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Abstract
Background  Patients with colorectal cancer (CRC) harboring BRAF mutation have a poor prognosis. The median 
survival time for patients with advanced BRAFV600E-mutant CRC is only approximately one year. Owing to the 
insensitivity to standard chemotherapy, there are still no effective and highly specific treatment strategies available 
in clinical practice for CRC patients with BRAF mutation. Therefore, targeting the BRAFV600E mutation site, researching 
and exploring novel targeted therapies are essential to improve the survival rate of patients with this CRC subtype.

Aim  This study aims to develop a precise therapeutic system for BRAFV600E CRC, based on the carrier properties of 
extracellular vesicles (EVs) and gene therapy targeting BRAFV600E.

Method  We first obtained engineered cells capable of stably producing EVs loaded with BRAFV600E nucleic acid 
drugs (siBRAFV600E). Next, BRAFV600E-mutant and wild-type CRC cell lines, as well as corresponding subcutaneous and 
metastasis models, were used to evaluate the therapeutic efficacy of EVs-siBRAFV600E and explored the mechanism. 
Notably, patient-derived xenograft (PDX) models, which share the same molecular characteristics, pathological 
features, and heterogeneity as patients do, were utilized to further explore the therapeutic efficacy and mechanisms.

Result  EVs-siBRAFV600E specifically inhibited BRAFV600E CRC but didn’t affect BRAF wild-type CRC in vitro and vivo. EVs-
siBRAFV600E exerts its therapeutic effect by regulating the MEK1/2-ERK1/2 pathway, and it has demonstrated excellent 
therapeutic efficacy in PDX models.

Conclusion  The therapeutic EVs we constructed are effective and specific for the BRAFV600E-mutant CRC. This study 
provides a novel strategy for the treatment of CRC patients with BRAFV600E mutation.
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Background
Colorectal cancer (CRC) is one of the most common 
malignant tumors and is also a heterogeneous dis-
ease with subtypes characterized by genetic mutations. 
Approximately 10-20% of CRC patients harbor BRAF 
gene mutations, with a portion corresponding to a muta-
tion at codon 600 in exon 15, known as the BRAFV600E 
mutation [1–6]. With this mutation, the activity of the 
BRAF gene-encoded product is significantly enhanced 
compared with that of the wild type, allowing it to con-
tinuously promote excessive cell proliferation without 
the need for cytokine stimulation, thereby inducing 
tumor development and metastasis [3, 7]. Since CRC 
patients with the BRAFV600E mutation are insensitive 
to chemotherapy, their prognosis is very poor, present-
ing a significant challenge in current clinical treatment 
[8–10]. Therefore, the treatment of CRC patients with the 
BRAFV600E mutation is highly important for both basic 
research and clinical translation.

BRAF, as a member of the RAF family, along with 
MEK1/2 and ERK1/2, forms the RAF-MEK-ERK (MAPK) 
signaling pathway, which plays a central role in regulating 
processes such as cell proliferation, differentiation, cell 
cycle, and apoptosis [11, 12]. BRAF directly phosphory-
lates and activates MEK1/2 through its kinase activity and 
is negatively regulated by the MEK1/2-ERK1/2 feedback 
loop. BRAF mutations lead to the failure of the MAPK 
signaling pathway’s regulatory mechanisms, resulting in 
aberrant, sustained activation [13]. The MAPK signaling 
pathway is a crucial pathway for transmitting extracellu-
lar signals, such as those from cytokines, hormones, and 
cellular stress, into the cell. Dysregulation of this pathway 
is closely associated with abnormal activation and poor 
prognosis in various human cancers [11, 12]. Studies have 
shown that abnormal activation of the MEK1/2-ERK1/2 
signaling pathway promotes the proliferation and metas-
tasis of CRC [14, 15]. As the primary signaling pathway 
activated by BRAF, the MEK1/2-ERK1/2 pathway is 
also the main mechanism of action for BRAF targeted 
drugs [16]. Furthermore, the MEK1/2-ERK1/2 pathway 
is related to resistance to BRAF inhibitors. Reactivation 
of the MEK1/2-ERK1/2 pathway is one of the primary 
reasons for BRAF inhibitor resistance. This reactiva-
tion is mainly caused by the increased presence of BRAF 
dimers, which are insensitive to BRAF inhibitors, and 
feedback regulation leading to upregulation of epider-
mal growth factor receptor (EGFR) [13, 17]. Combining 
BRAF inhibitors with MEK or ERK inhibitors is currently 
the main therapeutic strategy to overcome resistance in 
patients with BRAF mutations [18].

The standard chemotherapy drugs for treating CRC 
mainly include 5-FU, irinotecan, and oxaliplatin. These 
therapies have a median survival time of approximately 
17–23 months [19–21]. For CRC patients with the 
BRAFV600E mutation, the median survival time with 
first-line chemotherapy is only approximately 11months 
[9, 10]. Therefore, chemotherapy alone has very limited 
efficacy for advanced CRC patients with the BRAFV600E 
mutation. Currently, BRAF inhibitors, such as vemu-
rafenib and encorafenib, have been developed. However, 
monotherapy with BRAF inhibitors does not yield sat-
isfactory outcomes for patients with BRAFV600E CRC. 
One study reported that the response rate of BRAF-
mutant CRC patients treated with vemurafenib was 
only 4.8% [22]. In another study, no cases of complete or 
partial response were observed in advanced BRAFV600E 
CRC patients treated with encorafenib [23]. The poor 
efficacy of BRAF inhibitors in CRC is due to their abil-
ity to only transiently suppress the phosphorylation of 
the key kinase MEK1/2. Subsequently, BRAF inhibitors 
cause rapid feedback activation of epidermal growth fac-
tor receptor (EGFR), leading to the bypass of the effects 
of BRAF inhibitors [17]. Therefore, chemotherapy and 
BRAF inhibitor monotherapy are not effective in treating 
CRC with the BRAFV600E mutation.

Gene therapy, such as small interfering RNA (siRNA) 
drugs, has the potential to achieve breakthroughs in 
treating tumor subtypes with genetic mutations, such 
as the BRAF V600E mutation. However, on the one hand, 
siRNAs require appropriate delivery vectors to exert their 
effects. On the other hand, siRNAs can easily lose activ-
ity during the complex preparation process. Extracellular 
vesicles (EVs) are novel drug delivery vehicles derived 
from cells. Owing to the surface molecules they naturally 
carry, EVs can evade clearance by the immune system, 
allowing them to transport drugs over long distances 
within the body under pathological conditions [24, 25]. 
EVs not only protect the drugs they carry but also, owing 
to their endogenous characteristics, enable the delivery 
of the loaded drugs into cells without disrupting the cell 
membrane, allowing nucleic acid drugs to perform gene 
therapy functions [24, 26]. Therefore, by developing cell-
derived EV-based therapeutic agents that load nucleic 
acid drugs, leveraging their drug protection properties 
and enhancing the permeability and retention (EPR) 
effect [26, 27], targeted delivery of nucleic acid drugs can 
be supported.

In this study, we developed a therapeutic system tar-
geting CRC with the BRAFV600E mutation. By preparing 
engineered cell factories for large-scale production, we 
obtained a therapeutic agent of EVs that encapsulates 
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nucleic acid drugs that specifically target the BRAFV600E 
gene mutation site. This therapeutic system is based on 
the specific regulation of BRAF-MEK1/2-ERK1/2 signal-
ing pathway activity in tumor cells, providing treatment 
for CRC with the BRAFV600E mutation. We validated 
the therapeutic efficacy and mechanism of action of this 
therapeutic system through CRC cell line-derived xeno-
graft (CDX) models, metastasis models, and patient-
derived xenograft (PDX) models (Fig. 1). We explored an 
effective treatment strategy for CRC with the BRAFV600E 
mutation, which also has potential for application in the 
treatment of other tumors with the BRAFV600E mutation, 
such as malignant melanoma and thyroid cancer.

