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Simple Summary: Malignant peripheral nerve sheath tumours (MPNSTs) are highly aggressive and
invasive peripheral soft-tissue sarcomas that typically develop in the context of neurofibromatosis
type 1 (NF1). Compared with sporadic MPNSTs, patients with NF1-derived MPNSTs are younger and
have a worse prognosis. The aim of our study is to further identify potential targets for the treatment
of NF1-derived MPNSTs based on existing therapies. We found that the nuclear receptor corepressor 2
(NCOR2) could regulate ERK activation through the brain-derived neurotrophic factor (BDNF)/TrkB
pathway, thereby affecting the growth of NF1-derived MPNSTs. This finding may provide new drug
targets and combined drug therapy strategies for the clinical treatment of NF1-derived MPNSTs.
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Abstract: (1) Background: malignant peripheral nerve sheath tumours (MPNSTs) are aggressive
Schwann cell-derived sarcomas with dismal prognoses. Previous studies have shown that nuclear
receptor corepressor 2 (NCOR2) plays a vital role in neurodevelopment and in various tumours.
However, the impact of NCOR2 on the progression of MPNST remains unclear. (2) Methods: by
GEO database, MPNST tissue microarray, and NF1-related tumour tissues and cell lines were used to
explore NCOR2 expression level in the MPNSTs. The role and mechanism of NCOR2 in NF1-derived
MPNSTs were explored by experiments in vivo and in vitro and by transcriptome high-throughput
sequencing. (3) Results: NCOR2 expression is significantly elevated in NF1-derived MPNSTs and
is associated with patient 10-year survival time. Knockdown of NCOR2 suppressed NF1-derived
MPNST cell proliferation by blocking the cell cycle in the G0/G1 phase. Moreover, decreased
NCOR2 expression could down-regulate MAPK signal activity through the BDNF/TrkB pathway.
(4) Conclusions: our findings demonstrated that NCOR2 expression is significantly elevated in
NF1-derived MPNSTs. NCOR2 knockdown can inhibit NF1-derived MPNST cell proliferation by
weakened BDNF/TrkB/ERK signalling. Targeting NF1-derived MPNSTs with TrkB inhibitors, or in
combination with ERK inhibitors, may be a novel therapeutic strategy for clinical trials.
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1. Introduction
Malignant peripheral nerve sheath tumours (MPNSTs) are highly aggressive and
invasive peripheral nerve-associated soft-tissue sarcomas that typically develop in the
context of neurofibromatosis type 1 (NF1) [1,2]. NF1 is an autosomal dominant cancer
predisposition syndrome caused by mutations in the NF1 gene that afflicts approximately
one in 3000 individuals worldwide [3]. Among NF1 patients, 20% to 50% develop benign
plexiform neurofibromas (PNFs) [4]. It is not negligible that 8–13% of PNFs will further
develop into MPNSTs, accounting for half of the total MPNST cases [5]. Moreover, NF1
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patients develop MPNSTs at a significantly younger age, and the survival duration of NF1derived MPNST patients is greatly reduced [6]. This dismal prognosis is largely caused
by the tendency of NF1-derived MPNSTs to be larger and deeper due to rapid growth [7].
Therefore, elucidation of the mechanisms for NF1-derived MPNST growth is vital.
The genomic characterization of MPNST cohorts revealed some genes that are frequently dysregulated in MPNSTs, including the loss of function of NF1, SUZ12, or EED
and the deletion of the CDKN2A/B locus [8]. As the necessary genetic alteration in NF1derived MPNSTs, biallelic inactivation of NF1 leads to the aberrant amplification of Ras and
downstream mitogen-activated protein kinase (MAPK) oncogenic signalling, suggesting
that molecules in this pathway are powerful potential therapeutic targets [9]. At present,
MEK inhibitor (MEKi) selumetinib has been approved for use in PNFs [10]. However, the
efficacy of MEKi monotherapy was relatively limited in MPNSTs [11,12]. Therefore, further
searching for new therapeutic targets for MPNSTs on the basis of existing surgical and drug
therapy and rational design of combined drug delivery regimens has become one of the
clinical and basic concerns.
Nuclear receptor corepressor 2 (NCOR2) belongs to the family of transcriptional corepressors and is widely expressed in human tissues. It is often recruited to nuclear and
nonnuclear receptors in a large repressing complex containing histone deacetylases [13]
that regulates the expression of different genes to maintain the development of multiple
systems [14–16]. In addition, NCOR2 is closely related to the development of multiple
tumours and has been considered a potential therapeutic target. Notably, the roles of
NCOR2 as a pro-oncogenic or tumour suppressor depend on the tumour types. In breast
cancer, Karmakar S et al. reported that NCOR2 can promote SRC3-dependent gene expression and elevate cyclin D1 levels, promoting cell proliferation [17]. Moreover, in several
large studies evaluating human breast tumours, higher NCOR2 protein levels correlated
with poor prognosis [18–20]. Elevated NCOR2 levels are common in prostate cancer cells,
resulting in promoting cell proliferation [21,22]. However, Long MD et al. pointed out
that high NCOR2 expression is favourable for androgen deprivation therapy in prostate
cancer [23]. Mori T. et al. revealed that high NCOR2 levels in multiple myeloma patients
facilitate multidrug therapy [24]. In conclusion, significant heterogeneity exists in the roles
of NCOR2 in different types of tumours.
Furthermore, abnormal expression of NCOR2 in the neurodevelopmental system can
also promote tumourigenesis. Campos B et al. found strong nuclear expression of NCOR2
in 283 astrocytic gliomas, which is related to tumour proliferation and differentiation [25].
However, the biological significance of NCOR2, as a pro- or anti-tumourigenic molecule in
MPNSTs, especially in the NF1-derived MPNSTs, remains to be determined.
2. Materials and Methods
