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Background: The tyrosine receptor kinase inhibitor (TRKi) entrectinib is used to
treat neurotrophic tyrosine receptor kinase (NTRK) fusion-positive solid tumors
and ROS1-positive patients. Despite its impressive efficacy against cancer, the
clinical application is still limited by the central nervous system (CNS)-related
toxicities. However, the precise mechanism of such CNS-related toxicities
remains elusive.

Methods: The effect of entrectinib-induced nerve cell damage was evaluated by
the nerve cells (PC12, HT22 and SK-N-SH) based in vitro models. Various assays,
including CCK-8, colony formation and EdU incorporation assays were utilized to
estimate the cellular viability and proliferation ability. Cell apoptosis was
measured by flow cytometry. Next, transcriptome sequencing technology was
performed to identify differentially expressed genes (DEGs). Gene ontology (GO),
kyoto encyclopedia of genes and genomes (KEGG) analysis and gene set
enrichment analysis (GSEA) were applied to predict the potential functions of
DEGs. Quantitative real time polymerase chain reaction (qRT-PCR) and Western
blotting assays were performed to measure the expressions of thrombospondin-
1 (THBS1), TGF-β1, PI3K, AKT and phosphorylated AKT (p-AKT) in the entrectinib-
treated nerve cells. Additionally, we Preliminary observed and validated whether
THBS1 overexpression could rescue nerve cell damage and the abnormalities in
PI3K-AKT and TGF-β signaling pathways.

Results: Entrectinib significantly inhibited the nerve cells proliferation and colony
formation, and induced nerve cells apoptosis. Transcriptome sequencing analysis
and qRT-PCR revealed that THBS1 was downregulated within entrectinib
treatment. KEGG and GSEA analysis also suggested that entrectinib directly
caused the abnormalities in proliferation-related signaling pathway like PI3K-
AKT pathway, and apoptosis-related signaling pathway including TGF-β pathway.
We further demonstrated that THBS1, TGF-β1, PI3K, AKT and p-AKT were
downregulated by entrectinib. Meanwhile, pretreatment with
THBS1 overexpression plasmids significantly rescued nerve cells (PC12,
HT22 and SK-N-SH) from cell death and the abnormalities in PI3K-AKT and
TGF-β signaling pathways.
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Conclusion: These results identified a critical role of entrectinib in promoting nerve
cell damage by downregulating the expression of THBS1 while also inhibiting PI3K-
AKT and TGF-β signaling pathways. Our findings will provide potential therapeutic
targets for CNS-related toxicities.
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1 Introduction

In recent years, cancer has become the leading cause of mortality
worldwide. The increasing burden of cancer has become a
challenging major public health problem (Tu et al., 2016; Jassim
et al., 2023). Conventionally, there are three therapeutic modalities
of cancer treatment such as surgical treatment, radiotherapy, and
chemical drug therapy (Zheng et al., 2018; Yang et al., 2022).
Nevertheless, the systemic toxicity associated with above
therapies pose a significant challenge to patient tolerance and
compliance (Mun et al., 2018). With the development and
application of genetic testing in clinical treatment, molecular-
targeting therapy has drawn widespread concern, bringing further
options for clinical application (Bhamidipati and Subbiah, 2023; Li
et al., 2023). Currently, targeted therapy has been an indispensable
alternation to manage the disease for numerous cancers with
oncogene addiction (Yuan et al., 2019; Benitez et al., 2021).

Entrectinib is an orally active small-molecule, which targets
tyrosine kinase inhibitor of neurotrophic tyrosine receptor kinase
(NTRK), ROS1 and anaplastic lymphoma kinase (ALK) genes. As
the first-generation tyrosine receptor kinase inhibitor (TRKi), it is
approved for the treatment of patients with NTRK fusion-positive
solid tumors and adults with ROS1 fusion-positive non-small cell
lung cancer (Frampton, 2021; Desai et al., 2022). Despite its
impressive efficacy against cancer, the serious toxicities on the
central nervous system (CNS) have also been popularly
concerned by the public during the course of cancer therapy
(Marcus et al., 2021). For example, the overall incidence of
fatigue was 45%, taste disturbance was 42.3%, dysesthesia was
29.0%, cognitive impairment was 24.2% and peripheral sensory
neuropathies was 18%. These symptoms not only significantly
reduce the patient’s quality of life but also pose substantial
challenges in the management of treatment, and even result in
treatment interruptions (Trendowski et al., 2019; Doebele et al.,
2020; Frampton, 2021; Martineau et al., 2022). Nowadays, these
clinical CNS-related toxicities were only addressed through dose
modification and interruptions, even withdrawal of entrectinib
(Marcus et al., 2021). Unfortunately, there has been no effective
protocols available for relieving or treating these symptoms until
now. Thus, it is crucial to illuminate the molecular mechanism
underlying CNS-related toxicities.