Method
Cell culture and tissues
CRC cell lines, including RKO, HCT116, COLO320, and 
HT29, were purchased from the American Type Culture 

Collection (Manassas, VA, USA). Human embryonic 
kidney cells (HEK293T) were purchased from the Cell 
Bank of the Shanghai Academy of Chinese Sciences. 
The mutational status of the cell lines used in this study 
can be obtained from the Cancer Cell Line Encyclope-
dia database and a previous study. All the cell lines were 
maintained in Dulbecco’s modified essential medium 
(DMEM) or McCoy’s 5  A medium (Gibco BRL, Rock-
ville, MD) supplemented with 100  µg/mL streptomycin, 
100 U/mL penicillin and 10% fetal bovine serum (FBS; 
Gibco, NY, USA) and incubated at 37 °C in a 5% humidi-
fied CO2 atmosphere. The CRC tissues from the patients 
included in this study were obtained from surgical resec-
tion specimens of CRC patients treated at Sir Run Run 
Shaw Hospital (Hangzhou, Zhejiang, China), Zhejiang 
University, during the year 2024. This study was approved 
and monitored by the Ethics Committee of Sir Run Run 

Fig. 1  Schematic illustration of the therapeutic system based on EVs used for the delivery of nucleic acid drugs targeting gene mutation sites for the 
precise treatment of CRC with the BRAFV600E mutation. siBRAFV600E was transfected into HEK293T cells via a lentiviral vector to stably produce EVs carrying 
siBRAFV600E. After treatment with these EVs- siBRAFV600E, the BRAF-MEK1/2-ERK1/2 pathway was inhibited in CRC cells. Subcutaneous xenograft tumor 
models and metastasis models of CRC cell lines were used to validate the therapeutic effects and toxicity of the EVs-siBRAFV600E. The efficacy of the EVs-
siBRAFV600E was further confirmed via PDX models
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Shaw Hospital, Zhejiang University (Acceptance Num-
ber: 2024-2450-01).

shRNA lentiviral construction and stably infected cell 
cultivation
The siRNA sequence targeting the BRAFV600E mutation is 
5’-GCU ACA GAG AAA UCU CGA U-3’. This sequence 
was subsequently cloned and inserted into a lentiviral 
vector to construct a shRNA vector. Lentivirus produc-
tion was performed with a Lenti-Pac HIV package kit 
and Lipofectamine 3000 (Invitrogen, CA, USA) accord-
ing to the manufacturers’ instructions. After transfection, 
stable HEK293T, RKO and COLO320 cells were selected 
with puromycin (Gibco, Grand Island, NY, USA) for sev-
eral days, and the surviving cells were continuously cul-
tured as stable cells.

RNA extraction and quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from cells and extracellular 
vesicles via TRIzol reagent (Invitrogen) according to the 
manufacturer’s instructions. mRNA reverse transcription 
(RT) via an Evo M-MLV RT Master Mix Kit (Accurate 
Biotechnology, China), and siRNA RT via a miRNAFirst 
Strand cDNA Synthesis (Stem-loop Method) Kit (Sango 
Biotech, China). Quantitative PCR (qPCR) were per-
formed via a Hieff qPCR SYBR Green Master Mix Kit 
(Yeasen Biotechnology, China) according to the manu-
facturers’ instructions. Typically, amplification reactions 
were performed in a 10 µL reaction system containing 2× 
SYBR Green Premix, a 0.2 µM primer mixture and mod-
erate cDNA diluted with ddH2O. The thermal cycling 
profiles for qRT-PCR included heating at 95  °C for 30  s 
followed by 40 cycles at 95 °C for 5 s and 60 °C for 30 s, 
and the cDNA copy number was monitored via quan-
titative analysis of fluorescence emissions via a Roche 
LightCycler 480 II PCR instrument (Basel, Switzerland). 
The threshold cycle (Ct) represents the refraction cycle 
number at which a positive amplification reaction was 
measured. Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used as an internal standard control. The 
primer sequences used are shown in Supplementary 
Table 1. Expression was quantified via the 2−ΔΔct method.

Isolation and identification of extracellular vesicles
HEK293T cell culture media were harvested and centri-
fuged at 300× g and 3,000× g to remove cells and debris 
first. The supernatant was subsequently centrifuged 
at 10,000× g for 30  min, and larger shedding vesicles 
were discarded. Then, the supernatant was centrifuged 
at 110,000× g for 70  min and the pellet was retained. 
Finally, the pellet was washed with PBS and centrifuged 
at 110,000× g for 70  min again. EVs were contained in 
the pellet, which was resuspended in PBS. All steps were 
performed at 4  °C. A BCA protein assay kit (Beyotime, 

China) was used to determine the extracellular vesicle 
concentration. Nanoparticle tracking analysis (NTA) 
with a Zetasizer Nano (Malvernpanalytical, U.K.) and 
transmission electron microscopy (TEM) (JEOL, Japan) 
were used to identify EVs.

Measurement of EVs uptake in vitro and biodistribution in 
vivo
For EVs uptake in vitro, EVs were labeled with DiD (Bey-
otime, Shanghai, China), and cells were cultured with 
DiD-labeled EVs for 24  h. Then, the cells were washed 
thrice with PBS, fixed with 4% paraformaldehyde, and 
stained with DAPI (Beyotime, Shanghai, China). The cel-
lular uptake of EVs was observed under a fluorescence 
microscope (Leica, Germany).

To determine in vivo distribution of EVs, mice were 
intravenously injected with DiD-labeled EVs. After 24 h 
of intravenous injection, DiD fluorescence signals in the 
dissected tumor and organs (heart, liver, spleen, lung and 
kidneys) were captured using a spectrum in vivo imaging 
system (IVIS) (PerkinElmer, USA).

Western blotting (WB)
The cells were placed in a 6-well plate (1 × 106 cells per 
well) for 24 h. Then, the cells were treated with 2 mL of 
fresh complete medium supplemented with PBS, EVs-
NC, or EVs-siBRAFV600E for 24  h (the concentration of 
the extracellular vesicles was 50  µg/mL). After that, the 
cells were harvested for Western blot analysis as follows. 
The treated cells were washed with PBS and lysed in RIPA 
lysis buffer with phosphatase inhibitor cocktail and pro-
tease inhibitor cocktail (Sigma-Aldrich, Germany). The 
lysate samples were subsequently centrifuged at 12,000 × 
g for 15 min at 4 °C. A BCA protein assay kit (Beyotime, 
China) was subsequently used to determine protein con-
centrations. Next, all the samples were electrophoresed 
through a 10% Bis-Tris polyacrylamide gel. After that, 
the protein in the gel was transferred to a 0.45 μm poly-
vinylidene fluoride (PVDF) membrane (Millipore, USA). 
The PVDF membranes were blocked with TBST buffer 
containing 5% skim milk powder and incubated with the 
corresponding primary antibodies at 4 °C overnight. The 
primary antibodies used were against BRAF (ab33899, 
Abcam), MEK1/2 (11049-1-AP, Proteintech), phospho-
MEK1/2 (p-MEK1/2) (9154s, Cell Signaling Technology), 
p44/42 MAPK (ERK1/2) (4695s, Cell Signaling Technol-
ogy), phospho-p44/42 MAPK (p-ERK1/2) (4370s, Cell 
Signaling Technology), GAPDH (2118s, Cell Signal-
ing Technology), TSG101 (ab125011, Abcam), CD81 
(ab109201, Abcam) and CD63 (ab134045, Abcam). The 
membrane was subsequently hybridized with an HRP-
conjugated secondary antibody (D110058 and D110087; 
Sangon Biotech, China) for 60 min at room temperature 
with gentle rocking. An imaging system (GE, USA) with 
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a chemiluminescent ECL substrate (FD8030, Fudebio, 
China) was used to detect fluorescence signals on the 
PVDF membranes, and grayscale values were quantified 
via ImageJ.