2.1. Cell Culture
One normal human Schwann cell (HSC) line and three PNF cell lines (ipNF05.5,
ipNF05.5 mixed clones, and ipNF9511.bc) were purchased from the American Type Culture
Collection (ATCC, Rockville, MD, USA). Four NF1-derived MPNST cell lines (ST8814, T265,
S462, and S462TY) and one sporadic MPNST cell line (STS26T) were kindly donated by
Prof. Vincent Keng [26] and Prof. Jilong Yang [27]. The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco, New York, NY, USA), supplemented with
10% foetal bovine serum (FBS, HyClone, UT, USA), 100 U/mL penicillin and 100 µg/mL
streptomycin, maintained in a humidified atmosphere containing 5% CO2 at 37 ◦ C, and
confirmed to be negative for mycoplasma every 3 months.
2.2. Patients and Specimens
From 2015 to 2018, postoperative tissues of 49 MPNST patients were paraffin-embedded
for the construction of a tissue microarray and immunohistochemistry, including NF1derived (19) and sporadic (30) tumours. For NF1-derived nerve sheath tumours, different
tumour types were diagnosed according to tumour cell atypia, neurofibroma structural
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loss, cell density, mitosis, and necrosis, as detailed in Table S1. Tumour differentiation,
mitosis, and necrosis were scored according to the FNCLCC Histological Grading System
in sporadic MPNSTs. A total score of 2–3 is classified as low-grade, and >3 is classified as
high-grade (see Table S2 for details). Each patient’s clinical information was obtained from
the hospital’s electronic medical system. Since 20 of the 49 patients were lost to follow-up,
only 29 were included in the survival analysis, as previously described [28].
Fresh human PNF and NF1-derived MPNST tissues were obtained from surgical resection at Shanghai Ninth People’s Hospital (Shanghai, China). The study was approved by
the Ethics Committee of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University
School of Medicine (SH9H-2019-T163-2), and informed consent was obtained from every
patient under institutional review board protocols.
2.3. Quantitative Real-Time Polymerase Chain Reaction (qRT–PCR)
Total RNA was extracted from cells according to the procedure of RNeasy Kit (Axygen
Scientific, CA, USA). The cDNA was reverse-transcribed using a PrimeScript RT Master
Mix Kit (Takara, Shiga, Japan). Quantitative PCR was performed on the cDNA using the
SYBR Green System (Applied Biosystems, Waltham, MA, USA). GAPDH was amplified
used as the endogenous control with commercially available primers (B661104, Sangon
Biotech, Shanghai, China). The primers for qRT–PCR are listed in Table S3.
2.4. Western Blotting (WB)
Tissues and cells were lysed in RIPA buffer supplemented with protease and phosphatase inhibitors (P0013B, Beyotime, Shanghai, China). Each lysate was separated by
10% SDS polyacrylamide gel electrophoresis and then transferred to Immobilon-P PVDF
transfer membranes (Merck Millipore, Burlington, MA, USA). After blocking with 5%
non-fat milk, the membranes were incubated with primary antibodies overnight at 4 ◦ C
and incubated with HRP–conjugated secondary antibodies at room temperature for 1 h.
The protein band signals were detected using an Amersham Imager 600 (General Electric
Company, Boston, MA, USA). The antibodies are listed in Table S4.
2.5. Cell Transfection
For lentiviral shRNA infection, MPNST cells at 70% confluence were infected with
lentivirus vector packaging plasmids (Zorin Biotechnology, Shanghai, China) containing shRNAs targeting NCOR2. A random nonsense targeted sequence was used as the
negative control (NC). Cells were infected overnight, and stable cell populations were
selected with 2 µg/mL puromycin 48 h later. The target sequence of shNCOR2-A was 50 GCGGAAGAAGCUAAUCUUGUATT-30 , and that of shNCOR2-B was 50 -CGGAAUGAGC
CUGAAUACAAUTT-30 .
2.6. Cell Viability Assay
Cell viability was examined using a Cell Counting Kit-8 (CCK-8, Dojindo Laboratories,
Kyushu Island, Japan), according to the manufacturer’s instructions. A total of 3 × 103 cells
were seeded per well in 96-well plates, and CCK-8 solution was diluted at a ratio of 1:10,
and serum-free DMEM was added at 0, 24, 48, and 72 h to measure the 450 nm OD value
after 2 h of incubation. 5-Ethynyl-20-deoxyuridine (EdU) assays were performed using
an EdU kit (Beyotime, Shanghai, China). Briefly, 5 × 103 cells were seeded per well in
48-well plates. Second day, the cells were incubated with EdU solution for 2 h at 37 ◦ C,
fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.3% Triton X-100 (Sigma
Aldrich, Saint Louis, MO, USA) for 10 min, and rinsed with phosphate-buffered saline three
times. The cells were incubated with Click Reaction Mixture (Beyotime, Shanghai, China)
for 30 min at room temperature under protection from light. Nuclei were labelled with
Hoechst (Frankfurt am Main, Germany) 33,342 for 5 min.
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2.7. Colony Formation Assay
A total of 50 cells were evenly seeded in 60 mm plates and cultured for 7 days. The
cells were carefully fixed with 4% formaldehyde for 10 min and subsequently washed with
PBS before being stained with 1% crystal violet for 5 min. The stain was washed away
slowly with phosphate-buffered saline, and the plates were dried at room temperature.
Images of the plates were captured, and the colonies were counted using ImageJ 1.51
(National Institutes of Health, Bethesda, MD, USA).
2.8. Cell Invasion and Migration Assays
Transwell assays were performed using hanging cell culture inserts (8 µm pore size;
Millipore, MA, USA). A total of 5 × 104 cells were seeded on the top compartment, coated
with Matrigel (Corning, New York, NY, USA), in 200 µL of serum-free DMEM and gently
placed in 24-well plates, to which 600 µL of 15% serum DMEM (Thermo Fisher Scientific,
Waltham, MA, USA) had been added in advance. After 16 h of incubation, the invasive cells
were stained with 1% crystal violet for 10 min, and the upper cells were gently removed
with a cotton swab. Images of three random views were captured, and the cells were