Research indicated that the tropomyosin receptor kinases (TRK)
protein, a member of the tyrosine kinase family, plays a critical role
in modulating neuronal activity and axonal growth in both the
central and peripheral nervous systems (Aydin-Abidin and Abidin,
2019; Jiang et al., 2021). Acting as a tyrosine receptor kinase
inhibitor (TRKi), entrectinib can inhibit TRK, thus leading to on-
target neurotoxicity (Giustini et al., 2022). Some chemotherapy
drugs can lead to chemotherapy-induced peripheral neuropathy

which is involved in nerve damage and axon loss (Fumagalli et al.,
2020; Chen et al., 2024). Several factors, such as mitochondrial
dysfunction, oxidative stress, microcirculation disturbance and
neuroinflammation have been proposed as determinants of
neurotoxicity (Staff et al., 2017; Wang et al., 2023; Chen et al.,
2024). Evidence indicated that isoflurane could induce hippocampal
cells apoptosis by inhibiting PI3K-AKT expression (Wang et al.,
2016). However, due to the complexity of CNS-related toxicities, the
mechanisms underlying entrectinib-induced neurotoxicity are not
fully understood.

In this study, we aim to evaluate whether entrectinib could
induce nerve cell damage in vitro model. The potential mechanism
responsible for entrectinib-induced nerve cell damage will be
investigated as well. Furthermore, this finding will offer
important insights and potential therapeutic targets for the
entrectinib-induced nerve cell damage.

2 Materials and methods

2.1 Cell line and cell culture

The rat adrenal pheochromocytoma cells PC12 (FH0415), mouse
hippocampal neuron cells HT22 (FH1027) and human neuroblastoma
cells SK-N-SH (FH0164) were purchased from Shanghai Fuheng
Biotechnology Co., Ltd. (Shanghai, China). PC12 cells were cultured
in RPMI-1640 medium (KGM31800, KeyGEN, Nanjing, China)
supplemented with 10% fetal bovine serum (FBS, A6901FBS,
Invigentech, United States) and 1% penicillin and streptomycin
(C0222, Beyotime, Shanghai, China). HT22 and SK-N-SH cells were
cultured in DMEM medium (KGM12800, KeyGEN, Nanjing, China)
with 10% FBS and 1% penicillin and streptomycin. All cells were
incubated in a 37°C with 5% CO2 atmosphere.

2.2 Reagent and antibody

Entrectinib (HY-12678) was obtained from MedChemExpress
(MCE, Shanghai, China) with the purity of 99.87%.
THBS1 overexpression plasmids were synthesized by Corues
Biotchnology (Nanjing, China). The relevant materials used in this
study were provided as following: EnoGeneCell Counting Kit-8 (CCK-
8, E1CK-000208, EnoGene, Nanjing, China), BeyoClick™ EdU-555 cell
proliferation detection kit (C0075S, Beyotime, Shanghai, China),
Annexin V-FITC/PI apoptosis detection kit (KGA107, KeyGEN,
Nanjing, China), 4% paraformaldehyde (PFA, BL539A, Biosharp,
Hefei, China), crystal violet (C0121, Beyotime, Shanghai, China),
Trizol (R0016, Beyotime, Shanghai, China), Freezol reagent (R711-
01, Vazyme, Nanjing, China), Evo M-MLV RT mix kit (AG11728,
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Accurate, Changsha, China), AceQ Universal SYBR qPCR master mix
(Q511-02, Vazyme, Nanjing, China), BCA protein assay kit (P0010,
Beyotime, Shanghai, China), RIPA (P00138, Beyotime, Shanghai,
China), ECL detection reagent (180-501, Tanon, Shanghai, China),
lipofectamine 3000 transfection reagent (L3000015, Invitrogen,
United States).