Cell-counting Kit-8(CCK-8) assay
For cell viability, RKO, HT29, HCT116 and COLO320 
cells were cultured in complete medium containing PBS, 
EVs-NC or EVs-siBRAFV600E for 5 days. The concentra-
tions of EVs-NC and EVs-siBRAFV600E were 50  µg/mL. 
Every day, the cells were incubated with fresh medium 
containing 10% Cell-Counting Kit-8 solution (Boster Bio, 
China) per well for 1  h. A microplate reader (Bio-Rad 
680, USA) was used to measure the optical density of the 
mixture at 450 nm.

Wound-healing assay
Cell motility was assessed via a scratch wound assay. The 
cells were cultured in medium containing 10% FBS in 
6-well plates. When the cells reached 100% confluence, 
the cell monolayer was subsequently scratched with a 10 
µL pipette tip. The cells were washed twice with PBS and 
treated with 2 mL of fresh 1% FBS medium supplemented 
with PBS, EVs-NC, or EVs-siBRAFV600E for 24 h (the con-
centration of the extracellular vesicles was 50  µg/mL). 
The wounds were photographed under a microscope. The 
width of wound healing was quantified and compared 
with baseline values, and the results were expressed as 
the percentage of wound-healing. The wound-healing 
percentage was calculated as the migration distance/
scratch width×100%. Specifically, the migration distance 
equals the width at which the cell migrated over 24  h. 
The scratch width represents the distance at which the 
scratch was made at 0 h.

EdU assay
The cells were placed in 24-well plates (2 × 105 cells per 
well) with 0.5 mL of complete medium for 24  h. After 
that, the cells were treated with 0.5 mL of fresh com-
plete medium supplemented with PBS, EVs-NC, or EVs-
siBRAFV600E for 48  h (the concentration of extracellular 
vesicles was 50  µg/mL). Then, the cells were fixed with 
4% polymethanol for 20 min. Next, the cells were stained 
with a Cell-Light EdU In Vitro Kit (Ribobio, China) 
according to the manufacturers’ instructions. Images 
were acquired via fluorescence microscopy (Eclipse 
E6000; Nikon, Japan).

Flow cytometric analysis of apoptosis
The cells were placed in 6-well plates (5 × 105 cells per 
well) with 2 mL of complete medium for 24  h. After 
that, the cells were treated with 2 mL of fresh com-
plete medium supplemented with PBS, EVs-NC or EVs-
siBRAFV600E for 24  h (the concentration of extracellular 

vesicles was 50 µg/mL). The cells were subsequently har-
vested with EDTA-free trypsin. Finally, the cells were 
stained with an Annexin V-FITC/PI apoptosis kit (Multi-
Sciences, China) according to the manufacturers’ instruc-
tions, and detected with a DxFLEX flow cytometer 
(Beckman, USA).

Animal model
All the animal experiments were reviewed and approved 
by the Laboratory animal management and ethics 
committee of the Second Affiliated Hospital, Zheji-
ang University School of Medicine (approval number: 
2024 − 170). Human CRC cell-derived tumor xenograft 
models were developed via the subcutaneous injection of 
RKO cells (2 × 105 cells in 100 µL per mouse) into the left 
flank of female BALB/c nude mice. When the volume of 
tumors reached approximately 100 mm3(approximately 
7 days), 20  µg of different EVs (resuspended in 50 µL 
of PBS) or PBS was injected intravenously through the 
tail vein every 3 days. The volume of the tumors was 
measured and calculated every 3 days according to 
π/6×(length×width2). After treatment, the animals were 
sacrificed, and major organs, blood and tumor tissues 
were collected for further analysis. Lung and liver metas-
tasis models of human CRC were developed by injecting 
2 × 105 RKO cells labeled by luminescence into the tail 
vein and spleen of female BALB/c nude mice, respec-
tively. After the cells were injected for 7 days, 20  µg of 
different EVs (resuspended in 50 µL of PBS) or PBS was 
injected intravenously through the tail vein every 3 days. 
To image the tumors in live animals, the mice were anes-
thetized with isoflurane and intraperitoneally injected 
with 150  mg/kg D-luciferin (Yeason, China). After 
15  min, the tumor cells labeled by luminescence were 
imaged via a Spectrum in vivo imaging system (IVIS) 
(PerkinElmer, USA).

PDX model
This study involving human tumor tissues was approved 
by the institutional Ethics Committee of Sir Run Run 
Shaw Hospital, Zhejiang University. Fresh human can-
cer tissues were cut into approximately 1-3mm3 pieces 
and placed in the left flank of female BALB/c nude 
mice. When the volume of tumors reached approxi-
mately 100 mm3, 20  µg of different EVs (resuspended 
in 50 µL of PBS) or PBS was injected intravenously 
through the tail vein every 3 days. The volume of tumors 
was measured and calculated every 3 days according to 
π/6×(length×width2). Then, the animals were subse-
quently sacrificed, and tumor tissues were collected for 
further analysis.
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Histological analysis
The tumor tissues were fixed in 4% neutral buffered for-
malin for immunohistochemical (IHC) staining. To block 
endogenous peroxidase activity, the paraffin embedded 
tissue sections were incubated with 0.3% H2O2 for 30 min 
at room temperature. Then, 10% goat serum was used 
to block the sections for 30  min at room temperature. 
Next, the sections were incubated with different primary 
antibodies overnight at 4  °C. The primary antibod-
ies used were against BRAFV600E (ZA-0668, ZSGB-BO, 
China), KI67 (27309-1-AP, Proteintech), BRAF (ab33899, 
Abcam), and phospho-p44/42 MAPK (p-ERK1/2) (4370s, 
Cell Signaling Technology). Then, the sections were 
washed with PBS. After that, the sections were incubated 
with secondary antibody for 1  h at room temperature. 
Finally, the sections were observed via a microscope.

Statistical analysis
The data were presented as the means ± standard devia-
tions. Data in two groups were compared by two-tailed 
Student’s t-tests. The repeated measures ANOVA (Two-
way ANOVA) was used to analyze CCK-8 assays and 
tumor volume changes in vivo. One-way ANOVA fol-
lowed by Tukey test multiple comparisons was used to 
compare data in multiple groups. GraphPad Prism 8 soft-
ware was used for statistical analysis. The experimental 
group was the independent factor. Statistical significance 
was set at *p < 0.05, **p < 0.01, and ***p < 0.001.

Results
BRAF mutation is a poor prognostic factor in CRC
We used public databases to explore the relationship 
between BRAF mutation and prognosis in CRC patients. 
First, we utilized the cBioPortal database ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​c​b​
i​o​p​o​r​t​a​l​.​o​r​g​/​​​​​) to analyze the survival data of bowel tumor 
patients. We selected all patients with bowel tumors from 
studies included in the database and grouped them on the 
basis of BRAF mutation status (wild type, WT; mutant 
type, MT). As shown in Fig.  2A, the analysis revealed 
that among 3,883 patients, the median overall survival 
(OS) (95% CI) for BRAF-mutant (BRAFMT) patients was 
45.50 months (37.02–67.30), whereas for BRAF wild-type 
(BRAFWT) patients, it was 65.80 months (59.93–72.48), 
indicating that BRAFMT patients have shorter survival 
times. Subsequently, we performed multivariate Cox 
proportional hazards regression analysis via CVCDAP 
website (​h​t​t​p​​s​:​/​​/​o​m​i​​c​s​​.​b​j​​c​a​n​​c​e​r​.​​o​r​​g​/​c​​v​c​d​​a​p​/​s​​i​n​​g​l​e​​_​s​u​​r​
v​i​v​​a​l​​a​n​a​l​y​s​i​s​.​d​o) to assess the prognosis of colon cancer 
patients in the TCGA database. As shown in Fig. 2B, both 
BRAF mutation and stage IV were poor prognostic fac-
tors in colon cancer patients. To further investigate the 
relationship between BRAF and survival in patients with 
BRAF mutation, we conducted survival analysis using 
the Kaplan-Meier Plotter website (​h​t​t​p​​s​:​/​​/​k​m​p​​l​o​​t​.​c​​o​m​/​​a​

n​a​l​​y​s​​i​s​/​​i​n​d​​e​x​.​p​​h​p​​?​p​=​b​a​c​k​g​r​o​u​n​d) on colon cancer data 
from the TCGA database. As shown in Fig. 2C, among 53 
colon cancer patients with BRAF mutations, those with 
high BRAF mRNA levels had shorter recurrence-free 
survival (RFS) than did those with low BRAF mRNA lev-
els. These findings suggested that high BRAF expression 
is also a poor prognostic factor in patients with BRAFMT 
colon cancer.