counted using ImageJ.
A scratch assay was used to evaluate cell migration ability. Cells were seeded and
grown to near-confluence in 6-well plates. A scratch was made along the centerline of each
well by using a 200 µL pipette tip. Images of the scratch at different intervals were taken
by an inverted microscope. The change in scratch area was measured using ImageJ. Cell
mobility = (scratch width at 0 h − scratch width at 24 h)/scratch width at 0 h × 100%.
2.9. Immunohistochemistry (IHC)
The sections were deparaffinized, rehydrated through decreasing concentrations of
ethanol and were boiled in EDTA buffer (Takara Bio, Shiga, Japan) for 20 min to retrieve
the antigenicity. When the buffer had cooled to room temperature, the sections were
blocked with 3% H2 O2 for 10 min and incubated with bovine serum albumin for 20 min.
The sections were incubated with primary antibodies overnight at 4 ◦ C and with biotinconjugated secondary antibodies for 20 min at 37 ◦ C. The signal was detected with DAB
staining. The antibodies are listed in Table S5.
The IHC of tissue microarray scores were assessed by two independent researchers.
In order to eliminate the error caused by different observation conditions, the researcher
was asked to finish the assessment of a total microarray within a continuous time interval
(about 2 h). When there were different results, a third pathologist would interpret the
results again. The proportion of positive cells was scored as follows: negative (−): score 0;
< 25% positive cells (+): score 1; 26–50% positive cells (++): score 2; and > 50% positive cells
(+++): score 3. Discussion with a third researcher is required if disagreements occur.
2.10. TUNEL Assays
An in situ TUNEL cell apoptosis detection kit (Beyotime, Shanghai, China) was used
to assess apoptosis in tumour tissues according to the manufacturer’s instructions. The
stained sections were visualized under a fluorescence microscope.
2.11. Flow Cytometry (FCM) Experiments
For cell cycle analysis, cells were fixed in 70% ethanol 1 day before the experiment,
digested with RNaseA, and labelled with propidium iodide. Apoptotic cells were analysed with an Annexin V/FITC kit (BD Biosciences, San Jose, CA, USA) according to the
manufacturer’s instructions and analysed by FCM after compound treatment.
2.12. RNA Sequencing (RNA-Seq)
Total RNA was isolated using a TRIzol total RNA extraction kit (TIANGEN, Cat. No.
DP424, Beijing, China). Illumina HiSeq library construction was performed according to
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the manufacturer’s instructions (Illumina, San Diego, CA, USA). The library was sequenced
using the Illumina NovaSeq 6000 sequencing platform to generate raw reads.
Raw paired-end fastq reads were filtered with TrimGalore (GitHub, San Francisco, CA,
USA) and then aligned to the human genome using HISAT2 (Daehwan Kim Lab, Dallas,
TX, USA) [29], followed by reference genome-guided transcriptome assembly and gene
expression quantification using String Tie (Center for Computational Biology, Baltimore,
MD, USA) [30]. Differentially expressed genes (DEGs) were identified by DESeq2 (Bioconductor, Baden-Wuerttemberg, Germany) with cut-off values of a log2|fold-change| > 1
and a p-adjust < 0.05. ClusterProfiler (Bioconductor, Baden-Wuerttemberg, Germany) was
used to perform functional enrichment analysis and the potential genes in the identified
modules were analysed based on gene ontology (GO) and KEGG pathway categories.
Each data point is presented as the mean, and all experiments were performed on three
biological replicates.
2.13. Enzyme-Linked Immunosorbent Assay (ELISA)
A total of 1 × 105 cells were evenly seeded in 60 mm plates and cultured overnight.
On the second day, the cells were incubated with serum-free DMEM. The supernatant was
collected after 24 h. Peripheral blood of PNF and NF1-derived patients of Shanghai Ninth
People’s Hospital (Shanghai, China) was collected. The BDNF levels were detected by the
commercially available ELISA kit (Boster Biological Technology Company, Wuhan, China).
All experiments were performed in duplicate, and the tests were performed according to
the manufacturer’s instructions.
2.14. Xenograft Tumour Models
Sixteen six-week-old female NOD-SCID IL-2 receptor gamma-null mice (purchased
from Shanghai Jihui Animals Company, Shanghai, China) were used for xenograft tumour
models. A total of 5 × 106 shNCOR2 or shNC cells in 100 µL PBS, containing 50% Matrigel
(Corning, New York, NY, USA), were injected subcutaneously into the armpit of each mouse.
The maximum allowable volume of tumour growth was approximately 1500 mm3 . The
tumour size and mouse weight were measured twice a week. The volume was calculated
as follows: V = L × W2 /2 (L: length, W: width). All procedures were performed in
accordance with the guidelines established by the Shanghai Medical Experimental Animal
Care Commission.
2.15. Statistical Analysis
Analyses were performed using SPSS Statistics 23.0 (Chicago, IL, USA) and GraphPad
Prism version 8.0 (San Diego, CA, USA). Overall survival curves were estimated using
the Kaplan–Meier method, and differences in survival were evaluated using the log-rank
test. Clinicopathological correlations were analysed by Spearman correlation. All data
are shown as mean ± standard deviation (SD) and were analysed by paired or unpaired
two-sided t-tests. p < 0.05 was considered to indicate statistical significance.
3. Results
3.1. NCOR2 Expression Is Significantly Elevated in NF1-Derived MPNSTs and Is Associated with
Patient 10-Year Survival Time
We explored publicly available expression datasets for MPNST patient cohorts, the
datasets GSE14038 [31], and GSE41747 [32] from the Gene Expression Omnibus (GEO)
Database (Table S6). We found that NCOR2 expression was significantly higher in MPNSTs
than in PNFs (p < 0.05) in GSE14038. Additionally, in dataset GSE41747, the NCOR2 levels
were significantly elevated in mouse MPNSTs (p < 0.005) (Figure 1A,B).

