Institute of Biotechnology,
Shanghai, China). Following that, the cells were blocked for
30 min at room temperature using regular goat serum
(#16210064, Gibco, USA). Anti-OPA3 antibody (ab230205,
1/200, Abcam, UK) was cultivated in cells for an overnight
period at 4°C. Subsequently, the cells were incubated with
secondary antibodies (ab150075, Abcam, UK) and the nuclei
were stained with DAPI solution (62248, ThermoFisher,
USA) following three rounds of washing in phosphate-
buffered saline (PBS) containing 0.05% Tween 20
(PBST). Following a one-hour incubation period at room
temperature, the samples were washed three times with PBST
and then once more with distilled water. The findings were
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examined under a fluorescent microscope (Olympus IX73,
Japan) upon sealing.

Colony formation assay
HCT-116 and SW-480 cells transfected with OPA3/NC were
placed in 6-well plates. The cells were cultivated for a period
of 14 days, with the media being replaced every 3 days.
Following colony formation, cells were treated with 4%
paraformaldehyde (#P0099, Beyotime Institute of
Biotechnology, Shanghai, China) for fixation and stained
with crystal violet dye solution (C0121, Beyotime Institute
of Biotechnology, Shanghai, China). Cells were imaged and
the number of colonies was counted manually.

Flow cytometry
An Annexin V-FITC/PI Apoptosis Detection Kit (#A211-01,
Vazyme, Nanjing, Jiangsu, China) was used to measure the
apoptosis of CRC cells. After using pancreatic enzymes
without EDTA (#C0205, Beyotime Institute of
Biotechnology, Shanghai, China) to digest the cells, the cells
were centrifuged (SW41 rotor; Beckman Coulter, Inc., CA,
USA) twice at 4°C for 5 min at 1000 rpm. After removing
the supernatant, the cells were collected at a certain
concentration (106/mL) and thrice washed with cold PBS.
Subsequently, the cells were reconstituted in 100 μL 1 ×
Binding Buffer, along with 5 μL FITC-conjugated Annexin
V and 5 μL propidium iodide (PI) and allowed to incubate
for 10 min at room temperature under dark conditions. The
cells were then put on ice and extra PBS was added. Within
an hour, the findings were seen with BD FACS Aria II flow
cytometry (BD Biosciences, San Jose, CA, USA).

Tube formation assay
A 96-well plate was coated with Matrigel (#354149, Corning,
Inc., NY, USA) for one hour at 37°C. In a 5:1 coculture,
human umbilical vein endothelial cells (HUVECs) and SW-
480/HCT-116 cells were used. The cells were then put to the
solidified Matrigel gel (#354149, Corning, Inc., NY, USA)
after being resuspended in a single-cell suspension at 1.5 ×
105/mL in mixed media. After a 24-h incubation period at
37°C, the plate was examined under a light microscope
(Olympus BX53, Tokyo, Japan) to detect any alterations
related to angiogenesis.

High-performance liquid chromatography-tandem mass
spectrometry (HPLC‒MS/MS)
To analyze the lipids in the cells, the Folch method was used to
extract the lipids after 72 h of transfection [19]. Internal
standards were set for lysophosphatidylcholine (LPC) and
phosphatidylcholine (PC). The lipids were solubilized in a
CHCl3/MeOH/H2O (60/40/4.5) mixture and analyzed using
a Zorbax RX-C18 1200 HPLC (Agilent Technologies), along
with 1200 HPLC (Agilent Technologies) using a binary
gradient as previously described [20]. A QQQ 6460 mass
spectrometer (Agilent Technologies) was used for positive
electrospray ionization mass spectrometry, and Agilent
MassHunter Workstation software was used to analyze the
chromatograms. The concentrations of PC and LPC were
expressed as pmoles/µg, and calculated as the peak ratio of
PC/LPC to the internal standard.

Triglyceride quantification
To quantify the triglyceride level, cells were washed with
precooled PBS and incubated with isopropanol to isolate the
lipids. The extracts were dissolved in a mixture of 1% Triton
X-100 in chloroform (PHR1552, Sigma-Aldrich, USA) and
dried before being dissolved in water for 1 h at 55°C. A
triglyceride assay kit (BC0625, Solarbio, Beijing, China) was
used to calculate the triglyceride level, which was expressed
as μg/mg of protein.