To further analyze the impact of BRAFV600E on the 
prognosis of CRC patients, we collected tissue samples 
from CRC patients with either BRAFWT or BRAFV600E 
and performed IHC analysis of KI67 positivity. KI67 is a 
commonly used clinical marker for assessing tumor pro-
liferative activity and predicting patient prognosis. As 
shown in Fig. 2D and E, BRAFV600E patients had a higher 
KI67 positivity rate than BRAFWT patients did. On the 
basis of our analysis of public data and our clinical speci-
mens, we concluded that the BRAF mutation is a poor 
prognostic factor in CRC patients.

Construction and characterization of therapeutic agents 
for the BRAFV600E mutation
We used a specific siRNA sequence, siBRAFV600E (5’-
GCU ACA GAG AAA UCU CGA UTT-3’), to target the 
BRAFV600E mutation site. First, we used this sequence to 
construct shRNA lentiviral vectors. To verify the speci-
ficity of siBRAFV600E for the BRAFV600E mutation, we 
infected the BRAFV600E mutant CRC cell line RKO and 
the wild-type BRAF (BRAFWT) CRC cell line COLO320 
with the shRNA lentivirus. Through quantitative real-
time PCR (qRT-PCR) analysis, we found that BRAF 
mRNA levels in COLO320 and HEK293T cells did not 
significantly decrease, whereas BRAF mRNA levels 
decreased in RKO cells (Fig. 3A). As shown in Fig. 3B, we 
infected HEK293T cells with BRAFV600E-specific shRNA 
lentivirus to obtain engineered cells stably express-
ing siBRAFV600E, which were used to stably generate 
therapeutic extracellular vesicles carrying siBRAFV600E 
(EVs-siBRAFV600E). Correspondingly, negative control 
lentiviral infection of HEK293T cells was performed to 
obtain negative control extracellular vesicles(EVs-NC). 
We separately extracted EVs-NC and EVs-siBRAFV600E, 
and the particle sizes of EVs-NC and EVs-siBRAFV600E 
were similar (Fig.  3C), with both exhibiting a discoidal 
or cup-shaped morphology (Fig.  3D, E) via NTA analy-
sis and transmission electron microscopy. We extracted 
proteins from EVs-NC and EVs-siBRAFV600E and found 
through Western blotting that both expressed the extra-
cellular vesicle marker molecules TSG101, CD81, and 
CD63 (Fig. 3F). After EVs-NC and EVs-siBRAFV600E were 
labeled with DiD, we coincubated them with RKO cells 
and observed via fluorescence microscopy that RKO cells 
were able to take up both EVs-NC and EVs-siBRAFV600E 
(Fig. 3G).

https://www.cbioportal.org/
https://www.cbioportal.org/
https://omics.bjcancer.org/cvcdap/single_survivalanalysis.do
https://omics.bjcancer.org/cvcdap/single_survivalanalysis.do
https://kmplot.com/analysis/index.php?p=background
https://kmplot.com/analysis/index.php?p=background
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Fig. 2  BRAF mutation is a poor prognostic factor in CRC patients. (A) K-M survival curves of patients with BRAF mutation and wild-type CRC. (B) Multivari-
ate COX regression model analysis of gender, stage and BRAF mutation status in CRC patients. (C) K-M survival curve of BRAF expression level in BRAFMT 
CRC. (D) Representative IHC images of BRAFV600E and KI-67 in CRC tissues. The scale bar represents 10 μm for the 10x objective and 5 μm for the 20x 
objective. (E) KI67 positivity rate in CRC tissues with BRAFV600E or BRAFWT. The data are reported as the means ± SDs of the experiments (n = 3). Two-tailed 
Student’s t-tests, **p < 0.01
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Fig. 3  Construction and characterization of EVs-siBRAFV600E. (A) BRAF mRNA levels were analyzed by qRT-PCR. BRAF mRNA levels were measured after 
treating HEK293T, COLO320, and RKO cells with 50 µg/mL of EVs-siBRAFV600E for 24 h. (B) Construction of the therapeutic agent. (C) NTA analysis of EVs-NC 
(blue) and EVs-siBRAFV600E (red). (D)(E) TEM images of eVs-NC (D) and EVs-siBRAFV600E (E); scale bar: 200 nm. (F) WB analysis of the extracellular vesicle mark-
er proteins, TSG101, CD81 and CD63. (G) Fluorescence microscopy images showing the uptake of EVs-NC and EVs-siBRAFV600E by RKO cells. The cell nuclei 
were stained with DAPI, and the EVs were stained with DiD; scale bar: 20 μm. (H) qRT-PCR analysis of siBRAFV600E levels in EVs-NC and EVs-siBRAFV600E. (I) 
WB analysis of BRAF protein levels. After COLO320 and RKO cells were treated with PBS, or 50 µg/mL of EVs-NC or EVs-siBRAFV600E for 24 h, cell proteins 
were extracted to measure BRAF protein expression. The data are reported as the means ± SDs of the experiments (n = 3). Two-tailed Student’s t-tests for 
(a) and (h), and one-way ANOVA followed by Tukey test multiple comparisons for (I), *p < 0.05, **p < 0.01 and ***p < 0.001
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Fig. 4 (See legend on next page.)
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Extracellular vesicles were extracted from HEK293T 
cells, and RNA was extracted from the extracellu-
lar vesicles for qRT-qPCR analysis, revealing a signifi-
cant increase in siBRAFV600E levels in EVs-siBRAFV600E 
(Fig. 3H). Treatment of the CRC cell lines COLO320 and 
RKO with PBS and extracellular vesicles derived from 
HEK293T cells, EVs-siBRAFV600E resulted in decreased 
BRAF levels in RKO cells, whereas there was no signifi-
cant effect on BRAF levels in COLO320 cells (Fig.  3I). 
The above results demonstrated that the therapeutic 
extracellular vesicles we constructed can carry siRNAs 
targeting the BRAFV600E mutation and effectively reduce 
BRAF levels in colorectal cancer cells with the BRAFV600E 
mutation, without affecting BRAF levels in BRAFWT 
colorectal cancer cells. Furthermore, the methods we 
used to construct and extract therapeutic EVs do not sig-
nificantly affect the properties of the EVs.