Cancers 2022, 14, 5798

6 of 17

Figure 1. NCOR2 expression is significantly elevated in NF1-derived MPNSTs and is associated with
patient 10-year survival time. (A) NCOR2 expression was significantly higher in MPNSTs than in
PNFs in GSE14038; * p < 0.05. (B) NCOR2 level was higher in mouse MPNSTs than PNFs in GSE41747;
** p < 0.005. (C) Representative IHC images of NCOR2 expression in tissue microarray. Scale bar,
50 µm. 63% MPNST tissues showed medium or high NCOR2 expression. (D) The expression of
NCOR2 was positively correlated with Ki67; r = 0.3723; p = 0.0056. (E) There is a weakly positive
correlation between NCOR2 expression and local recurrence; r = 0.2800; p = 0.0444. (F) Kaplan–
Meier survival analysis showing that the 10-year survival of the NCOR2-high expression group was
significantly shorter than that of low expression group, p = 0.0342. (G) NCOR2 high expression
accounted for a larger proportion of NF1-derived MPNSTs (73.7%, 14/19). (H) WB showing that
NCOR2 protein levels were significantly increased in NF1-derived MPNST fresh samples compared
with that in PNFs; β-actin was used as the control. Data are shown as mean ± S.D., n = 3; * p < 0.05
(seen in Supplementary File S1).