The antibodies used in Western blotting assay were obtained as
following: THBS1 (1:1,000, 18304-1-AP, Proteintech, Wuhan,
China), PI3K (1:600, 20584-1-AP, Proteintech, Wuhan, China),
AKT (1:5,000, 60203-2-AP, Proteintech, Wuhan, China), p-AKT
(1:2,000, 4060T, Cell signaling technology, United States), TGF-β (1:
3,000, 21898-1-AP, Proteintech,Wuhan, China), GAPDH (1:60,000,
60004-1-Ig, Proteintech, Wuhan, China), HRP-conjugated
affinipure goat anti-rabbit IgG (1:5,000, SA00001-2, Proteintech,
Wuhan, China) and HRP-conjugated affinipure goat anti-mouse
IgG (1:4,000, SA00001-1, Proteintech, Wuhan, China).

2.3 Cells model establishment
and treatment

To establish entrectinib activated cells, nerve cells (PC12,
HT22 and SK-N-SH) were treated with entrectinib for 48 h at
the concentrations of 0, 0.5, 1, 2, 5, 10, and 20 μmol/L, respectively.
To explore whether entrectinib influences the cellular proliferation
ability and apoptosis, we employed entrectinib (2.3, 4.2 and
4.3 μmol/L, respectively) to the PC12, HT22 and SK-N-SH cells
for 48 h. To observe the effect of THBS1 on entrectinib activated
cells, nerve cells were divided into five groups: the normal control
(NC), the overexpression (OE) group transfected with
THBS1 overexpression plasmids, the entrectinib group exposed
to entrectinib (2.3, 4.2 and 4.3 μmol/L, respectively), the NC +
entrectinib group and the THBS1 overexpression group cultured in
medium containing entrectinib (2.3, 4.2 and 4.3 μmol/L,
respectively) for 48 h.

2.4 CCK-8 assay

PC12, HT22 and SK-N-SH cells were plated in 96-well plates at a
density of 7 × 103 cells per well and incubated for 24 h. Subsequently,
PC12, HT22 and SK-N-SH cells were treated with entrectinib and
THBS1 overexpression plasmids for 48 h described above. After
incubation, 10 μL CCK-8 solution was added into each well and
incubated at 37°C for 2 h in the dark. Then, a microplate reader
(Molecular Devices, Shanghai, China) was used to measure the
absorbance at a wavelength of 450 nm.

2.5 EdU incorporation assay

PC12, HT22 and SK-N-SH cells were seeded into 24-well plates
at a density of 3 × 104 cells per well and treated with entrectinib for
48 h. BeyoClick™ EdU-555 cell proliferation detection kit was used
for the subsequent experiments. In brief, 20 μmol/L EdU was
added into per well for 4 h. Hoechst 33342 was used to stain the
nuclei for 10 min in the dark. Next, images were randomly
captured by a fluorescence inverted microscope (Zeiss,

Germany). Finally, ImageJ was utilized to count the total cell
and proliferating cell numbers.

2.6 Colony formation assay

In six-well plates, PC12, HT22, SK-N-SH cells were cultured at a
density of about 7 × 102 cells per well and then treated with
entrectinib. The cultures were maintained for 14 days or until
the number of single-cell clones exceeded 50. After rinsing with
phosphate buffered saline (PBS), cells were fixed with 4%
paraformaldehyde solution for 30 min. Next, 0.5% crystal violet
solution was stained for 15 min. Finally, cells were washed several
times with PBS and captured by a camera.

2.7 Flow cytometry analysis

PC12, HT22 and SK-N-SH cells were seeded into 6-well
plates and treated with entrectinib and THBS1 overexpression
plasmids for 48 h described above. Then, the treated cells were
collected and stained with Annexin V-FITC and PI staining
solution for 10 min. Following the recommendations of the
manufacturer, the cells were analyzed by flow cytometry (BD
Biosciences, United States) within 1 h. Data were analyzed by
Flowjo software (v.10.8.1).