Inhibitory effects of therapeutic agents in BRAFV600E-
mutant CRC in vitro
After we obtained the therapeutic agent that can stably 
produce the targeted BRAFV600E mutation, we selected 
the CRC lines RKO and HT29, which have the BRAFV600E 
mutation. When RKO and HT29 cells were treated with 
EVs-NC or EVs-siBRAFV600E, respectively, an EdU assay 
confirmed a significant decrease in the proliferative activ-
ity of RKO and HT29 cells treated with EVs-siBRAFV600E 
compared with those in the PBS and EVs-NC groups 
(Fig.  4A, B). Further validation through CCK-8 assays 
revealed that the proliferation of cells treated with 
EVs-siBRAFV600E was significantly inhibited compared 
with that of those treated with PBS, whereas there was 
no significant difference between the EVs-NC and the 
PBS treatment group (Fig.  4C, D). After treating RKO 
and HT29 cells with EVs-NC or EVs-siBRAFV600E for 2 
weeks, significantly fewer colonies formed in the EVs-
siBRAFV600E group than in the PBS and EVs-NC groups, 
with almost no observable colony formation, while there 
was no significant difference between the EVs-NC and 
PBS treatment groups (Fig. 4E). Similarly, flow cytometry 
analysis of apoptosis in RKO and HT29 cells treated with 
both types of EVs for 24 h revealed a significant increase 
in apoptosis in cells treated with EVs-siBRAFV600E com-
pared with those treated with PBS, whereas no signifi-
cant increase in apoptosis was observed in cells treated 
with EVs-NC (Fig.  4F). These results indicated that 

EVs-siBRAFV600E significantly inhibited proliferation and 
promoted apoptosis in BRAFV600E-mutant CRC cells.

Furthermore, we utilized wound-healing assays to 
observe the effect of EVs-siBRAFV600E on tumor cell 
migration. We found that after 24  h of treatment with 
EVs-siBRAFV600E, the migratory ability of RKO cells was 
significantly reduced (Fig.  4G). Owing to the inherently 
weak migratory ability of HT29 cells, no significant dif-
ference was observed (data not shown). The above results 
demonstrated that our therapeutic agent significantly 
suppressed the viability and metastasis of colorectal can-
cer cells with BRAFV600E mutation.

Inhibitory effects of therapeutic agents on BRAFWT CRC in 
vitro
To observe the specificity of the therapeutic extracellular 
vesicles we constructed targeting the BRAFV600E muta-
tion, we selected the BRAFWT colorectal cancer cell lines 
COLO320 and HCT116. After treating the tumor cells 
with EVs-NC and EVs-siBRAFV600E, we found that the 
proliferation of COLO320 and HCT116 cells treated with 
EVs-siBRAFV600E was not inhibited compared with the 
PBS treatment group, and there was no significant differ-
ence compared with the EVs-NC treatment group as well 
via CCK-8 assays (Fig. 5A, B). Further validation through 
EdU assays confirmed that EVs-siBRAFV600E treatment 
did not affect the proliferation of COLO320 and HCT116 
cells (Fig. 5C, D). After treating COLO320 and HCT116 
cells with EVs-siBRAFV600E and EVs-NC for 2 weeks, we 
found that the formation of colonies in both the EVs-NC 
and EVs-siBRAFV600E treatment groups did not signifi-
cantly differ from that in the PBS group (Fig. 5E). These 
experimental results indicated that EVs-siBRAFV600E did 
not inhibit the proliferation of BRAFWT colorectal cancer 
cells.

After COLO320 and HCT116 cells were treated with 
extracellular vesicles for 24  h, flow cytometry analysis 
revealed that apoptosis did not increase in cells treated 
with EVs-siBRAFV600E compared with those in the PBS 
and EVs-NC groups (Fig. 5F). Wound-healing assays were 
used to observe the effect of EVs-siBRAFV600E on tumor 
cell migration, and 24  h after treatment, the migratory 
ability of COLO320 and HCT116 cells was not reduced 
compared with that of the PBS and EVs-NC groups 
(Fig. 5G). The above results demonstrated that our thera-
peutic agent did not significantly affect the behavior of 

(See figure on previous page.)
Fig. 4  EVs-siBRAFV600E can inhibit BRAFV600E CRC cells. RKO (A) and HT29 (B) cells were treated with PBS, EVs-NC or EVs-siBRAFV600E for 48 h, followed by 
EdU assays to measure cell proliferation activity and imaging via fluorescence microscopy. Scale bar: 20 μm. RKO(C) and HT29 (D) cells were treated with 
PBS, EVs-NC or EVs-siBRAFV600E for 5 days, and cell viability was measured via CCK-8 assays. (E) Colony formation. Images of single-cell-derived colonies 
formed by RKO and HT29 cells after treatment with PBS, EVs-NC or EVs-siBRAFV600E for 2 weeks. (F) Flow cytometry analysis of cell apoptosis. RKO and HT29 
cells were treated with PBS, EVs-NC or EVs-siBRAFV600E for 24 h, stained with Annexin V-FITC and PI, and apoptosis was detected via flow cytometry. (G) 
Cell migration was assessed by wound healing assays. RKO cells were treated with PBS, EVs-NC or EVs-siBRAFV600E for 24 h. The concentration of EVs-NC or 
EVs-siBRAFV600E in all the treatments was 50 µg/mL. The data are reported as the means ± SDs of the experiments (n = 3). Two-way ANOVA for (A) and (B), 
and one-way ANOVA followed by Tukey test multiple comparisons for the others, *p < 0.05, **p < 0.01 and ***p < 0.001
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colorectal cancer cells with BRAFWT, and indicating that 
it specifically interferes with the BRAFV600E mutation.

The inhibitory effect of therapeutic agents is mediated by 
the BRAF-MEK1/2-ERK1/2 signaling pathway
Furthermore, we explored the mechanism of this thera-
peutic agent. First, we detected the mRNA levels of 
BRAF by qRT-PCR after treatment. After RKO and HT29 
cells were treated with EVs, the mRNA levels of BRAF 
in the EVs-siBRAFV600E group were significantly lower 
than those in the PBS and EVs-NC groups (Fig.  6A, B). 
We then examined the protein levels of BRAF and the 
phosphorylation levels of MEK1/2 and ERK1/2 through 
Western blotting. After RKO and HT29 cells were treated 
with PBS or EVs, the protein levels of BRAF in the EVs-
siBRAFV600E group were significantly lower than those 
in the PBS and EVs-NC groups (Fig.  6C, D). Moreover, 
compared with those in the PBS and EVs-NC groups, 
the phosphorylation levels of MEK1/2 and ERK1/2 in 
the EVs-siBRAFV600E treatment group were also signifi-
cantly lower (Fig. 6C, D). These results demonstrated that 
EVs-siBRAFV600E treatment can reduce the activity of the 
BRAF-MEK1/2-ERK1/2 signaling pathway in BRAFV600E-
mutant CRC cells, thereby inhibiting tumor cells.

In the above experiments, we found that EVs-
siBRAFV600E had no significant effect on BRAFWT CRC 
cells. To further verify that EVs-siBRAFV600E specifi-
cally target BRAFV600E and regulate the BRAF-MEK1/2-
ERK1/2 pathway, we examined the activity levels of the 
BRAF-MEK1/2-ERK1/2 pathway in the BRAFWT CRC 
cell lines, COLO320 and HCT116, after EVs treatment. 
As shown in Fig. 6E and F, there was no significant dif-
ference in BRAF mRNA or protein levels between the 
EVs-siBRAFV600E treatment group and the EVs-NC or 
PBS groups. Detection of the phosphorylation levels of 
MEK1/2 and ERK1/2 revealed that there was also no sig-
nificant difference between the EVs-siBRAFV600E group 
and the EVs-NC or PBS groups (Fig. 6G, H).

BRAF has been reported to activate downstream 
MEK1/2 activity through phosphorylation, and activated 
MEK1/2 can phosphorylate downstream ERK1/2, lead-
ing to the generation of active ERK1/2, which performs 
transcription factor functions [7, 28]. In normal cells, 
the activity of BRAF is regulated by upstream RAS [28]. 
However, in tumor cells with the BRAFV600E mutation, 
the mutated BRAF is persistently activated, leading to 
continuous activation of the BRAF-MEK1/2-ERK1/2 
signaling pathway, thereby promoting tumor cell growth 
[3, 7]. The above experimental results revealed that the 
specific therapeutic extracellular vesicles we constructed, 
EVs-siBRAFV600E, can inhibit BRAFV600E-mutant CRC 
cells but have no significant effect on BRAFWT CRC cells. 
Our therapeutic agent can specifically inhibit the BRAF-
MEK1/2-ERK1/2 signaling pathway in BRAFV600E CRC 

cells, thereby suppressing tumor cell behaviors and func-
tions (Fig. 6I), without affecting the activity of the BRAF-
MEK1/2-ERK1/2 signaling pathway in BRAFWT CRC 
cells.