Next, we detected the expression of NCOR2 in the human MPNST tissue microarray
(16 low-grade; 33 high-grade). Up to 63% of MPNST tissues showed medium or high
NCOR2 expression, and 11.1% and 25.9% showed negative and low expression, respectively
(Figure 1C). In addition, the correlation between NCOR2 and Ki67, H3K27me3 (marker of
PRC2 function) was analysed. The results showed that the NCOR2 and Ki67 were positively
correlated (3 < r = 0.3723 < 5, p = 0.0056) (Figure 1D), suggesting that NCOR2 may be a
marker of proliferation. However, there was a negative correlation (−1 < r = −0.2422 < 0)
between NCOR2 and H3K27me3 with no statistical significance (p > 0.05) (Figure S1). This
result may be affected by the number of tissue samples in MPNST microarray. Moreover, we
recorded the initial MPNST as event 0 and the recurrent MPNST as event 1. The correlation
analysis between NCOR2 staining score and local recurrence was analysed, and the result
showed a weak positive correlation (0 < r = 0.2800 < 3) (Figure 1E). Then, we classified
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patients into NCOR2-high (2–3 scores) and NCOR2-low (0–1 scores) expression groups.
The patient characteristics are shown in Table 1. Kaplan–Meier survival analysis showed
that the 10-year survival of the NCOR2-high expression group was significantly shorter
than that of the NCOR2-low expression group (p = 0.0342, Figure 1F).
Table 1. Clinical parameter with NCOR2 expression.
p-Value

NCOR2 Expression

Gender
Male
Female
Age
<45
>45
Tumor size
T1 (<5)
T2 (5–10)
T3 (10–15)
T4 (>15)
Tumor site
Head and neck
Trunk
Limbs
NF1
With
Without

high

low

15
19

11
9

0.449

18
16

10
10

0.838

9
10
6
5

8
5
4
2

0.447

11
9
11

4
6
9

0.292

14
17

6
12

0.427

Furthermore, we found that NCOR2 high expression accounted for a larger proportion
of NF1-derived MPNSTs (73.7%, 14/19). While in sporadic MPNSTs, the proportion of
high (56.7%, 17/30) versus low (43.3%, 13/30) NCOR2 expression was essentially equal
(Figure 1G), suggesting the protein may play a role in the development of NF1-derived
MPNSTs. To further investigate the expression levels of NCOR2 in NF1-derived MPNSTs,
we randomly selected three fresh PNF and three NF1-derived MPNST tissues, and the
expression level of NCOR2 was analysed by WB. Compared to the PNFs, NCOR2 protein
levels were significantly increased in NF1-derived MPNSTs (Figure 1H). The clinical features of the patients are shown in Table S7. These results suggest that NCOR2 may play an
important role in the malignant transformation of PNFs into NF1-derived MPNSTs.
3.2. NCOR2 Knockdown Leads to Inhibition of NF1-Derived MPNST Cell Proliferation In Vitro
Next, we further analysed the expression level of NCOR2 in different PNF and MPNST
cell lines, including three PNF cell lines, four NF1-derived MPNST cell lines, and one
sporadic MPNST cell line by using qPCR and WB (Figure 2A). Compared with other cell
lines, the NCOR2 level in three NF1-derived MPNST cell lines (ST8814, T265 and ST462TY)
was significantly increased (p < 0.005). Therefore, they were selected for later in vitro and
in vivo experiments.
In vitro, we transfected ST8814 and T265 cells with lentiviral vectors encoding NCOR2targeting short hairpin RNAs (shRNAs; shA and shB) or a negative control (shNC) and
verified the knockdown efficiency by qPCR and WB (Figure 2B and Figure S2). Through
verification, shB was selected for further investigation. According to the CCK-8 and
EdU assays, significantly decreased cell viability was observed in the shNCOR2 groups
(Figure 2C,D). In addition, FCM experiments were carried out and showed that the cell
proliferation cycles were mostly arrested in the G0/G1 phase (Figure 2E). We confirmed
that the protein levels of CDK6 and Cyclin D1 were decreased in shNCOR2 group by WB
(Figure 2F). In addition, NCOR2 knockdown caused an evident reduction in the colony
formation ability in both ST8814 and T265 cell lines (Figure 2G,H). FCM experiments also
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showed that the shNCOR2 groups displayed a higher apoptosis rate (Figure S3). However,
there were no significant changes in cell migration and invasion (Figure S4A,B).

Figure 2. NCOR2 knockdown leads to the inhibition of NF1-derived MPNST cell proliferation
in vitro. (A) qPCR and WB showing that the NCOR2 mRNA and protein levels in one NHSC, three
PNF cell lines, four NF1-derived MPNST cell lines, and one sporadic MPNST cell line; β-actin was
used as the control. Data are shown as mean ± S.D., n = 3; * p < 0.05, ** p < 0.005. (B) WB showing
that the efficacy of NCOR2 knockdown in ST8814 and T265 cells at protein levels; shB was selected
for further investigation. GAPDH was used as the control. Data are shown as mean ± S.D., n = 3;
**** p < 0.0001. (C,D) Significantly decreased cell viability was observed in the shNCOR2 groups by
CCK-8 and EdU assays. Data are shown as mean ± S.D., n = 3; ** p < 0.005, *** p < 0.0005. (E,F) FCM
showing that the cells were mostly arrested in G0/G1 phase in the shNCOR2 groups. Data are shown
as mean ± S.D., n = 3. WB showing that the protein levels of CDK6 and cyclin D1 were decreased,
respectively. (G,H) An evident reduction in the colony formation ability in both ST8814- shNCOR2
and T265- shNCOR2 cell lines. Data are shown as mean ± S.D., n = 3; *** p < 0.0005; **** p < 0.0001.

3.3. NCOR2 Knockdown Reduces the Tumourigenicity of NF1-Derived MPNST Cells In Vivo
To further verify the roles of NCOR2 in vivo, we constructed xenograft models. We
transfected ST462TY cells with shNC and shNCOR2s and verified the knockdown efficiency
by WB (Figure 3A). T265 and ST8814 were not used due to their low tumourigenicity, as
previously described [28,33]. Then, we selected the shA group for the following transplantation. Compared with the control group, the shNCOR2 group displayed significant
reductions in tumour size and weight (Figure 3B–E). There was no significant difference in
the body weights of the mice (Figure S5). Then, the xenograft tumours were collected, made
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into paraffin sections, and evaluated by haematoxylin and eosin (HE) staining and IHC. In
the shNCOR2 group, the density of tumour cells was reduced, the positive expression of
Ki67 was decreased, and cleaved caspase 3 was increased. In addition, TUNEL staining
also demonstrated increased apoptotic cells in tumour tissues (Figure 3F).