LD isolation
To isolate the LDs, the confluent monolayers were
homogenized in Tris-NaCl-EDTA (TNE) buffer (#351-302-
101, Quality Biological, MD, USA) and centrifuged. The
postnuclear supernatant was moved to an ultracentrifuge
tube and a stepwise gradient sample was prepared. The
sample was centrifuged at 4°C and 28,000 rpm using the
Beckman SW41 rotor (Beckman Coulter, Inc., CA, USA) for
2 h, and the LD fraction was collected using a Pasteur
pipette. The LD fraction was washed with TNE (pH 11) and
precipitated by MeOH/CHCl3. Then the fraction was mixed
with Radio Immunoprecipitation Assay (RIPA) buffer
(#P0013E, Beyotime Institute of Biotechnology, Shanghai,
China) for quantification.

Statistical analysis
Data processing was performed with SPSS 22.0. At least three
experimental replicates were conducted and each biological
sample was run in triplicate. Variable data were expressed as
the mean ± standard deviation (SD). After normalization,
Student’s t test and one-way Analysis of Variance
(ANOVA) were used for comparisons between groups. p <
0.05 indicated statistical significance.

Results

OPA3 is downregulated in CRC
The expression of OPA3 was reduced in CRC, as observed from
the analysis of Clinical Proteomic Tumor Analysis Consortium
(CPTAC) samples in the UALCAN database. The expression of
OPA3 was markedly minimal in primary tumors of CRC
compared to the normal samples (Fig. 1A). The significant
reduction of OPA3 expression in CRC cells was also
demonstrated by both qRT‒PCR and Western blot tests (Figs.
1B and 1C). Immunofluorescence assays reaffirmed that the
OPA3 is mainly located in the cell nuclei, and its expression
showed a substantial decrease in CRC cells, particularly in
SW-480 and HCT-116 cell lines, which displayed the greatest
reduction (Fig. 1D). For further experiments, these two cell
lines were chosen as in vitro models. When treated with
bevacizumab, the relative expression of OPA3 increased in
both SW-480 and HCT-116 cells, reaching a peak at 24 h,
and then reduced (Fig. 1E). Collectively, these data show that
OPA3 is downregulated in CRC tissues and cells, and is
upregulated in response to bevacizumab treatment.

OPA3 suppresses CRC cell proliferation, enhances apoptosis,
and represses the angiogenesis of HUVECs
To examine the functional significance of OPA3 in CRC,
we transfected SW-480 and HCT-116 cell lines with
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Over-OPA3/NC (overexpression efficiency shown in Fig. 2A)
and confirmed significant upregulation of OPA3 protein
expression in the Over-OPA3 group using Western blot
(Fig. 2B). The number of CRC cell colonies declined in the
Over-OPA3 group, indicating suppressed cell proliferation
after OPA3 overexpression (Fig. 2C). Flow cytometry
analysis showed a boosted apoptotic rate in the Over-OPA3
group (Fig. 2D). The tube formation assay showed that
overexpressing OPA3 markedly inhibited the tube-forming
ability of HUVECs when cocultured with CRC cells, leading
to a reduction in the number of loops (Fig. 2E). Our
findings show that OPA3 suppresses CRC cell proliferation,
enhances apoptosis, and represses angiogenesis, suggesting it
as a promising therapeutic target for CRC.

OPA3 reverses the resistance of CRC cells to bevacizumab
Over-OPA3/NC was transfected into bevacizumab-resistant
SW-480 and HCT-116 cell lines in order to examine the role
of OPA3 in CRC resistance to bevacizumab. Our findings
demonstrated that overexpression of OPA3 reversed the
resistance of CRC cells to bevacizumab, thereby enhancing
the medication’s efficacy. We observed a reduction in the
quantity of colonies in the bevacizumab group, as
determined by colony formation assays; this reduction was
further accentuated by transfection with Over-OPA3
(Fig. 3A). The flow cytometry analysis demonstrated a
substantial increase in the apoptotic rate induced by
bevacizumab treatment; this was further augmented through

the overexpression of OPA3 (Fig. 3B). As displayed in
Fig. 3C, the overexpression of OPA3 substantially reduced
the number of loops in the bevacizumab group in
comparison to the bevacizumab treatment group that
received only bevacizumab. This finding suggests that
bevacizumab has an anti-angiogenic effect. Based on these
results, OPA3 may represent a viable target for ameliorating
bevacizumab resistance and enhancing the therapeutic
efficacy of the drug in colorectal cancer cells.

