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ARTICLE INFO ABSTRACT
Keywords: Background: Anaplastic Thyroid Carcinoma (ATC) is a rare and deadly malignant tumor in
Vemurafenib humans. It is prone to developing resistance to radiotherapy and chemotherapy. Molecular tar-
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geted therapy offers a novel way to treat ATC. The BRAF mutation is closely associated with many
cancers, including thyroid carcinoma. Vemurafenib, a small-molecule inhibitor, is specifically
designed to target the mutant serine/threonine kinase BRAF. The objective of this study is to
elucidate the regulatory mechanisms underlying the effects of vemurafenib on human anaplastic
thyroid carcinoma cell line FRO and to assess its potential therapeutic role.

Methods: The effects of vemurafenib on the proliferation of FRO cells were assessed by the CCK-8
method and Colony-forming assay. Transwell chambers and scratch tests were employed to
examine the impact of vemurafenib on the invasion and migration of FRO cells. Apoptosis and
cycle distribution of FRO cells were analyzed by tunel assay and flow cytometry. The effects of
vemurafenib on the expression of BRAF-activated non-protein coding RNA (BANCR), Bax, Bcl2,
and E-cadherin were evaluated by qRT-PCR. Furthermore, the effects of vemurafenib on the
expression of phosphoinositol-3-kinase (PI3K)/phosphoinositol-3-kinase (AKT) pathway-related
proteins, BRAF, CyclinD1, Bcl-2, Bax, and E-cadherin proteins in FRO cells were investigated
through the western-blot method. All experiments were conducted in three replicates.

Results: Vemurafenib was observed to inhibit proliferation and induce apoptosis in a dose- and
time-dependent manner (P < 0.05). The formation of FRO cell colonies, as well as migration and
invasion, all showed a dose-dependent reduction (P < 0.05). Flow cytometric analysis indicated
GO/G1 cell cycle arrest (P < 0.05). QRT-PCR revealed that vemurafenib could suppress the
expression of BANCR and Bcl2 while increasing the expression of Bax and E-cadherin in a dose-
dependent manner (P < 0.05). The protein expression levels of Bax and E-cadherin were up-
regulated significantly, and the expression levels of BRAF, CyclinD1, Bcl-2, p-PI3K, p-AKT, and
p-mTOR were markedly down-regulated with increasing concentrations of vemurafenib (P <
0.05).

Conclusions: The proliferation and metastasis of FRO cells can be suppressed by vemurafenib
through the silencing of BRAF and BANCR expression, inhibition of PI3K/AKT signaling pathway
activation, induction of apoptosis, and cell cycle arrest.
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1. Introduction

Thyroid cancer is the most prevalent malignant tumor in the endocrine system. Anaplastic Thyroid Carcinoma (ATC) is a rare
pathological type of thyroid carcinoma. Although the incidence rate of ATC is only 2%, it is one of the deadliest malignant tumors in
humans, exhibiting extremely high malignancy, strong invasiveness, poor prognosis, susceptibility to radiotherapy, and chemotherapy
resistance, with an average survival time of less than 6 months [1]. Currently, there is no effective treatment.

In recent years, within the context of precision medicine, specific gene mutations associated with different tumors have been
identified, leading to the emergence of targeted therapies for these mutations. Molecular targeted therapy represents a novel approach
to treating ATC. Research has shown that 90% of human malignant tumors have the BRAF mutation, and approximately 43-88% of
papillary thyroid carcinoma and 20-40% of undifferentiated thyroid carcinoma have the BRAFV600E mutation [2,3]. The BRAF
mutation is closely related to many cancers, including melanoma, non-small cell lung cancer, thyroid cancer, and colorectal cancer. It
can dedifferentiate thyroid cancer cells, improve the recurrence rate, and reduce the survival rate [4]. The BRAF mutation mostly
occurs at the 600th position, resulting from valine to glutamate (BRAFV600E), which leads to the constitutive activation of BRAF [5].
BRAF-activated non-protein coding RNA (BANCR) is a 693-base-long IncRNA that is situated on 9q21.11-q21.12 in a gene desert [6,7].
In recent years, it has been found that long-chain non-coding RNA (IncRNA) plays an important role in the occurrence and progression
of various tumors. LncRNAs are about 200 nucleotides long and do not encode any proteins but regulate the expression of related genes
[8]. BANCR is dysregulated in a variety of malignancies, affecting cell proliferation, migration, invasion, apoptosis, and
epithelial-mesenchymal transition (EMT), and has become a potential target for tumor therapy [6]. Studies have shown that BANCR
expression is elevated in thyroid tumor tissues compared to adjacent normal tissues. BANCR overexpression promotes migration and
invasion of BCPAP cells by regulating the expression of E-cadherin, vimentin, and N-cadherin [9]. There was a strong correlation
between the BRAFV600E mutation and BANCR expression and the tumor’s size, bilateral location, multifocality, extracapsular in-
vasion, and lateral lymph node metastases [10]. The precise mechanism of BANCR involvement in thyroid cancer is not entirely clear,
but it is believed that BANCR may be involved in the signaling pathway of cancer occurrence.