2.8 Gene differential expression analysis

PC12, HT22 and SK-N-SH cells were treated with entrectinib,
respectively. After 48 h incubation, the total RNA was extracted by
Trizol reagent and sequenced in Beijing Biomarker Technology Co.,
LTD. (Beijing, China). Briefly, according to the manufacturer’s
instructions, the sequencing library was generated by Hieff NGS
ultima dual-mode mRNA library prep kit (Yeasen, Shanghai,
China). The libraries were quantified preliminarily with Qubit
3.0 fluorescence quantitative analyzer and sequenced on an
Illumina novaseq platform to generate 150 bp paired-end reads.
Clean data were obtained by removing reads containing adapter,
ploy-N and low-quality from raw data. The analysis of differentially
expressed genes (DEGs) between PC12 and HT22 cells was
performed by DESeq2 software (Love et al., 2014), while SK-N-
SH cells were analyzed by edgeR software (Robinson et al., 2010).
Genes with a statistical threshold of false discovery rate (FDR) <
0.05 and |fold change| > 2 were considered to be significantly
differentially expressed. Volcano plots, a visualized plots to
illustrate DEGs, were generated by bioinformatics software
available at https://www.bioinformatics.com.cn/.

2.9 Gene ontology (GO) and kyoto
encyclopedia of genes and genomes
(KEGG) analysis

Functional enrichment analyses of GO (Ashburner et al.,
2000) and KEGG (Kanehisa et al., 2014) in DEGs from
PC12 and HT22 cells were performed by the R package
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ClusterProfiler (v.4.6.2) (Yu et al., 2012). The R package ggplot2
(v.3.4.1) was utilized to visualize and screen biological functions
and pathways associated with these DEGs. Enriched GO terms
and KEGG pathways were presented to illustrate the
analytical outcomes.

2.10 Gene set enrichment analysis
(GSEA) analysis

GSEA software (v.4.3.2) (Subramanian et al., 2005) was performed
to investigate functional enrichment pathways and landmark gene sets
in gene expression datasets. Signature gene sets were extracted from the
Molecular Signatures Database (MSigDB, available at https://www.gsea-
msigdb.org). Enrichment results were considered significant if the
normalized enrichment score (NES) > 1 and the nominal P < 0.
05 in the entrectinib treatment.

2.11 RNA extraction and quantitative real
time polymerase chain reaction (qRT-PCR)

According to the manufacturer’s recommendations, total
cellular RNA was extracted by Freezol reagent and reverse-
transcribed into cDNA by the Evo M-MLV RT mix kit. The
AceQ universal SYBR qPCR master mix kit was used for
quantitative real-time PCR. The β-actin was served as the
internal control. The expression of the target gene was calculated
by the 2−ΔΔCTmethod. Primers used in this study were synthesized by
Invitrogen Biotechnology Co., Ltd. (Invitrogen, United States), and
their sequences were provided in Supplementary Table S1.

2.12 Western blotting assay

Total protein from cells was extracted through RIPA lysate
with a mixture of phosphatase inhibitor and protease inhibitor.
The concentration of extracted proteins was quantified through
BCA protein assay kit. The protein samples were separated
through 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to PVDF
membranes. After blocking with 5% skim milk for 2 h, the
PVDF membranes were incubated with the primary antibody
overnight at 4°C. Subsequently, membranes were incubated with
the corresponding secondary antibody and visualized by an
enhanced chemiluminescence (ECL) reagent. Protein band
intensities were analyzed by ImageJ software.

2.13 Statistical analysis

All experiments were conducted at least in triplicate to ensure
reliability. Statistical analysis and graphical representation were
carried out by GraphPad Prism (v.9.0). Differences in
quantitative variables between two groups were assessed by
the t-test, while differences among three or more groups were
evaluated by one-way analysis of variance (ANOVA). P <
0.05 was considered as statistical significance.

3 Results

3.1 Entrectinib significantly inhibited the
viability of nerve cells (PC12, HT22 and SK-
N-SH)

Initially, the nerve cells (PC12, HT22 and SK-N-SH) were
subjected to various concentrations of entrectinib (0, 0.5, 1, 2, 5, 10,
and 20 μmol/L) for 48 h, and the impact of entrectinib on nerve
cells viability was assessed by the CCK-8 assay. The results
indicated that entrectinib significantly inhibited nerve cells
viability compared with the control group, displaying a clear
dose-dependent reduction trend (Figures 1A, C, E).
Subsequently, the IC50 of entrectinib in PC12, HT22 and SK-N-
SH cells was calculated as 2.3 μmol/L, 4.2 μmol/L, and 4.3 μmol/L,
respectively (Figures 1B, D, F). Thus, the IC50 entrectinib
incubation was selected for subsequent experiments.
Collectively, these results preliminarily indicated that
entrectinib showed an inhibitory effect on the nerve cells viability.