Inhibitory effects of therapeutic agents in BRAFV600E-
mutant CRC in vivo
As shown in Fig. 7A, we established a subcutaneous CRC 
model by injecting RKO cells into BALB/c nude mice 
subcutaneously. When the tumors reached approxi-
mately 100 mm3 in size (7 days after cell injection), the 
mice were randomly divided into 3 groups and intrave-
nously injected with PBS, EVs-NC, or EVs-siBRAFV600E 
every 3 days for a total of 8 injections. 3 days after the 
last treatment, the mice were euthanized, and the tumors 
were extracted. We observed that the tumor volume 
in the mice treated with EVs-siBRAFV600E grew signifi-
cantly slower than that in the PBS and EVs-NC treat-
ment groups (Fig.  7B). Upon euthanasia, the tumors 
were weighed, revealing that the tumors in the EVs-
siBRAFV600E treatment group were significantly smaller 
than those in the PBS and EVs-NC groups were (Fig. 7C, 
D). IHC analysis of tumor tissues was performed to 
detect BRAF expression and ERK1/2 phosphorylation 
levels. As shown in Fig. 7E, compared with the PBS and 
EVs-NC groups, the EVs-siBRAFV600E treatment group 
presented lower levels of BRAF expression and ERK1/2 
phosphorylation in the tumors. To further analyze the 
activity of the BRAF-MEK1/2-ERK1/2 signaling pathway 
in tumor tissues, we extracted proteins from tumor tis-
sues. Western blotting was performed to measure BRAF 
expression levels and MEK1/2 and ERK1/2 phosphoryla-
tion levels. Compared with the PBS and EVs-NC groups, 
the EVs-siBRAFV600E treatment group presented lower 
levels of BRAF expression and significantly lower phos-
phorylation levels of MEK1/2 and ERK1/2 in the tumors 
(Fig.  7F-I). These results indicated that our therapeutic 
agent can inhibit the growth of BRAFV600E CRC in vivo 
and reduce the activity of the BRAF-MEK1/2-ERK1/2 
signaling pathway in tumors.

To investigate whether our therapeutic agent, EVs-
siBRAFV600E, can inhibit tumor metastasis, we estab-
lished BALB/c nude mouse models of CRC lung 
metastasis and liver metastasis via intravenous injection 
and splenic injection of RKO cells. One week later, the 
mice were randomly divided into 3 groups and intrave-
nously injected with PBS, EVs-NC, or EVs-siBRAFV600E 
every 3 days for a total of 8 injections. 3 days after the last 
treatment, the sizes of the lung and liver metastases were 
observed. As shown in Fig. 7J and K, the lung and liver 
metastases in the mice treated with EVs-siBRAFV600E 
were significantly smaller than those in the PBS and 
EVs-NC groups. These results demonstrated that the 
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Fig. 5 (See legend on next page.)
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EVs-siBRAFV600E we constructed can inhibit the lung and 
liver metastases of BRAFV600E colorectal cancer in vivo.

Inhibitory effects of therapeutic agents in BRAFV600E- 
mutant CRC in PDX models
To further explore the efficiency of EVs-siBRAFV600E in 
treating BRAFV600E-mutant colorectal cancer, we utilized 
surgical resection of CRC tissues from a patient harbor-
ing the BRAFV600E mutation to establish PDX models 
in BALB/c nude mice. When the PDX tumors reached 
approximately 100 mm3 in size (approximately 10 days 
after implantation), the mice were divided into 3 groups 
and intravenously injected with PBS, EVs-NC, or EVs-
siBRAFV600E every 3 days for a total of 8 injections, as 
shown in Fig.  8A. We observed that tumor growth was 
significantly slower in the EVs-siBRAFV600E treatment 
group than in the PBS and EVs-NC groups (Fig.  8B). 
The mice were sacrificed 3 days after the last treatment, 
and the tumors were extracted and weighed. The tumor 
volume and weight in the EVs-siBRAFV600E group were 
significantly smaller than those in the EVs-NC and PBS 
groups (Fig.  8C, D). We sliced PDX tumor tissues and 
performed IHC assays, which revealed that all three 
groups exhibited pathological features characteristic of 
colorectal cancer. The expression levels of BRAF in the 
PDX tumor tissues of the EVs-siBRAFV600E group were 
lower than those in the PBS and EVs-NC groups. Addi-
tionally, the phosphorylation levels of ERK1/2 were lower 
in the tumors treated with EVs-siBRAFV600E than in those 
treated with PBS and EVs-NC (Fig. 8E).

To further validate the specificity of EVs-siBRAFV600E 
for targeting the BRAFV600E mutation in patient tis-
sues, we obtained surgically resected CRC tissues from 
two patients with BRAFWT (P1 and P2) and established 
PDX models (PDX1 and PDX2) accordingly. Similarly, 
in vivo experiments were conducted as show in Fig. 8A, 
with three groups of mice treated with PBS, EVs-NC, 
or EVs-siBRAFV600E. We found that in PDX1 and PDX2 
mice, the tumor growth rates were comparable between 
the EVs-siBRAFV600E treatment group and the groups 
treated with PBS or EVs-NC (Fig.  8F, G). 3 days after 
the last treatment, the mice were euthanized, and the 
tumors were extracted. There were no significant differ-
ences in tumor volume or weight among the different 
treatment groups (Fig. 8H-K). These results further indi-
cated that our therapeutic agent, EVs-siBRAFV600E, can 

inhibit BRAFV600E-mutant CRC while showing no signifi-
cant therapeutic effects on BRAFWT CRC derived from 
patient tissues. Thus, EVs-siBRAFV600E exhibited specific 
therapeutic efficacy against BRAFV600E-mutant colorectal 
cancer.

The targeting capability and systemic toxicity of 
therapeutic agents
Owing to the EPR effect, extracellular vesicles can pas-
sively accumulate in tumor tissues. Therefore, we specu-
lated that our therapeutic agent would also accumulate 
in colorectal cancer tissues. We established a PDX model 
by implanting CRC tissue from the patients with the 
BRAFV600E mutation into the left flank of nude mice. 
Extracellular vesicles labeled with DiD were injected 
intravenously into the tail vein of mice bearing PDX 
models. 24  h after injection, imaging revealed signifi-
cant signals at tumor sites in both the EVs-NC and EVs-
siBRAFV600E groups (Fig.  9A, B). Thus, our constructed 
EVs-siBRAFV600E, like EVs-NC, demonstrated the ability 
to target tumor sites.

To investigate the potential toxic side effects of our 
therapeutic agent, we collected important organs, includ-
ing lung, liver, kidney, and spleen tissues, and blood 
from the aforementioned subcutaneous tumor models, 
as show in Fig.  7A. Important biochemical indicators 
of vital organs function in mouse serum were exam-
ined, and all parameters were within normal ranges for 
mice treated with PBS, EVs-NC, and EVs-siBRAFV600E 
(Fig.  9C-H). Histological examination of the lung, kid-
ney, spleen and liver tissues stained with hematoxylin and 
eosin (HE) revealed no significant changes in the struc-
ture or morphology of these four vital organs among the 
PBS, EVs-NC, and EVs-siBRAFV600E groups (Fig.  9I-L). 
These results indicated that when used to treat colorectal 
cancer, our therapeutic agent cannot induce significant 
toxic side effects in vital organs.