Vemurafenib is a small molecule that effectively inhibits the mutant serine/threonine kinase BRAF. It selectively binds to the ATP
binding site of the BRAF V600E kinase, inhibits its activity and cell proliferation only in BRAF mutant cell lines [11]. Matthias Lang
et al. demonstrated that vemurafenib can improve the survival rate of melanoma patients, hairy-cell leukemia, and intracranial
neoplasms with the BRAF V600E mutation [12]. Vemurafenib increases radioiodine uptake, up-regulates thyroid specific gene
expression, and promotes tumor differentiation in a subset of patients with BRAF-mutant radioiodine-refractory thyroid cancer [13].
PI3K/AKT is one of the important signaling pathways of tumor metastasis, which is closely related to the mechanisms of tumor
occurrence, metastasis, and drug resistance. Yalan Dai et al. elucidated that vemurafenib inhibits the immune escape biomarker
BCL2A1 by targeting the PI3K/AKT signaling pathway to suppress breast cancer [14]. BINGNAN REN et al. showed that siBRAF in-
hibits the PI3K/AKT/mTOR signaling pathway synergistically, reducing biological activity while increasing chemosensitivity in
non-small cell lung cancer (NSCLC) cells [15]. However, the precise effect of BRAF on the occurrence and development of ATC remains
unknown. In this study, we examined the influence of vemurafenib on the proliferation and metastatic potential of anaplastic thyroid
carcinoma FRO cells.

2. Materials and methods
2.1. Experimental reagents

Vemurafenib (Shanghai Biochempartner), Apoptosis Detection Kit (KeyGen BioTECH), Cell Cycle Assay Kit (Beyotime Biotech-
nology), primary antibodies and secondary antibodies (Proteintech), Fast Start Universal SYBR Green Master (ROX) (Roche), fetal
bovine serum (FBS, Thermo Fisher). Microplate reader (Spark, Tecan), gel imager (ChemiDoc MP, Bio-Rad), quantitative polymerase
chain reaction (QPCR) instrument (Q5, ABI), Flow Cytometry (Calibur, BD).

2.2. Cell culture

The Anaplastic thyroid cancer FRO cell line was purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai,
China). The cells were cultured in RPMI 1640 medium supplemented with 10% FBS at 37 °C in a 5 % CO, incubator. Upon reaching
80% confluence, the cells were digested with 0.25% trypsin for sub-cultured or lyophilized for preservation.

2.3. CCK-8 assay for cell proliferation assessment

In the 96-well plate, 100 pL of logarithmic FRO cells (5 x 104 cells/mL) were added and cultivated at 37 °C with 5% CO2. When the
cells were full to the bottom of the hole, the culture medium was sucked out. The final concentration (12.5, 25, 50, 100, and 200 pM) of
the vemurafenib culture medium was added to continue the culture. The culture plates were removed after 24 and 48 h respectively.
The culture medium was discarded, and cells were cultured in 100 pL of serum-free medium containing 10 pL of CCK-8 solution for 4 h.
The absorbance (OD) of each well at 450 nm was measured by a microplate reader, and the inhibition rate of cell proliferation was
calculated as [(control well A-experimental well A)/(control well A-blank well A) x 100%].
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2.4. Colony-forming assay

FRO cells in the logarithmic growth phase were digested by 0.25% trypsin and made into a single-cell suspension. Cell density was
adjusted to 300 cells/mL. The cells were seeded in a 6-well cell culture plate at a concentration of 600 cells per well and then treated
with different concentrations of vemurafenib (0, 12.5, 25, and 50 pM) for 2-3 weeks. The medium was replaced at 3-day intervals.
When the cell clones were observed, the cell culture solution was discarded. Cells were rinsed three times with PBS before being fixed
for 15 min in 4% paraformaldehyde. Cells were stained with crystal violet staining (0.1%) for 20 min, followed by a gentle water wash
and air drying. Finally, the clone formation rate was calculated as follows: (number of clones/number of inoculated cells) x 100%.