3.2 Entrectinib significantly inhibited nerve
cells proliferation

To further investigate entrectinib’s impact on nerve cell
proliferation, we performed colony formation and EdU
incorporation assays. As shown in Figures 2A–C, the relative
colony number of nerve cells (PC12, HT22, SK-N-SH) was
significantly decreased to 49.65%, 54.34%, and 50.21% after
entrectinib treatment. In addition, EdU incorporation assay
demonstrated that the red fluorescence had a notable reduction
in the treatment of entrectinib, indicating that entrectinib could
inhibit the replicative capacity of nerve cells (Figures 2D–F). These
findings confirmed that entrectinib significantly inhibited the
proliferation ability of nerve cells.

3.3 Entrectinib could induce nerve
cells apoptosis

Moreover, Annexin V-FITC/PI apoptosis detection kit was
employed to further explore the impact of entrectinib on nerve
cells apoptosis. PC12, HT22 and SK-N-SH cells were treated with
entrectinib of 2.3 μmol/L, 4.2 μmol/L and 4.3 μmol/L, respectively,
and the apoptosis rate was significantly increased to 12.52%, 14.83%
and 15.84% (Figures 3A–D). Taken together, these results indicated
that entrectinib could significantly inhibit the viability and induce
apoptosis within the nerve cells.

3.4 Identification of DEGs in PC12, HT22 and
SK-N-SH cells

To further explore the impact of entrectinib on nerve cells
transcription levels, we employed high-throughput sequencing
technology on the entrectinib-treated nerve cells (PC12,
HT22 and SK-N-SH) samples. Differential expression analysis
revealed that 413, 338, and 481 DEGs were in PC12, HT22 and
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FIGURE 1
Entrectinib significantly inhibited nerve cells viability. (A, C, E) The absorbance of PC12, HT22 and SK-N-SH cells was subjected to the CCK-8 assay
after treatment with entrectinib (0, 0.5, 1, 2, 5, 10, and 20 μmol/L). Data are shown as mean ± SD, n = 6 (**P < 0.01). (B, D, F) The IC50 value of PC12,
HT22 and SK-N-SH cells was calculated by GraphPad Prism (v.9.0). Data are shown as mean ± SD, n = 6.

FIGURE 2
Entrectinib inhibited nerve cells proliferation. (A–C) PC12, HT22 and SK-N-SH cells treated with entrectinib (2.3, 4.2, and 4.3 μmol/L, respectively)
were seeded into 6-plate wells, and the number of colonies was counted on the 14 days. The results are also shown in the bar chart. Data are shown as
mean ± SD, n = 3 (**P < 0.01). (D–F) EdU incorporation assay was performed to determine the nerve cells proliferation ability of PC12, HT22 and SK-N-SH
cells treated with entrectinib (2.3, 4.2, and 4.3 μmol/L, respectively), and the results are also shown in the bar chart. Scale bar = 40 μm. Data are
shown as mean ± SD, n = 3 (**P < 0.01).
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SK-N-SH cells, respectively (Figures 4A–C; Supplementary Table
S2). We then determined the intersection of DEGs present in the
nerve cells, where 4 DEGs (FTL1, THBS1, FTL1-PS1, COL3A1)
were intersected (Figure 4D). Notably, thrombospondin-1
(THBS1) was significantly downregulated in entrectinib
treatment, implying that it might be involved in nerve cell
damage (Figure 4E). These findings confirmed that entrectinib
could induce extensive transcriptomic changes, and THBS1 was
the most significant.