OPA3 reduces LD production in CRC cells
Cellular lipids are stored and metabolized by LDs, which are
critical for cancer development [21]. To investigate the
impact of OPA3 on LD production, we examined the levels
of PC and LPC, which are key components of the
phospholipid monolayer of LDs [22,23]. We found that
overexpression of OPA3 considerably diminished the levels
of PC in both cell lines SW-480 and HCT-116, while LPC
levels were not affected (Figs. 4A and 4B). Furthermore,
although triglyceride levels did not show a significant
difference in the Over-OPA3 group (Fig. 4C), the number of
LDs was markedly lowered after OPA3 overexpression
compared to the control group (Fig. 4D). These data
provide credence to the possibility that OPA3 contributes to
the regulation of LD in CRC cells.

Further analysis of LD metabolism was performed by
determining the expression of two primary regulators,
LPCAT2 and PLIN2. LPCAT2 is involved in controlling the

FIGURE 1.Decreased expression of outer mitochondrial membrane lipid metabolism regulator OPA3 (OPA3) in colorectal cancer (CRC). (A)
In the UALCAN database, OPA3 expression patterns were observed in colon cancer tissues and normal tissues. (B) Comparison of OPA3 levels
in human normal colon mucosal epithelial cell line (NCM460) and CRC cell lines (SW-480, HCT-8, HCT-116, cao-2) using qRT‒PCR analysis.
(C) OPA3 expression was detected by Western blot in NCM460, SW-480, HCT-8, HCT-116, and cao-2 cell lines. (D) Assessment of OPA3
protein expression in NCM460, SW-480, HCT-8, HCT-116, and cao-2 cell lines via immunofluorescence (Bar: 50 μm). (E) qRT‒PCR analysis
was carried out to monitor the relative expression of OPA3 in SW-480 and HCT-116 cells after bevacizumab treatment for 0, 6, 12, 24, and
48 h. The data are presented as the mean ± standard deviation (n = 3). **p < 0.01, ***p < 0.001.
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growth and stability of LDs [20], and PLIN2 is regarded as a
metabolic activity indicator in cells and an essential element
for LD formation [24]. qRT-PCR results showed a notable
reduction in the expression of LPCAT2 and PLIN2 in SW-
480 and HCT-116 cells following transfection with Over-
OPA3 (Fig. 4E). Additionally, Western blot analysis
confirmed a decline in the protein levels of LPCAT2 and
PLIN2 upon overexpression of OPA3 (Fig. 4F). From these
observations, it can be inferred that OPA3 might contribute
to the reduction of LD generation in CRC cells via the
downregulation of LPCAT2 and PLIN2 expression.

OPA3 reverses bevacizumab-induced LD production in CRC
cells
CRC resistance to AAD is linked to lipid metabolism. AADs
are said to boost the reduction of oxygen and nutrients in
tumor growth by aiding the transition from relying on
glucose to relying on lipids for metabolism [25]. To explore
the association between the inhibitory impact of OPA3 on
LDs and the resistance of SW-480 and HCT-116 cell lines to
bevacizumab, we evaluated the quantities of PC, LDs,
LPCAT2, and PLIN2 in cells exposed to bevacizumab/NC

treatment. The treatment with bevacizumab resulted in
elevated PC levels in comparison to the control group.
Conversely, this rise was markedly counteracted by the
OPA3 overexpression (Fig. 5A). In addition, LDs were
enhanced in the over-NC + bevacizumab group compared
to the over-NC + control group but were reduced in the
Over-OPA3 + bevacizumab group compared with
bevacizumab treatment alone (Fig. 5B). Both LPCAT2 and
PLIN2 mRNA and protein expression levels in SW-480 and
HCT-116 cell lines was elevated due to bevacizumab
treatment, and OPA3 overexpression was demonstrated to
reverse the bevacizumab-induced up-regulation of LPCAT2
and PLIN2 mRNA and protein in SW-480 and HCT-116
cell lines (Figs. 5C and 5D). In addition, we measured
VEGF levels in HUVECs cocultured with SW-480 and
HCT-116 cells, and it was found that overexpression of
OPA3 substantially diminished VEGF levels (Fig. 5E).
Moreover, we also demonstrated that OPA3 overexpression
enhanced the bevacizumab-induced downregulation of
VEGF in HUVECs (Fig. 5F). These results indicate that
OPA3 reverses bevacizumab-induced LD production in
CRC cells.