2.5. Transwell chamber assay

FRO cells in the logarithmic growth phase were digested by 0.25% trypsin and transformed into a single-cell suspension. The cell
density was adjusted tol x 10° cells/mL using serum-free cell culture medium. A 100 pL cell suspension containing vemurafenib (12.5,
25, and 50 pM) was put into the upper chambers of the transwell chamber with and without Matrigel. The culture medium containing
10% FBS (700 pL) was added into the lower chamber. The cells were incubated for 24 h at 37 °C with a 5% CO; incubator, after which
the medium in the upper chamber was discarded and the cells in the upper chamber were washed twice with PBS, wiped clean with
cotton swabs, fixed with 4% paraformaldehyde for 30 min, and dried. They were then stained with 0.1% crystal violet for 30 min and
dried. Each sample was randomly selected from five views to photograph and count under a 200 x microscope. A similar methodology
was used for migration detection, but transwell chambers were not coated with Matrigel.

2.6. Wound healing experiment

FRO cells in the logarithmic growth phase were digested by 0.25% trypsin and prepared into a single-cell suspension. The cell
density was adjusted tol x 10° cells/mL. Each well was seeded with 2 mL in a 6-well plate and incubated at 37 °C in a 5% COychamber
for 24 h. The bottom of the 6-well plate was scratched with a sterilized 20 pL tip head. After washing with PBS three times, the cells
were treated with varying concentrations of vemurafenib and incubated. After 0 h, 12 h, and 24 h, they were observed and photo-
graphed under a 200x inverted microscope. The photomicrographs were then analyzed using Image J software.

2.7. Cell cycle experiment by flow cytometry

FRO cells in the logarithmic growth phase were harvested and inoculated in a 6-well plate with a concentration of 1 x 10° cells/mL,
with 2 mL seeded into each well. The cells were treated with varying concentrations of vemurafenib and incubated for 24 h. The cells
were collected and rinsed three times with precooled PBS before being made into a single cell suspension and dropwise added to
precooled absolute ethanol until the final concentration was 70% before being fixed at 4 °C overnight. The fixed cells were rinsed with
PBS twice, mixed with 400 pL PI, and stained at 4 °C for 30 min, and the cell cycle was analyzed by flow cytometry.

2.8. Flow cytometric analysis of cell apoptosis

FRO cells in the logarithmic growth phase were collected and inoculated in a 6-well plate with a concentration of 1 x 10° cells/mL.
Each well was seeded with 2 mL. The cells were treated with varying concentrations of vemurafenib and incubated for 24 h. The cells
were collected, and the Annexin-V FITC Apoptosis Detection Kit was used as directed by the manufacturer. Apoptosis was subsequently
quantified using flow cytometry.

2.9. Detection of apoptosis using the TUNEL assay

FRO cells in the logarithmic growth phase were collected and inoculated in a 6-well plate with a concentration of 1 x 10° cells/mL.
Each well was seeded with 2 mL. The cells were treated with varying concentrations of vemurafenib and incubated for 24 h. Cells were
fixed with 4% methanol solution at room temperature for 1 h and treated with 0.1% Triton X-100 for 2 min. Apoptotic staining was
performed according to the instructions of the TUNEL apoptosis detection kit, and the TUNEL staining results were observed by
confocal microscope. Six high-power fields were randomly selected to calculate the proportion of apoptotic cells in tumor cells, which
was the apoptotic index.

Table 1
Primer information in RT-PCR.