3.5 Exploration the functions and pathways
of DEGs

Next, we conducted GO and KEGG pathway enrichment
analyses to uncover the biological functions and pathways
associated with DEGs. GO results revealed that DEGs were
involved in biological processes including peptide cross-linking
and epithelial cell proliferation regulation. Meanwhile, it also
showed the relationship with cellular components and molecular
functions, such as extracellular matrix, transcription repressor
complex, growth factor activity and extracellular matrix binding
(Figure 5A; Supplementary Table S3). Futhermore, KEGG analysis
implicated that DEGs were enriched in pathways such as PI3K-AKT

signaling pathway, TGF-β signaling pathway and p53 signaling
pathway, et al. (Figure 5B; Supplementary Table S4). Similarly,
GSEA was also performed across hallmark gene sets to identify
potential signatures of response. The results showed that PI3K-
AKT-mTOR signaling pathway, TGF-β signaling pathway and
p53 signaling pathway (Figure 5C; Supplementary Table S5) were
enriched in entrectinib treatment. The above results suggested that
the entrectinib-induced nerve cell damage may be related to the
PI3K-AKT-mTOR signaling pathway, p53 signaling pathway and
TGF-β signaling pathway.

3.6 Entrectinib could downregulate
THBS1 expression while also inhibiting PI3K-
AKT and TGF-β signaling pathways

To validate the transcriptome sequencing analysis results, we
further performed qRT-PCR and Western blotting assays.
Compared with the control group, the expression of THBS1 was
significantly decreased after entrectinib treatment within the nerve
cells (Figures 6A, B), which was in parallel with sequencing results.
Additionally, the levels of relative proteins involved in PI3K-AKT
and TGF-β signaling pathways were examined as well. Obviously,
entrectinib could downregulate the expressions of PI3K, AKT,

FIGURE 3
Entrectinib induced nerve cells apoptosis. (A–C) The effect of entrectinib on nerve cells (PC12, HT22 and SK-N-SH) apoptosis wasmeasured by flow
cytometry analysis. (D) Quantitative mean apoptosis ratio of (A–C). Data are shown as mean ± SD, n = 3 (**P < 0.01).
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phosphorylated AKT (p-AKT) and TGF-β1 proteins within the
nerve cells (PC12, HT22 and SK-N-SH) (Figures 6B–C).
Therefore, these results demonstrated that entrectinib could
downregulate THBS1 expression while also inhibiting PI3K-AKT
and TGF-β signaling pathways.

3.7 THBS1 overexpression could rescue
nerve cell damage induced by entrectinib
and activate PI3K-AKT and TGF-β
signaling pathways

To preliminary observe and validate whether
THBS1 overexpression could rescue nerve cell damage and the
abnormalities in PI3K-AKT and TGF-β signaling pathways,
nerve cells were transfected with THBS1 overexpression
plasmids. As shown in Figures 7A–E, THBS1 overexpression
can rescue nerve cell damage induced by entrectinib.
Additionally, the expressions of PI3K, AKT, phosphorylated
AKT (p-AKT) and TGF-β1 proteins were also upregulated by
THBS1 overexpression in the entrectinib-treated cells (Figures
7F–H). These above results suggested that THBS1 plays an
important functional role in rescuing nerve cell damage and

the abnormalities in the PI3K-AKT and TGF-β signaling
pathways induced by entrectinib.

4 Discussions

Entrectinib, a novel multi-target TRKi, has demonstrated
considerable therapeutic efficacy in tumors harboring NTRK,
ROS1 or ALK gene fusions (Desai et al., 2022). It can penetrate
the blood-brain barrier and exhibit CNS activity, underscoring its
potential in treating brain tumors (Liu et al., 2018; Desai et al., 2022;
Jiang et al., 2022). However, bulk evidences suggest that entrectinib
can cause serious neurotoxicity following prolonged application,
such as sensory neuropathy and peripheral neuropathy (Delgado
et al., 2021; Giustini et al., 2022). However, the underlying
mechanism of entrectinib-induced neurotoxicity remains elusive.