Discussion
BRAF gene mutations have been detected in various types 
of tumors, including colorectal cancer. Among patients 
with colorectal cancer, approximately 7 ~ 15% carry a 
BRAF mutation [3, 29]. BRAF mutations are associated 
with the occurrence, progression, and drug resistance of 
tumors. These mutations lead to sustained activation of 
the downstream signaling molecules MEK1/2-ERK1/2, 

(See figure on previous page.)
Fig. 5  EVs-siBRAFV600E cannot inhibit BRAFWT CRC cells. COLO320(A) and HCT116 (B) cells were treated with PBS, EVs-NC or EVs-siBRAFV600E for 5 days, 
and cell viability was measured via CCK-8 assays. COLO320(C) and HCT116 (D) cells were treated with PBS, EVs-NC or EVs-siBRAFV600E for 48 h, followed by 
EdU assays to measure cell proliferation activity and imaging using fluorescence microscopy. Scale bar: 20 μm. (E) Colony formation. Images of single-
cell-derived colonies formed by COLO320 and HCT116 cells after treatment with PBS, EVs-NC or EVs-siBRAFV600E for 2 weeks. (F) Flow cytometry analysis 
of cell apoptosis. COLO320 and HCT116 cells were treated with PBS, EVs-NC or EVs-siBRAFV600E for 24 h, stained with Annexin V-FITC and PI, and apoptosis 
was detected via flow cytometry. (G) Cell migration was assessed by wound healing assays. COLO320 and HCT116 cells were treated with PBS, EVs-NC or 
EVs-siBRAFV600E for 24 h. The concentration of EVs-NC and EVs-siBRAFV600E in all treatments was 50 µg/mL. The data are reported as the means ± SDs of the 
experiments (n = 3). Two-way ANOVA for (A) and (B), and one-way ANOVA for the others
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promoting tumor growth [7]. Additionally, studies have 
shown that BRAF mutations may cause changes in tumor 
metabolism and hypoxia tolerance [30–32]. Therefore, 
in tumors with BRAF mutations, BRAF is a key thera-
peutic target. Currently, the most mature strategy for 
BRAF target therapy is BRAF inhibitors. several inhibi-
tor drugs have already been approved for marketing [33]. 
Unfortunately, the efficacy of these inhibitors in BRAF-
mutant CRC is not ideal [22, 23, 33]. Some studies involv-
ing multi-drug combination therapies, including BRAF 
inhibitors, have shown therapeutic effects in colorectal 
cancer, but these combination therapies significantly 
increase the cost of treatment for patients and expose 
them to a higher risk of multi-drug-related side effects 
[18]. Whether multi-drug combinations will increase the 
risk of resistance is also a concern that needs to be con-
sidered. The EVs-siBRAFV600E we have developed have 
a different mechanism from inhibitors, as they directly 
downregulate the expression of the BRAF mutant pro-
tein. In our study, EVs carrying siRNAs targeting the 
BRAFV600E mutation significantly inhibited the growth of 
BRAF-mutant CRC both in vitro and in vivo. Further val-
idation of treatment effectiveness was conducted on CRC 
tissues from patients via the PDX model (Fig. 1). Further-
more, due to the different mechanisms, there may also be 
therapeutic effects in patients who are resistant to BRAF 
inhibitors and chemotherapy drugs, which is one of the 
directions for our future research. Gene therapy for 
tumors has also been reported, where other types of drug 
carriers, such as liposomes and nano-complexes, were 
used to deliver nucleic acid drug [34–37]. Our research is 
based on EVs as nucleic acid drug carriers.

Gene therapy has become a new strategy for disease 
treatment and tissue engineering research [38]. Small 
RNA gene therapy is a hotspot for the treatment of 
genomic diseases at the molecular level. Numerous stud-
ies have reported the effectiveness of small RNAs as ther-
apeutic agents for various diseases [25, 39–41]. In this 
study, we designed siRNAs targeting BRAF mutations, 
which effectively reduced the level of mutant BRAF pro-
tein. However, small RNAs are unstable outside cells and 
prone to degradation, leading to loss of function, posing 
a challenge for their use as drugs. Therefore, small RNAs 
require suitable carriers to protect them from degrada-
tion. Liposomes and viruses are classical drug carriers. 

Some researchers used lentivirus-mediated RNA inter-
ference to inhibit the growth and metastasis of mela-
noma [35]. Other researchers attempted liposome-based 
delivery of small RNAs for treating melanoma [36]. How-
ever, the safety of viruses, liposomes and other polymers 
requires further research and discussion. EVs have an 
advantage in safety compared to viruses and liposomes. 
Unlike artificially synthesized liposomes and potentially 
pathogenic viruses, EVs are derived from cells, mak-
ing them safer. Additionally, cationic polymers can dis-
rupt the structure of negatively charged cell membranes, 
whereas EVs, derived from cell membranes, do not dam-
age cell structures when delivering drugs. Therefore, EVs 
are virtually non-toxic. Viruses and liposomes are quickly 
cleared from the body, whereas EVs can evade clearance 
by monocytes and persist for a longer time [25, 42]. Since 
EVs derived from cells, they naturally carry some pro-
teins on their surface. It has been found that the presence 
of surface proteins enhances the uptake of EVs by tumor 
cells [25]. The surface proteins of EVs, coupled with the 
EPR effect, make EVs more efficient in drug delivery in 
vivo [24, 25]. Other carriers require artificial modifica-
tion to carry proteins or peptides to increase cell uptake 
and drug delivery efficacy. Therefore, EVs as drug carri-
ers have the advantages of long retention time, high effi-
ciency, and safety. Our in vivo experiments also revealed 
that EVs could be enriched in tumor areas without caus-
ing toxicity to vital organs.

The efficient loading of nucleic acid drugs into EVs is 
essential for their use as carriers. Some studies have 
reported the electroporation method [43], but subse-
quent research has indicated instability and instances 
of failed delivery via an electroporation-based approach 
[44]. Additionally, methods such as electroporation, 
ultrasonication, and saponification may disrupt the 
vesicle membrane structure. In our study, we employed 
a different strategy. We first stably expressed the siRNA 
construct in HEK293T cells and then collected EVs from 
the cell culture supernatant. Our experimental results 
demonstrated successful loading of siRNAs into EVs, 
which were then delivered to tumor cells, where they 
exerted their function.

Various types of cells can be used as EVs production 
platforms, with mesenchymal stem cells (MSCs) and 
HEK293T cells being the primary sources used to obtain 

(See figure on previous page.)
Fig. 6  EVs-siBRAFV600E Inhibit BRAF-MEK1/2-ERK1/2 Signaling Pathway in BRAFV600E CRC cells. (A) and (B) qRT-PCR analysis of BRAF transcription levels. 
RKO (A) and HT29 (B) cells were treated with PBS, EVs-NC or EVs-siBRAFV600E for 24 h, followed by detection of BRAF mRNA levels. (C) and (D) WB analysis 
of BRAF expression levels and MEK1/2-ERK1/2 phosphorylation levels. RKO (C) and HT29 (D) cells were treated with PBS, EVs-NC or EVs-siBRAFV600E for 
24 h, and the BRAF protein levels and MEK1/2-ERK1/2 phosphorylation levels were measured. (E) and (F) qRT-PCR analysis of BRAF transcription levels. 
COLO320 (E) and HCT116 (F) cells were treated with PBS, EVs-NC or EVs-siBRAFV600E for 24 h, followed by the detection of BRAF mRNA levels. (G) and 
(H) WB analysis of BRAF expression levels and MEK1/2-ERK1/2 phosphorylation levels. COLO320 (G) and HT29 (H) cells were treated with PBS, EVs-NC or 
EVs-siBRAFV600E for 24 h, and the BRAF protein levels and MEK1/2-ERK1/2 phosphorylation levels were measured. The concentration of EVs-NC and EVs-
siBRAFV600E in all the treatments was 50 µg/mL. (I) Schematic illustration of the mechanism by which EVs-siBRAFV600E treat CRC cells. The data are reported 
as the means ± SDs of the experiments (n = 3). One-way ANOVA followed by Tukey test multiple comparisons, *p < 0.05, **p < 0.01 and ***p < 0.001
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extracellular vesicles for drug loading. However, there is 
controversy regarding the impact of MSC-derived EVs on 
tumors. Some studies have reported that natural extra-
cellular vesicles from MSCs can inhibit tumor growth 
in mouse models of ovarian cancer, liver cancer, mul-
tiple myeloma, and bladder tumors [45–47]. Conversely, 
other studies have shown that MSC-derived extracellu-
lar vesicles can promote angiogenesis and tumor growth 
in mouse xenograft models of gastric and colon can-
cers [48]. To avoid the uncertainties associated with the 
use of MSC-derived EVs in tumor therapy, we opted to 
use HEK293T cells to engineer cells to obtain EVs. Our 
experimental results also indicated that, EVs derived 
from HEK293T cells didn’t significantly affect tumor cells 
compared with PBS.