Genes Upstream primer (5-3") Downstream primer (5-3")
BANCR CCTTCTTGTAGGGTCTGGATTG CATTGGTGCTGCAGTCTATTTC
Bax TGGCTGGGGAGACACCTGAGC TCAGCCCATCTTCTTCCAGATG
Bcl-2 CATGTGTGTGGAGAGCGTCA CACTTGTGGCTCAGATAGGCA
E-cadherin CTGAGAACGAGGCTAACG GTCCACCATCATCATTCAATAT
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
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2.10. Quantitative real-time PCR (qRT-PCR)

FRO cells in the logarithmic growth phase were collected and inoculated in a 6-well plate with a concentration of 1 x 10° cells/mL.
Each well was seeded with 2 mL. The cells were treated with varying concentrations of vemurafenib and incubated for 24 h. Total RNA
extraction, the cDNA synthesis procedure, and the PCR reaction were performed in accordance with the manufacturer’s instructions. 2
ANDCt yas used for relative quantitative analysis. Table 1 provides the quantitative primer information.

2.11. Western blot

FRO cells were treated and grouped as described in the previous experiment. Total proteins were extracted using a RIPA lysis buffer
and quantified by the BCA method. SDS-PAGE electrophoresis was carried out for protein separation. The proteins were transferred to
a PVDF membrane, which was blocked overnight with 5% skim milk powder at 4 °C. Subsequently, the membrane was incubated with
antibodies and visualized by a gel imaging system. The expression of various proteins was detected, including p-PI3K, p-AKT, p-mTOR,
PI3K, AKT, mTOR, Bax, Bcl-2, and E-cadherin.

2.12. Statistical analysis

SPSS 19.0 software was employed for comprehensive data analysis, and the measurement data were presented as mean + SD. One-
way ANOVA was utilized for comparing multiple groups, while a t-test was used for two-way comparisons. Values of p < 0.05 were
considered statistically significant. The bar graph was plotted using GraphPad Prism 7.0.

3. Results
3.1. Vemurafenib exerts potent dose- and time-dependent inhibition on FRO cell proliferation

FRO cells were treated with various concentrations of vemurafenib for 24 and 48 h, as demonstrated by the results of the CCK-8
experiment (Fig. 1A), which showed that vemurafenib significantly inhibited the proliferation of FRO cells in a time- and dose-
dependent manner. The IC50 value for FRO cells treated with vemurafenib for 24 and 48 h was 32.13 pM and 17.61uM, respec-
tively. Consequently, cells treated with 12.5 pM, 25 pM, and 50 pM of vemurafenib for 24 h were selected for subsequent experiments.
Vemurafenib also significantly suppressed the clonal formation of FRO cells (Fig. 1B).
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Fig. 1. Vemurafenib inhibited the viability of FRO cells.

(A) FRO cells were treated with the indicated concentrations of vemurafenib for 24 and 48 h , followed by CCK-8 assay for cell proliferation ca-
pacity. The data are shown as mean =+ SD, n = 3. (B) The clonal formation rate was measured by the colony survival test after FRO cells were treated
with the indicated concentrations of vemurafenib for 24 h. The data are shown as the means + SD, n = 3. *P < 0.05 compared with the control
group; *P < 0.05 compared with the 12.5 pM group.
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3.2. Vemurafenib significantly inhibited the invasion and migration of FRO cells

The transwell chamber assay demonstrated that vemurafenib inhibited FRO cell invasion and migration by decreasing the number
of traversed cells in a concentration-dependent manner (Fig. 2A and B). Scratch healing experiments demonstrated that vemurafenib
remarkably depressed the scratch healing rate of FRO cells compared to the control group (Fig. 2C). Furthermore, Western blot and
qRT-PCR analyses were performed to assess the expression of molecules associated with invasion and migration markers. Our findings
indicate that vemurafenib can up-regulate E-cadherin in a concentration-dependent manner (Figs. 5 and 6B).

3.3. Vemurafenib-induced cell cycle arrest in FRO cells

Different cell cycle phases of FRO cells were analyzed through flow cytometry. Results (Fig. 3) showed that the GO/G1 phase cells
were observed to increase with the increase in vemurafenib concentrations. This indicated that the cell cycle had been arrested at the
G0/G1 phase. Compared with the control group, the dosing group increased significantly (Table 2). We also assessed the expression of
regulatory molecules connected to the GO/G1 phase concerning cell cycle markers. The discovery was that vemurafenib could down-
regulate CyclinD1 in a concentration-dependent manner (Fig. 6B).