In this study, we investigated the effects of entrectinib on PC12,
HT22 and SK-N-SH cells in vitro, focusing on its impact on the
proliferation and apoptosis of nerve cells. Initially, a CCK-8 assay
was carried out to determine cellular viability, we demonstrated that
entrectinib inhibited the cell viability in a dose-dependent trend.
Furthermore, EdU incorporation and colony formation assays were
used to analyze the nerve cells proliferation. We also observed a

FIGURE 4
Transcriptome sequencing analyses identified THBS1 target involved in nerve cell damage. (A–C) The DEGs of PC12, HT22 and SK-N-SH cells were
presented in the form of volcano plot, where red represents upregulated genes, blue represents downregulated genes, and gray represents genes with
insignificant differences (Set threshold FDR < 0.05 and |fold change| > 2). (D) Venn diagram was performed to illustrate overlap between DEGs by PC12,
HT22 and SK-N-SH cells. (E) The expression of THBS1 was identified by transcriptome sequencing analyses.
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significant inhibition of cell proliferation and clonogenic potential
after entrectinib administration, confirming its anti-proliferative
effects in vitro. Flow cytometry analysis further demonstrated
that entrectinib effectively increased the apoptosis ratio of nerve
cells. Taken together, these results indicated that entrectinib could
significantly inhibit proliferation ability and induce apoptosis within
the nerve cells.

Subsequently, transcriptome sequencing was performed to
explore the gene expression changes of entrectinib-treated nerve
cells. The transcriptome sequencing analysis identified THBS1 was
intersected by PC12, HT22 and SK-N-SH cells, and it showed a
downregulated trend. THBS1 belongs to adhesion glycoprotein,
which plays a pivotal role in mediating cell-cell and cell-matrix
interactions (Huang et al., 2017; Yao et al., 2023). THBS1, first
discovered in platelets, but now many studies indicate that it plays a
crucial role in the development of diseases (Firlej et al., 2011).
Moreover, THBS1 is also involved in the physiological and
pathological processes of the nervous system and indispensable
for axon regeneration (Bray et al., 2019; Yao et al., 2023).

Therefore, we further examined the expression of THBS1 within
entrectinib treatment. The results revealed that the expression of
THBS1 was significantly decreased by entrectinib, which was in
parallel with sequencing results. In addition, THBS1 overexpression
rescued entrectinib-induced nerve cell damage. Collectively, these
results indicated that entrectinib-induced nerve cell damage may be
related to the downregulation of THBS1.

KEGG and GSEA analysis results revealed that the PI3K-AKT
and TGF-β signaling pathways were significantly enriched in
entrectinib treatment. The PI3K-AKT signaling pathway plays an
important role in intracellular signal transduction and regulates
diverse cellular processes including cell cycle, adhesion, migration,
inflammation, metabolism and survival (Jafari et al., 2019; Xiao
et al., 2022). In addition, the PI3K-AKT signaling pathway also
exerts profound influence on nervous system physiology, governing
processes such as myelin formation (Gaesser and Fyffe-Maricich,
2016), axon regeneration (Huang et al., 2019), nerve cell
regeneration (Luo et al., 2019) and apoptosis (Wang et al., 2022;
Kilic et al., 2017; Lu et al., 2022). It was reported that PI3K-AKT

FIGURE 5
Entrectinib induced the nerve cell damage by affecting the PI3K-AKT-mTOR signaling pathway, p53 signaling pathway and TGF-β signaling pathway.
(A, B) The R package ClusterProfiler (v.4.6.2) was used for clustering analysis of potential targets and pathways of entrectinib-induced nerve cell damage.
Histogram and bubble plots showed the results of GO and KEGG enrichment analysis. (C) GSEA of hallmark gene sets between control groups and
entrectinib-treated groups.
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signaling pathway could regulate neurotoxicity and mediate the
survival of neurons (Goyal et al., 2023). Receptor tyrosine kinase
(RTK), serving as principal upstream regulator of the PI3K-AKT
pathway, modulated AKT activity through activating PI3K
(Haddadi et al., 2018; Rai et al., 2019). It is worth noting that
PI3K, as a crucial anti-apoptotic regulator, triggers the activation of
its downstream target AKT upon its activation. Phosphorylation of
transmembrane receptors such as RTK can lead to the activation of
PI3K and p-AKT, thus activating neuroprotective effects (Griffin
et al., 2005; Wang et al., 2022). Therefore, Western blotting assay
was performed to examine the protein levels of PI3K, AKT and
p-AKT within entrectinib treatment, we found that entrectinib
could downregulate the levels of these proteins. Moreover,
THBS1 overexpression can rescue the levels of relative proteins
involved in PI3K-AKT signaling pathways in the entrectinib-treated
nerve cells (PC12, HT22 and SK-N-SH). Thus, the reduction of the
PI3K-AKT signaling pathway caused by THBS1 inhibition may be
related to the entrectinib-induced nerve cell damage.