Figure 3. NCOR2 knockdown reduced the tumourigenicity of NF1-derived MPNST cells in vivo.
(A) WB showing that the efficacy of NCOR2 knockdown in S462TY cells at protein levels; shA was
selected for further transplantation. GAPDH was used as the control. Data are shown as mean ± S.D.,
n = 3; **** p < 0.0001. (B–E) The S462TY-shNCOR2 group displayed significant reductions in tumour
size and weight. Data are shown as mean ± S.D., n = 6; ** p < 0.005, **** p < 0.0001. (F) HE and IHC
showing that the density of tumour cells was reduced, the positive expression of Ki67 was decreased
and cleaved-caspase 3 was increased in S462TY-shNCOR2 group; TUNEL staining showing increased
apoptotic cells in S462TY-shNCOR2 group. Scale bar, 50 µm. Data are shown as mean ± S.D., n = 3;
** p < 0.005, *** p < 0.0005, **** p < 0.0001.

3.4. NCOR2 Regulates the MAPK Signalling Activation in NF1-Derived MPNST Cells
Subsequently, we explored the mechanisms underlying the roles of NCOR2 in NF1derived MPNST cells. We extracted total RNA from T265 cells transfected with shNC and
shNCOR2 and performed RNA-Seq profiling (Figure 4A). Three pairs of samples were
tested to ensure the stability of the results (GSE201668). According to the data of differential
expression analysis using DESeq2, the number of upregulated genes (919) was higher than
the number of downregulated genes (469). These genes had at least a two-fold expression
change (p < 0.05) following NCOR2 knockdown (Figure 4B,C).
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Figure 4. NCOR2 regulates the MAPK signalling activation in NF1-derived MPNST cells. (A) The
total RNA was extracted from T265-shNCOR2 and shNC cells, and RNA-Seq profiling was performed. (B) Volcano plot of RNA-Seq results. Red plots represent significantly upregulated proteins,
whereas blue plots represent significantly downregulated proteins in T265-shNCOR2 cells. Dashed
lines indicate the significance threshold; p-adjust < 0.05, |Log FC| > 1. (C) Clustering analysis of
significantly different expressed proteins. Blue, low expression; red, high expression; n = 6. (D) KEGG
pathway enrichment analyses showing that attenuated activation of several tumourigenic pathways.
(E) WB showing that NCOR2 knockdown altered the phosphorylation level of ERK1/2 and MEK1/2
in ST8814 and T265 cells. * p < 0.05, ** p < 0.005.

According to the KEGG pathway analyses, we observed attenuated activation of several tumourigenic pathways, and the most significantly enriched pathway for differentially
expressed genes was the MAPK pathway (Figure 4D). We verified the expression of the
top 10 downregulated genes in this signalling pathway by qPCR, and the change trend
matched the results of RNA-Seq (Figure S6). Then, the activation of MEK and ERK was
verified by WB and IHC (Figures 4E and S7), and we can see decreased expression of
phosphorylated MEK and ERK proteins. In short, these data suggest that downregulation
of NCOR2 suppresses MAPK signalling activation.
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3.5. BDNF Plays a Key Role in ERK Signal in NF1-Derived MPNST Cells
To further investigate the substrate of NCOR2 in NF1-derived MPNST cells, we first
used the STRING database [34] and cystoscope to construct a protein–protein interaction
network. The results showed that brain-derived neurotrophic factor (BDNF) occupied a
central position among the altered genes in the MAPK signalling pathway (Figure 5A).
Then, via GO analyses, we observed that BDNF plays a role in related cell growth and
apoptosis processes (Figure 5B). Due to BDNF being a secretory protein, the supernatants of
normal human Schwann cell, PNF cells, NF1-derived MPNST cells, and sporadic MPNST
cell without knockdown of NCOR2, and the peripheral blood of 3 PNF patients and NF1derived MPNST patients, were collected to detect the content of BDNF through ELISA.
We can see that the content of BDNF secreted by NF1-derived MPNSTs is significantly
higher than that of other cell lines. The BDNF content in the blood samples of NF1-derived
MPNST patients was significantly higher than that of PNF patients, indicating that BDNF
plays a role in the development of NF1-derived MPNSTs (Figure S9). Next, we verified
that BDNF and pTrkB protein levels were decreased in shNCOR2 groups by WB and IHC,
suggesting that there is a regulatory role between the two proteins. (Figure 5C,D).

Figure 5. BDNF can regulate the MAPK signalling pathway in NF1-derived MPNST cells. (A) Protein–
protein interaction network showing that BDNF occupied a central position among the altered genes
in MAPK signalling pathway. (B) GO enrichment analyses showing BDNF plays a role in related
cell growth and apoptosis processes. (C,D) WB and IHC showing BDNF and pTrkB protein levels
were decreased in ST8814-shNCOR2 and T265-shNCOR2 cells. Scale bar, 50 µm. Data are shown as
mean ± S.D., n = 3; * p < 0.05, ** p < 0.005, *** p < 0.0005. (E) T265-shNCOR2 was treated with human
recombinant BDNF at 5 ng/mL, 10 ng/mL, and 20 ng/mL. After 24 h, WB showed pMEK and pERK
expression evidently increased. * p < 0.05, ** p < 0.005, *** p < 0.0005.