Flow cytometric analysis of the effects of vemurafenib on the FRO cell cycle. Results showed the percentage of cells in the G0/G1, S,
and G2/M phases. GO/G1 phase cells increased remarkably with increasing vemurafenib concentrations.
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Fig. 2. Vemurafenib inhibited the invasion and migration of FRO cells.
(A) The migration and (B) invasion of FRO cells were assessed using the transwell assay. (C) The healing ability of FRO cells was detected by a cell
scratch assay. *P < 0.05; **P < 0.01 compared with the control group; “P < 0.05 compared with the 12.5 pM group.
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Fig. 3. Vemurafenib induced GO/G1 arrest in FRO cells.
Table 2
Effects of vemurafenib on FRO cell cycle distribution (mean + SD, n = 3).
Group Cell cycle rate (%)
G0/G1 S G2/M
Control 55.93 + 0.53 15.51 + 0.68 28.56 + 0.67
12.5 yM 64.41 + 0.86* 10.63 + 1.06 24.96 + 1.15
25 M 68.23 + 1.07* 9.35+1.21 22.42 +1.12
50 pM 72.61 + 0.92* 7.59 £ 0.78 19.80 + 1.34

Note: *P < 0.05 compared with the control group.

3.4. Vemurafenib-induced apoptosis in FRO cells through the mitochondrial apoptotic pathway

An annexin V/PI staining test was used to evaluate apoptosis through flow cytometry. Resu

Its showed that the rates of early and late

apoptosis markedly increased as the concentration of vemurafenib increased. This indicated that vemurafenib promotes FRO cell

apoptosis in a dose-dependent manner. (Fig. 4A). The TUNEL kit detects nuclear DNA breaks
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Fig. 4. Vemurafenib induced apoptosis of FRO cells

during apoptosis by labeling the broken

50

32 40
2

S 30
w
‘@

S 20
=3
1<)

< 10

o

Control12.5 25 50
Vemurafenib (uM)
40 —
30—
ek
20—
ke
10 -
o-
Control125 25 50

Vemurafenib (uM)

(A) Annexin V-FITC/PI double labeling was used to quantify apoptotic rates by flow cytometry. (B) Cells stained with TUNEL and viewed under a
laser scanning confocal microscope show apoptosis. *P < 0.05, **P < 0.01 compared with the control group; **P < 0.01 compared with the 12.5

puM group.
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Fig. 5. Effect of vemurafenib on the associated mRNA expressions in FRO cells (mean + SD, n = 5)
QRT-PCR results showed that vemurafenib raised the mRNA expression of Bax and E-cadherin while decreasing Bcl-2 and BANCR in a concentration-
dependent manner. *P < 0.05 compared with the control group; *P < 0.01compared with the 12.5 M group.
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Fig. 6. Western-blot analysis of vemifenib on the expression of related proteins in FRO cells

(A) Vemurafenib decreased p-mTOR, p-AKT, and p-PI3K levels. (B) Vemurafenib decreased Bcl-2, CyclinD1, and BRAF levels, increased Bax and E-
cadherin levels. *P < 0.05 compared with the control group; *P < 0.05 compared with the 12.5 uM group. f-actin was employed as a normali-
zation control.

DNA with green fluorescence. The results showed that the number of apoptotic cells increased significantly with increasing vemur-
afenib concentration (Fig. 4B). We checked the expression of regulatory molecules associated with the mitochondrial apoptosis
pathway by Western blot and qRT-PCR. Results showed that Bcl-2 decreased significantly with increasing vemurafenib concentrations.
The opposite was true for Bax (Figs. 5 and 6B).



J. Xu et al. Heliyon 10 (2024) e27629

3.5. Vemurafenib inhibited the target protein BRAF and its downstream LncRNA BANCR expression
The results showed that the expressions of BANCR and BRAF decreased significantly compared with the control (Figs. 5 and 6B).
3.6. The effect of vemurafenib on the PI3K/AKT pathway by western blot

The effect of vemurafenib on the expression of PI3K/AKT pathway-related proteins was assessed by Western blot. The results
indicated that PI3K, AKT, and mTOR expression levels did not exhibit significant differences between groups. However, compared with
the control group, the levels of p-PI3K, p-AKT, and p-mTOR decreased significantly with increasing concentrations of vemurafenib
(Fig. 6A).