As we all known, THBS1 is a potential upstream target with
TGF-β signaling pathway (Sun et al., 2022). TGF-β is a
multifunctional peptide that governs the diverse cellular processes
like cell proliferation, differentiation, death and migration

(Jakowlew, 2006; Hata and Chen, 2016; Deng et al., 2024;
Giarratana et al., 2024). TGF-β signaling pathway is also involved
in neurotrophic signaling transmission and is closely related to the
normal development and function of nerves (Meyers and Kessler,
2017; Ding et al., 2024). Brionne et al. (2003) research showed that
the downregulation of TGF-β1 in primary neurons resulted in a
strong reduction of survival. In addition, TGF-β1 heterozygous
knockout mice displayed heightened sensitivity to toxic insults.
THBS1 serves as a key activator of TGF-β, significantly activates
TGF-β1 factor and TGF-β signaling pathway (Atanasova et al., 2019;
Bedolla et al., 2024). Additionally, previous publications have
reported that TGF-β signaling pathway induced renal injury may
be related to the regulation of THBS1 (Sun et al., 2022). Taken
together, we conducted qPCR and Western blotting assays to
examine the expressions of THBS1 and TGF-β1 within
entrectinib treatment. We found that entrectinib significantly
downregulated the expressions of THBS1 and TGF-β1.
Additionally, THBS1 overexpression can rescue TGF-β1
expression in the entrectinib-treated nerve cells, implicating that
the reduction of the TGF-β signaling pathway caused by
THBS1 inhibition may be a potential mechanism for the
entrectinib-induced nerve cell damage.

FIGURE 6
Entrectinib downregulated THBS1 expression while also inhibiting PI3K-AKT and TGF-β signaling pathways. (A) The expression of THBS1 in PC12,
HT22 and SK-N-SH cells treated with entrectinib was detected by qRT-PCR. Data are shown asmean ± SD, n = 3 (**P < 0.01). (B) The expressions of PI3K,
AKT, p-AKT, TGF-β and THBS1 proteins in PC12, HT22, SK-N-SH cells treated with entrectinib were detected by Western blotting assay. (C) The
quantitative analyses of TGF-β1, THBS1, AKT, p-AKT and PI3K proteins in (B) are shown. Data are shown as mean ± SD, n = 3 (*P < 0.05, **P < 0.01).
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FIGURE 7
THBS1 overexpression rescue nerve cell damage and the abnormalities in the PI3K-AKT and TGF-β signaling pathways induced by entrectinib. (A–C)
Overexpression of THBS1 in entrectinib-treated cells rescued cell viability. Data are shown as mean ± SD, n = 6 (**P < 0.01). (D, E) Overexpression of
THBS1 in entrectinib-treated cells rescued cell apoptosis. Data are shown as mean ± SD, n = 3 (**P < 0.01). (F) qRT-PCR measured the efficiency of
THBS1 overexpression. Data are shown as mean ± SD, n = 3 (*P < 0.05, **P < 0.01). (G) Western blotting assay examined the levels of PI3K, AKT,
p-AKT, TGF-β and THBS1 proteins in PC12, HT22, SK-N-SH cells after treatement with entrectinib or THBS1 overexpression plasmids or the combination
for 48 h. (H) Representative quantification were shown. Data are shown as mean ± SD, n = 3 (*P < 0.05, **P < 0.01).
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5 Conclusion

In conclusion, our findings proposed a putative mechanism
whereby entrectinib-induced nerve cell damage may downregulate
THBS1 expression while also inhibiting PI3K-AKT and TGF-β
signaling pathways (Figure 8). Although our current study offers
valuable insights, there still exists some limitations. Due to the
limited availability of appropriate animal models, we were unable to
investigate the effects of entrectinib on the proteins and gene
expression levels within the nerve cells in vivo. Thus, future
studies should aim to comprehensively illustrate the intricate
mechanism based on in vivo experiments. In a word, our study
contributed important insights into the molecular mechanism
underlying entrectinib’s neurotoxic effects and proposes potential
therapeutic targets.
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