Previous studies have demonstrated that BDNF/TrkB signal can directly promote ERK
cascade activation [35–38]. Therefore, we speculated that NCOR2 regulated the activation of
the ERK pathway via BDNF/TrkB signal. To test this hypothesis, we treated T265-shNCOR2
cells with human recombinant BDNF at 5 ng/mL, 10 ng/mL, and 20 ng/mL. After 24 h, the
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WB results showed that pMEK and pERK expression was significantly increased (Figure 5E).
The above results indicate that NCOR2 regulates MAPK signalling pathway maybe through
regulating the expression level of BDNF in NF1-derived MPNST cells.
3.6. Human Recombinant BDNF Can Reverse the Effects of NCOR2 Knockdown on NF1-Derived
MPNST Cells
To further clarify the biological role of BDNF in shNCOR2 NF1-derived MPNST cells,
we performed CCK-8 assays when the T265-shNCOR2 cells were treated with human
recombinant BDNF at 5 ng/mL, 10 ng/mL, and 20 ng/mL. We observed that the growth of
all groups was promoted, and the effect with 10 ng/mL was the most obvious (Figure 6A,B).
Therefore, this condition was selected for the following study. In EdU assays, we observed
that NCOR2-knockdown ST8814 and T265 cells with BDNF had a higher growth rate
(Figure 6C,D). Moreover, we detected the cell cycle and apoptosis rate, and the results
showed that the cell proportion of S phase increased, while that of apoptotic cells decreased
(Figures 6E and S8). To a large extent, human recombinant BDNF reversed the effects of
NCOR2 knockdown on NF1-derived MPNST cells.

Figure 6. Human recombinant BDNF can reverse the effects of NCOR2 knockdown on NF1-derived
MPNST cells. (A,B) CCK-8 assays showing the growth of all T265-shNCOR2 groups was promoted,
and the effect with 10 ng/mL human recombinant BDNF was the most obvious, ** p < 0.05. (C,D) EdU
assays showing that ST8814-shNCOR2 and T265-shNCOR2 cells with 10 ng/mL human recombinant
BDNF had a higher growth rate than those without BDNF. Data are shown as mean ± S.D., n = 3; ns,
not significant; *** p < 0.0005. (E) The cell cycle assays showing the proportion of proliferative cells
increased evidently after ST8814-shNCOR2 and T265-shNCOR cells treated with human recombinant
BDNF. (F) The BDNF protein in NF1-derived MPNST cells plays a key role in NCOR2-mediated
MAPK activation.
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In short, NCOR2 knockdown can inhibit NF1-derived MPNST cell proliferation by
weakened BDNF/TrkB/ERK signalling (Figure 6F).
4. Discussion
MPNSTs are markedly aggressive and chemoresistant peripheral soft-tissue sarcomas.
In NF1 patients, a rapid change in size or the onset of pain from PNF may suggest malignant
transformation to MPNST. Clinically, NF1-derived MPNSTs are often diagnosed at an
advanced stage, with primary tumours having reached a diameter of 5–10 cm and even
having broken through the sheath membrane with detectable distant metastases [39].
Recent years have witnessed significant interest in signal transduction pathways occurring
in these tumours [40–42], so many investigations have developed a few drugs targeting
intermediates that promote proliferation in pro-oncogenic pathways [43–47]. However,
most drugs have yet to show definite efficacy in clinical trials. This may be because other
driver mutations remain unknown, so efforts should be made to obtain new insights into
the growth mechanism of MPNSTs and to identify novel therapeutic targets.
Compelling evidence has been reported that transcriptional corepressors play crucial
roles in phylogeny and tumour progression [15]. Among them, altered NCOR2 expression
has been reported and investigated in various tumours [19–21,48]. The inhibitory or oncogenic effects of NCOR2 show heterogeneity among different types of cancer [21,24,48,49].
Moreover, by using the Gene Expression Profiling Interactive Analysis Database, we found
that the correlation between high NCOR2 levels and overall survival time was different in
different tumours. For example, in cervical squamous cell carcinoma and endocervical adenocarcinoma and ovarian serous cystadenocarcinoma, patients with elevated NCOR2 levels
had shorter overall survival time, but in adrenocortical carcinoma and bladder urothelial carcinoma, there was no correlation between the NCOR2 level and overall survival
(Figure S10A–D). However, to date, little is known about the function and underlying mechanism of NCOR2 in MPNSTs. In this study, MPNST patients with higher NCOR2 levels had
shorter 10-year survival times, suggesting that NCOR2 is associated with poor prognosis
in MPNSTs. Moreover, we found, both in tissues and cell lines, that elevated NCOR2
expression is more closely related to NF1-derived MPNSTs. Therefore, we performed cell
transfection coupled with xenograft studies and transcriptomic sequencing to explore the
biological roles of NCOR2 in NF1-derived MPNSTs. By carrying out experiments in vitro
and in vivo, we found that decreased NCOR2 expression inhibited NF1-derived MPNST
cell proliferation by weakening BDNF/TrkB/ERK signalling.
BDNF is a growth factor belonging to the neurotrophic family and plays critical roles in
regulating neuron differentiation, survival, synaptic function, and plasticity in the nervous
system [50–52]. According to the protein–protein interaction network, NCOR2 has no direct
interaction with BDNF, and they are related through nuclear receiver subfamily 4 group A
member 1 (NR4A1). NR4A1 expression was up-regulated in MAPK signaling pathway of
RNA-seq. Previous studies have shown that NR4A1 can play a role as a tumour suppressor
in association with BNDF [53]. Therefore, it can be speculated that NCOR2 may affect the
biological function of tumour cells by regulating the expression of BDNF through NR4A1.
TrkB is the specific binding receptor of BDNF, a member of the neurotrophic receptor tyrosine kinase family [54]. BDNF, as a non-covalently linked homologous dimethyl protein,
will trigger the TrkB receptor dimerization when it binds to the receptor, and the receptor
dimerization will induce autophosphorylation of the kinase domain in the cytoplasm of its
own and then activate the downstream signal pathway [55]. Studies have demonstrated
that BDNF/TrkB can activate the Ras/MEK/ERK and PI3K/AKT pathways for neuronal
survival [56]. Abnormal BDNF/TrkB signal increases the possibility of tumour formation
in the nervous system, such as neuroblastomas, glioma, and medulloblastomas [57–59]
(Table S8). In addition, studies have indicated that BDNF activation of TrkB can induce
chemoresistance through activation of the PI3K/AKT and MAPK pathways in neuroblastomas [36,60–62]. Notably, TrkB fusions have often been found in nerve-derived tumours
(Table S9). These fusion proteins promote cell proliferation and survival by activating
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downstream oncogenic signalling pathways. Therefore, whether TrkB fusion exists in
MPNSTs needs further discussion in the future. To alleviate these abnormalities, several
small-molecule compounds targeting TRK fusions have been developed and tested in
preclinical and clinical trials, and they have shown remarkable antitumour activities in different cancers, including different neurogenic neoplasms [63,64]. This study firstly suggests
that further developing inhibitors targeting BDNF/TrkB signalling has great application
prospects in the treatment of NF1-derived MPNSTs.
5. Conclusions
In summary, our findings demonstrated that NCOR2 expression is significantly elevated in NF1-derived MPNSTs and is associated with patient 10-year survival time. NCOR2
knockdown results in inhibition of NF1-derived MPNST cell proliferation and increased
cell apoptosis in vitro and vivo by weakened BDNF/TrkB/ERK signalling. To further
develop inhibitors targeting BDNF/TrkB signalling in NF1-derived MPNSTs alone or in
combination with ERK inhibitors may be a novel therapeutic strategy for clinical trials.
Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14235798/s1.
Author Contributions: Conceptualization, Z.W. and Q.L.; methodology, Y.L. and M.C.; software,
H.Z. and C.W.; validation, Y.L., M.C. and R.A.; formal analysis, Y.L., M.C. and R.A.; investigation,
L.G., B.Z., Z.G. and M.W.; resources, Y.G. and H.Z.; data curation, W.W.; writing—original draft
preparation, Y.L., M.C. and R.A.; writing—review and editing, Y.L. and Z.W.; supervision, Z.W. and
Q.L.; funding acquisition, Z.W. and Q.L. All authors have read and agreed to the published version
of the manuscript.
Funding: This research was funded by grants from the National Natural Science Foundation of China
(82102344; 82172228); the Shanghai Rising Star Program, supported by the Science and Technology
Commission of Shanghai Municipality (20QA1405600); the Science and Technology Commission
of Shanghai Municipality (19JC1413, 22MC1940300); the Natural Science Foundation of Shanghai
(22ZR1422300); the “Chenguang Program” supported by Shanghai Education Development Foundation (SHEDF) (19CG18); the innovative research team of high-level local universities in Shanghai
(SSMU-ZDCX20180700); and the Project of Biobank (YBKA201901) from Shanghai Ninth People’s
Hospital, Shanghai Jiao Tong University School of Medicine.
Institutional Review Board Statement: The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of Shanghai Ninth People’s Hospital,
Shanghai Jiao Tong University School of Medicine (SH9H-2019-T163-2). All animal procedures were
performed in accordance with the guidelines established by the Shanghai Medical Experimental
Animal Care Commission.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patient(s) to publish this paper.
Data Availability Statement: RNA-Seq datasets supporting the conclusions of this article are
stored in the GEO database (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE201668
(1 July 2023)). The data presented in this study are available in the article and in supplementary
material here.
Acknowledgments: We thank all members of our team for critical input and suggestions.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