FIGURE 2. Impact of OPA3 on CRC cell growth, apoptosis, and the angiogenic capacity of human umbilical vein endothelial cells (HUVECs).
The role of OPA3 in CRC development in vitro was studied using SW-480 and HCT-116 cell lines transfected with Over-OPA3/NC. (A)
Quantitative assessment of OPA3 mRNA expression levels in SW-480 and HCT-116 cell lines with Over-OPA3/NC transfection using
qRT-PCR. (B) Protein levels of OPA3 post-Over-OPA3/NC transfection analyzed by Western blot. (C) Number of colonies of cells with
Over-OPA3/NC transfection was counted in colony formation assays. (D) Rate of apoptosis post-Over-OPA3/NC transfection analyzed by
flow cytometry. (E) Tube formation ability of SW-480 and HCT-116 cell lines cocultured with CRC cells following Over-OPA3/NC
transfection was evaluated using a tube formation assay. The data are presented as the mean ± standard deviation (n = 3). **p < 0.01,
***p < 0.001.
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Discussion

CRC typically occurs in a lipid-rich environment, and recent
research suggests that lipid metabolism is specifically altered
in CRC. The amount and make-up of oxylipins, fatty acids,
triacylglycerols, and polar lipids are possible biomarkers for
the detection of CRC [26]. Studies have shown that
signatures of triglyceride species differentiate tumor tissue
from normal tissue, with increased levels of lipogenic
enzymes [27–30]. OPA3 is reported as a relevant regulator
of lipid metabolism [18]. We further investigated the
regulation of LDs via OPA3 and its role in CRC
development. Our results indicate that overexpression of
OPA3 suppressed cell proliferation and increased the
apoptotic rate in CRC. Additionally, OPA3 overexpression

also reduced the production of LDs in CRC cells and
increased the sensitivity of CRC cells to bevacizumab.

Overexpression of OPA3 significantly reduced the ability
of HUVECs cocultured with SW-480 and HCT-116 cells to
form tubes, as measured by the number of loops. This
reduction was comparable to the original anti-angiogenic
efficacy of bevacizumab, suggesting that OPA3 has the
potential to overcome bevacizumab resistance. Evidence
suggests that bevacizumab resistance is linked to kinase
signaling [31], and several molecules have been identified to
promote bevacizumab resistance in non-small cell lung
cancer, such as estrogen and hypoxia [32,33]. This is the
first study to demonstrate a connection between OPA3 and
resistance to bevacizumab in CRC. In the tube formation
assays, the number of loops observed in the bevacizumab

FIGURE 3. Effects of OPA3 on bevacizumab resistance in CRC cells. (A) Colony formation assays were carried out to evaluate the proliferation
post-bevacizumab/NC treatment and Over-OPA3/NC transfection. (B) SW-480 and HCT-116 cell lines were treated with bevacizumab/NC
and transfected with Over-OPA3/NC and their apoptosis rate was determined using flow cytometry. (C) Tube-formation ability was assessed
by tube formation assay in cell lines treated with bevacizumab/NC and transfected with Over-OPA3/NC. The data are presented as the mean ±
standard deviation (n = 3). **p < 0.01, ***p < 0.001.
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group was further decreased by overexpression of OPA3,
suggesting that OPA3 can reverse the resistance of CRC
cells to bevacizumab and enhance its anti-angiogenic efficacy.

In addition to inhibiting insulin-like growth factor1,
OPA3 is also an inhibitor of postnatal growth retardation
and hepatic steatosis [18]. Therefore, we conducted further
assays to investigate the regulatory mechanism behind
OPA3-mediated bevacizumab resistance, particularly with
respect to LD-related markers. A higher level of PC was
detected in bevacizumab-treated cells compared with
controls. However, the overexpression of OPA3 significantly
mitigated this increase. The increase in LDs induced by
bevacizumab treatment was significantly reversed by

overexpressing OPA3. The levels of LPCAT2 and PLIN2
mRNA and protein increased in the bevacizumab group
were also counteracted after OPA3 overexpression. The
collected data indicate that OPA3 reduces bevacizumab
resistance by restraining the irregular formation of LDs in
CRC cells.