4. Discussion

According to the Joint Cancer Committee of the United States, patients with ATC are classified as having stage IV tumors from the
onset of cancer [16]. Traditional treatments such as routine surgery, radiotherapy, and chemotherapy are ineffective, and the median
survival time is only 5 months [17]. Targeted therapy is a new anti-tumor direction that has been developed in recent years. Therefore,
it is crucial to search for effective targeted inhibitors for the treatment of thyroid cancer. Vemurafenib is a novel small-molecule BRAF
inhibitor that has been approved by the US Food and Drug Administration for the treatment of patients with melanoma [18]. It has
demonstrated promising results in the treatment of numerous BRAF mutant tumors [19]. In this study, we found that vemurafenib
could inhibit the proliferation, invasion, and migration of FRO cells. It also induced cell apoptosis and promoted cell cycle arrest at the
G0/G1 phase.

Malignant tumor cells have the biological characteristic of unlimited proliferation [20]. Vemurafenib was found to inhibit the
activity and colony formation of FRO cells. The results showed that vemurafenib can interfere with cell proliferation. Cell cycle
progression determines cell proliferation capacity. We observed that vemurafenib arrested the cell cycle in the GO/G1 phase of FRO
cells. Different cyclin proteins are expressed in different phases of the cell cycle. Cyclin D1 is a typical marker of the GO/G1 phase and
plays an important role in regulating the GO/G1 phase [21]. We found that vemurafenib downregulated cyclin D1 protein levels. The
above results indicate that vemurafenib inhibits cell proliferation by inducing GO/G1 phase arrest in thyroid cancer cells.

DNA is the carrier of almost all biological genetic information. Many anticancer drugs induce DNA damage, which can lead to
apoptosis [22]. Therefore, we examined the level of apoptosis in FRO cells treated with vemurafenib by tunel analysis. The results
showed that vemurafenib induced DNA damage and promoted apoptosis in FRO cells, and flow cytometry results further indicated that
vemurafenib promoted apoptosis in FRO cells. We proceeded to investigate the mechanism of vemurafenib-induced apoptosis.
PI3K/AKT/mTOR is a classical signaling pathway that regulates cell proliferation, migration, invasion, and apoptosis [23-26] as well
as a series of downstream substrates, among which the Bcl-2 family plays a crucial role in the mitochondrial apoptosis pathway. The
anti-apoptotic protein BCL-2 binds to mitochondria and prevents the release of cytochrome ¢ from mitochondria into the cytoplasm. In
contrast, the pro-apoptotic protein BAX translocalizes to mitochondria and increases mitochondrial membrane permeability, thereby
initiating apoptosis [27-31]. Inhibition of the PI3K/AKT/mTOR signaling pathway and promotion of E-cadherin expression can inhibit
the proliferation and invasion of pancreatic cancer cells [32]. The results showed that vemurafenib significantly inhibited the activity
of the PI3K/AKT/mTOR pathway, down-regulated the expression of BCL-2 protein, and up-regulated the expression of BAX protein
and E-cadherin protein.

Several studies have explored the role of BRAF-activated non-protein coding RNA (BANCR) in cancer biology [33]. BANCR can act
as a stem cell regulator in papillary thyroid cancer, enhancing cancer cell migration and invasion via the RAF/MEK/ERK signaling
pathway [34]. It was shown that the expression of BANCR was upregulated in OSCC tissues and cell lines. BANCR may play an
important role in OSCC development, cell proliferation, migration, and invasion. The results also showed that the expression of MAPK
and PI3K/AKT pathway-related proteins p-ERK and p-AKT was positively correlated with the expression of BANCR [35]. In this study,
we found that vemurafenib significantly inhibited the expressions of BRAF and BANCR, which were drug-dose-dependent. p-PI3K and
p-AKT were positively correlated with the expressions of BRAF and BANCR. To sum up, vemurafenib can inhibit the expression of
BRAF and BANCR and the activation of the PI3K/AKT/mTOR pathway, regulate the downstream expression of Bcl-2/Bax, up-regulated
E-cadherin protein, induce apoptosis, inhibit cell proliferation, and reduce cell metastasis. Therefore, as a BRAFV600E-targeting in-
hibitor, vemurafenib may provide a future direction for the treatment of ATC containing BRAFV600E.

However, our study also has limitations. For instance, the current study was a single-cell experiment, and further animal experi-
ments could improve the reliability of the findings.
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