However, challenges remain in the clinical applica-
tion of EVs. There are currently no convenient and rapid 
methods for extracting a large number of high-purity 
EVs, limiting the use of EVs in clinical treatment. Existing 
methods for EVs extraction do not completely separate 
EVs from other impurities, which casts doubt on the clin-
ical utility of EVs. Studies on the production and regula-
tion of EVs may be needed to overcome these obstacles 
[49]. Due to the existence of major histocompatibility 
complexes (MHC) in the human body, there may be 
immune rejection reactions against allogeneic organs and 
cells [44]. HEK293T cells are allogeneic cells for patients, 
and the EVs produced by them may induce immune 
responses when injected into patients. Before EVs can 
be applied in clinical therapy, the potential issues arising 
from MHCs need to be addressed, and appropriate donor 
cells are crucial factors [44]. In addition, we have not yet 
designed appropriate surface proteins for extracellular 
vesicles in this study. This leads to accumulation of EVs 
in the other organs, which can reduce the drug delivery 
efficiency of EVs. Therefore, we will continue this line of 
research to increase the targeting of our therapeutic EVs.

PDX models are established from patient tumor speci-
mens, which can maintain the same genetic background, 
histological characteristics and heterogeneity as the 
patient [50–53]. Some studies have shown that efficacy 
studies conducted on PDX models can more accurately 
reflect the drug response of patients, with a high degree 
of consistency between patients and PDX models [53–
57]. Compared with CDX models, PDX models more 
closely resemble the actual patient’s condition, especially 
in clinical scenarios where life expectancy and adverse 
effects limit the number of different drugs that can be 
tested on patients [58, 59]. In this study, we established 
PDX models from patients with CRC, and the results 
demonstrated that our therapeutic system showed good 
efficacy in BRAFV600E tumors but had no effect on BRAF 
wild-type tumors. These findings indicated that our ther-
apeutic system offers precise treatment for CRC patients 

with the BRAFV600E mutation. However, PDX models also 
have some limitations. PDX models require the use of 
immunodeficient mice, which lack a functional immune 
system and thus cannot predict immune system changes 
or their impact on the study. Additionally, PDX models 
are personalized, and they also have drawbacks such as 
long construction times, low screening throughput, and 
high costs, which make it difficult to use PDX models on 
a large scale.

Conclusion
In this study, we constructed a cell-derived therapeu-
tic system based on EVs and nucleic acid drugs against 
BRAFV600E-mutant tumors. Through cellular experi-
ments, we demonstrated that the therapeutic agent, 
EVs-siBRAFV600E, specifically reduced the levels of BRAF 
in BRAFV600E CRC cells and suppressed the activation 
of MEK1/2 and ERK1/2, thereby inhibiting the growth 
and metastasis of BRAFV600E CRC cells. Additionally, 
we further explored the specific therapeutic efficacy of 
EVs-siBRAFV600E in BRAFV600E CRC via CRC cell line 
xenograft models and PDX models. Moreover, our ther-
apeutic system is nontoxic and has targeting character-
istics. The therapeutic system based on EVs and nucleic 
acid drugs carrying siRNAs targeting BRAFV600E that 
we designed provides a new approach for the treatment 
of mutant CRC, which has significance in basic research 
and clinical transformation. Our study also provides new 
clinical strategies and research directions for targeted 
therapy and personalized precision treatment of tumors 
with genetic mutations.
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Fig. 7  EVs-siBRAFV600E inhibit BRAFV600E CRC in vivo. (A) Animal model handling protocol. (B) Subcutaneous tumor volume changes. Tumor volume 
measurements were performed every 3 days. (C) Images of the subcutaneous tumors in the three groups. (D) The weights of the subcutaneous tumors. 
(E) Immunohistochemistry images of BRAF and p-ERK1/2. Scale bar: 50 μm. (F)~(I) WB detection of BRAF expression and MEK1/2-ERK1/2 phosphorylation 
levels in subcutaneous tumor tissues. (J) Bioluminescence images of lung metastases. (K) Bioluminescence images of liver metastases. Each group of 
animals was treated with PBS, EVs-NC or EVs-siBRAFV600E. Each mouse was injected with 20 µg of extracellular vesicles per injection. Subcutaneous tumors: 
n = 5 per group. Lung metastasis and liver metastasis: n = 4 per group. The data are reported as the means ± SDs of the experiments. Two-way ANOVA for 
(B), and one-way ANOVA followed by Tukey test multiple comparisons for the others, *p < 0.05, **p < 0.01 and ***p < 0.001
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Fig. 8 (See legend on next page.)
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(See figure on previous page.)
Fig. 8  Efficacy of EVs-siBRAFV600E in human CRC PDX models. (A) PDX model handling protocol. (B) Subcutaneous tumor volume changes in the BRAFV600E 
PDX models. Tumor volume measurements were performed every 3 days. (C)Images of subcutaneous tumors from the BRAFV600E PDX models. (D) Sub-
cutaneous tumor weights of the BRAFV600E PDX models. (E) Immunohistochemistry images of BRAF and p-ERK1/2 in the BRAFV600E PDX models. Scale bar: 
50 μm. (F) and (G) Subcutaneous tumor volume changes in the BRAFWT PDX models. Tumor volumes of BRAFWT PDX1(F) and PDX2(G) were measured 
every 3 days. (H) Images of subcutaneous tumors from the BRAFWT PDX1 models. (I) Subcutaneous tumor weights of the BRAFWT PDX1 models. (J) Im-
ages of subcutaneous tumors from the BRAFWT PDX2 models. (K) Subcutaneous tumor weights of the BRAFWT PDX2 models. Each group of animals was 
treated with PBS, EVs-NC or EVs-siBRAFV600E. Each mouse was injected with 20 µg of extracellular vesicles per injection. N = 6 for each group of BRAFV600E 
PDX models. N = 5 for each group in the BRAFWT PDX1 and PDX2 models. The data are reported as the means ± SDs of the experiments. Two-way ANOVA 
for (B), (F) and (G), and one-way ANOVA followed by Tukey test multiple comparisons for the others, *p < 0.05, **p < 0.01 and ***p < 0.001
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Fig. 9  Tumor targeting capability and safety of EVs-siBRAFV600E in vivo. (A) Biodistribution images of EVs-NC or EVs-siBRAFV600E in major organs and tu-
mors. (B) Semi-quantitative analysis of the distribution in tumors. (C)~(D) After treatment with PBS, EVs-NC or EVs-siBRAFV600E, related serum biochemistry 
indicators were analyzed, including hepatic function enzymes, such as ALT (C) and AST (D); renal function enzymes, such as BUN (E) and CREA (F); and 
cardiac function indicators, such as CK (G) and CK-MB (H), were analyzed in RKO xenograft models. (I) ~(L) Representative images of histological assess-
ments of major organs. After treatment with PBS, EVs-NC and EVs-siBRAFV600E, the lungs, kidneys, spleens and livers of RKO xenograft models from each 
group were collected. The data are reported as the means ± SDs of the experiments (n = 5). One-way ANOVA
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