Fundamentally, bevacizumab antagonizes the VEGF
released by endothelial cells [34,35]. A study on brown fat
in neonatal mice suggested that LD accumulation was a
concurrent phenomenon of decreased VEGF levels in
interscapular brown adipose tissue injected with an anti-
VEGF antibody [36]. The AADs promotes the switch from
glucose-dependent to lipid-dependent metabolism, and

FIGURE 4. The role of OPA3 in lipid droplet (LD) formation in CRC cells. (A) Phosphatidylcholine (PC) levels in SW-480 and HCT-116 cell
lines post-Over-OPA3/NC transfection, denoted as protein content per sample. (B) Lysophosphatidylcholine (LPC) level per sample after
Over-OPA3/NC transfection. (C) Triglyceride content per sample post-Over-OPA3/NC transfection. (D) Number of LDs per cell
following Over-OPA3/NC transfection. (E) qRT‒PCR measurement of lysophosphatidylcholine acyltransferase 2 (LPCAT2) and perilipin 2
(PLIN2) mRNA post-Over-OPA3/NC transfection. (F) After Over-OPA3/NC transfection, SW-480 and HCT-116 cells were evaluated by
Western blotting for the expression of LPCAT2 and PLIN2. The data are presented as the mean ± standard deviation (n = 3). *p < 0.05,
**p < 0.01, ***p < 0.001.
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thereby affecting the genes in the lipid metabolism pathway.
In our study, we found that OPA3 overexpression markedly
impaired VEGF in HUVECs and enhanced the

bevacizumab-induced reduction in VEGF expression in
HUVECs. The anti-angiogenic therapy targeting VEGF can
induce the alteration in lipid metabolism in tumor, and the

FIGURE 5. The effects of OPA3t on bevacizumab-induced LD production in CRC cells. (A) PC content per sample in SW-480 and HCT-116
cell lines transfected with Over-OPA3/NC and treated with bevacizumab/NC. (B) After transfection with Over-OPA3/NC and treatment with
bevacizumab/NC, SW-480 and HCT-116 cells were evaluated for number of LDs per cell. (C) The expression of LPCAT2 and PLIN2 mRNA in
SW-480 and HCT-116 cell lines transfected with Over-OPA3/NC and treated with bevacizumab/NC was investigated by qRT-PCR. (D) After
Over-OPA3/NC transfection and bevacizumab/NC treatment, in SW-480 and HCT-116 cell lines were analyzed by Western blotting for
LPCAT2 and PLIN2 protein expression. (E) HUVECs cocultured with SW-480 and HCT-116 cell lines transfected with Over-OPA3/NC
were analyzed using qRT-PCR to detect VEGF expression. (F) The expression of VEGF in HUVECs was detected through qRT-PCR
analysis after Over-OPA3/NC transfection and bevacizumab/NC treatment in combination with SW-480 and HCT-116 cell lines. The data
are presented as the mean ± standard deviation (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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lipid metabolic reprograming is associated with the treatment
resistance in cancer [37–39]. This may explain why OPA3
reverses resistance to bevacizumab by reducing LD
production. However, alterations in LD number and
triglyceride level did not completely match, raising questions
for future studies on whether OPA3 reduces LD production
by interfering with the lipid storage ability of CRC cells
[40,41] or accelerating lipolysis [42].

We also acknowledge that this study had some
limitations. First, the role of OPA3 was only explored using
two CRC cell lines due to the relatively lower expression
pattern, and its effects on other CRC cell lines were unclear.
Second, involvement of OPA3 in CRC tumor growth as well
as bevacizumab resistance in vivo remains unclear. Third,
the altered lipid metabolism reflects one aspect of the
mechanism related to bevacizumab resistance, and the
potential mechanisms of OPA3 to regulate VEGF expression
against bevacizumab resistance in CRC are not fully
understood.

In conclusion, OPA3 is a differentially expressed gene in
CRC with anti-tumor effects on CRC cell proliferation and
apoptosis. OPA3 also reverses the resistance of CRC cell
lines to bevacizumab by regulating LD production, which
might provide a new therapeutic target against bevacizumab
resistance in CRC.
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