Evans, D.G.R.; Baser, M.E.; McGaughran, J.; Sharif, S.; Howard, E.; Moran, A. Malignant peripheral nerve sheath tumours in
neurofibromatosis 1. J. Med. Genet. 2002, 39, 311–314. [CrossRef]
Ducatman, B.S.; Scheithauer, B.W.; Piepgras, D.G.; Reiman, H.M.; Ilstrup, D.M. Malignant peripheral nerve sheath tumors. A
clinicopathologic study of 120 cases. Cancer 1986, 57, 2006–2021. [CrossRef] [PubMed]

Cancers 2022, 14, 5798

3.

4.
5.
6.

7.

8.

9.

10.
11.

12.
13.

14.
15.

16.
17.
18.

19.

20.

21.

22.
23.

24.

15 of 17

Uusitalo, E.; Leppävirta, J.; Koffert, A.; Suominen, S.B.; Vahtera, J.; Vahlberg, T.; Pöyhönen, M.; Peltonen, J.; Peltonen, S. Incidence
and Mortality of Neurofibromatosis: A Total Population Study in Finland. J. Investig. Dermatol. 2015, 135, 904–906. [CrossRef]
[PubMed]
Gutmann, D.H.; Ferner, R.E.; Listernick, R.H.; Korf, B.R.; Wolters, P.L.; Johnson, K.J. Neurofibromatosis type 1. Nat. Rev. Dis. Prim.
2017, 3, 17004. [CrossRef] [PubMed]
Ferner, R.E. Neurofibromatosis 1. Eur. J. Hum. Genet. 2007, 15, 131–138. [CrossRef]
Shurell, E.; Tran, L.M.; Nakashima, J.; Smith, K.B.; Tam, B.M.; Li, Y.; Dry, S.M.; Federman, N.; Tap, W.D.; Wu, H.; et al. Gender
dimorphism and age of onset in malignant peripheral nerve sheath tumor preclinical models and human patients. BMC Cancer
2014, 14, 827. [CrossRef]
Watson, K.L.; Al Sannaa, G.A.; Kivlin, C.M.; Ingram, D.R.; Landers, S.M.; Roland, C.L.; Cormier, J.N.; Hunt, K.K.; Feig, B.W.;
Guadagnolo, B.A.; et al. Patterns of recurrence and survival in sporadic, neurofibromatosis Type 1–associated, and radiationassociated malignant peripheral nerve sheath tumors. J. Neurosurg. 2017, 126, 319–329. [CrossRef]
Sohier, P.; Luscan, A.; Lloyd, A.; Ashelford, K.; Laurendeau, I.; Briand-Suleau, A.; Vidaud, D.; Ortonne, N.; Pasmant, E.;
Upadhyaya, M. Confirmation of mutation landscape of NF1-associated malignant peripheral nerve sheath tumors. Genes
Chromosom. Cancer 2017, 56, 421–426. [CrossRef]
Mantripragada, K.K.; de Ståhl, T.D.; Patridge, C.; Menzel, U.; Andersson, R.; Chuzhanova, N.; Kluwe, L.; Guha, A.; Mautner,
V.; Dumanski, J.P.; et al. Genome-wide high-resolution analysis of DNA copy number alterations in NF1-associated malignant
peripheral nerve sheath tumors using 32K BAC array. Genes Chromosom. Cancer 2009, 48, 897–907. [CrossRef]
Gross, A.M.; Wolters, P.L.; Dombi, E.; Baldwin, A.; Whitcomb, P.; Fisher, M.J.; Weiss, B.; Kim, A.; Bornhorst, M.; Shah, A.C.; et al.
Selumetinib in Children with Inoperable Plexiform Neurofibromas. N. Engl. J. Med. 2020, 382, 1430–1442. [CrossRef]
Gu, Y.; Wei, C.; Chung, M.; Li, H.; Guo, Z.; Long, M.; Li, Y.; Wang, W.; Aimaier, R.; Li, Q.; et al. Concurrent inhibition of FAK/SRC
and MEK overcomes MEK inhibitor resistance in Neurofibromatosis Type I related malignant peripheral nerve sheath tumors.
Front. Oncol. 2022, 12, 910505. [CrossRef]
Wang, J.; Pollard, K.; Calizo, A.; Pratilas, C.A. Activation of Receptor Tyrosine Kinases Mediates Acquired Resistance to MEK
Inhibition in Malignant Peripheral Nerve Sheath Tumors. Cancer Res. 2021, 81, 747–762. [CrossRef]
Jiang, Q.; Galiègue-Zouitina, S.; Roumier, C.; Hildebrand, M.P.; Thomas, S.; Coignet, L.J. Genomic organization and refined
mapping of the human nuclear corepressor 2 (NCOR2)/silencing mediator of retinoid and thyroid hormone receptor (SMRT)
gene on chromosome 12q24.3. Cytogenet. Cell Genet. 2001, 92, 217–220. [CrossRef]
Codina, A.; Love, J.D.; Li, Y.; Lazar, M.A.; Neuhaus, D.; Schwabe, J.W.R. Structural insights into the interaction and activation of
histone deacetylase 3 by nuclear receptor corepressors. Proc. Natl. Acad. Sci. USA 2005, 102, 6009–6014. [CrossRef]
Jepsen, K.; Hermanson, O.; Onami, T.M.; Gleiberman, A.S.; Lunyak, V.; McEvilly, R.J.; Kurokawa, R.; Kumar, V.; Liu, F.; Seto,
E.; et al. Combinatorial Roles of the Nuclear Receptor Corepressor in Transcription and Development. Cell 2000, 102, 753–763.
[CrossRef]
Jepsen, K.; Gleiberman, A.S.; Shi, C.; Simon, D.I.; Rosenfeld, M.G. Cooperative regulation in development by SMRT and FOXP1.
Genes Dev. 2008, 22, 740–745. [CrossRef]
Karmakar, S.; Gao, T.; Pace, M.C.; Oesterreich, S.; Smith, C.L. Cooperative Activation of Cyclin D1 and Progesterone Receptor
Gene Expression by the SRC-3 Coactivator and SMRT Corepressor. Mol. Endocrinol. 2010, 24, 1187–1202. [CrossRef]
Green, A.R.; Burney, C.; Granger, C.J.; Paish, E.C.; El-Sheikh, S.; Rakha, E.A.; Powe, D.G.; Macmillan, R.D.; Ellis, I.O.; Stylianou, E.
The prognostic significance of steroid receptor co-regulators in breast cancer: Co-repressor NCOR2/SMRT is an independent
indicator of poor outcome. Breast Cancer Res. Treat. 2008, 110, 427–437. [CrossRef]
Zhang, L.; Gong, C.; Lau, S.L.; Yang, N.; Wong, O.G.; Cheung, A.N.; Tsang, J.W.; Chan, K.Y.; Khoo, U.S. SpliceArray profiling
of breast cancer reveals a novel variant of NCOR2/SMRT that is associated with tamoxifen resistance and control of ERα
transcriptional activity. Cancer Res. 2013, 73, 246–255. [CrossRef]
Smith, C.L.; Migliaccio, I.; Chaubal, V.; Wu, M.-F.; Pace, M.C.; Hartmaier, R.; Jiang, S.; Edwards, D.P.; Gutiérrez, M.C.; Hilsenbeck,
S.G.; et al. Elevated nuclear expression of the SMRT corepressor in breast cancer is associated with earlier tumor recurrence.
Breast Cancer Res. Treat. 2012, 136, 253–265. [CrossRef]
Khanim, F.L.; Gommersall, L.M.; Wood, V.H.; Smith, K.L.; Montalvo, L.; O’Neill, L.P.; Xu, Y.; Peehl, D.M.; Stewart, P.M.; Turner,
B.M.; et al. Altered SMRT levels disrupt vitamin D3 receptor signalling in prostate cancer cells. Oncogene 2004, 23, 6712–6725.
[CrossRef] [PubMed]
Abedin, S.A.; Banwell, C.M.; Colston, K.W.; Carlberg, C.; Campbell, M.J. Epigenetic corruption of VDR signalling in malignancy.
Anticancer Res. 2006, 26, 2557–2566.
Long, M.D.; Jacobi, J.J.; Singh, P.K.; Llimos, G.; Wani, S.A.; Rowsam, A.M.; Rosario, S.R.; Hoogstraat, M.; Linder, S.; Kirk, J.;
et al. Reduced NCOR2 expression accelerates androgen deprivation therapy failure in prostate cancer. Cell Rep. 2021, 37, 110109.
[CrossRef]
Mori, T.; Verma, R.; Nakamoto-Matsubara, R.; Siu, K.T.; Panaroni, C.; Fulzele, K.S.; Mukaihara, K.; Onyewadume, C.; Maebius, A.;
Kato, H.; et al. Low NCOR2 levels in multiple myeloma patients drive multidrug resistance via MYC upregulation. Blood Cancer J.
2021, 11, 194. [CrossRef]

Cancers 2022, 14, 5798

25.

26.

27.
28.

29.
30.
31.

32.
33.

34.
35.

36.
37.
38.
39.

40.

41.

42.

43.

44.
45.

46.
47.

16 of 17

Campos, B.; Bermejo, J.L.; Han, L.; Felsberg, J.; Ahmadi, R.; Grabe, N.; Reifenberger, G.; Unterberg, A.; Herold-Mende, C.
Expression of nuclear receptor corepressors and class I histone deacetylases in astrocytic gliomas. Cancer Sci. 2011, 102, 387–392.
[CrossRef]
Li, X.X.; Zhang, S.J.; Chiu, A.P.; Lo, L.H.; Huang, J.; Rowlands, D.K.; Wang, J.; Keng, V.W. Targeting of AKT/ERK/CTNNB1
by DAW22 as a potential therapeutic compound for malignant peripheral nerve sheath tumor. Cancer Med. 2018, 7, 4791–4800.
[CrossRef]
Du, X.; Yang, J.; Ylipää, A.; Zhu, Z. RETRACTED ARTICLE: Genomic amplification and high expression of EGFR are key
targetable oncogenic events in malignant peripheral nerve sheath tumor. J. Hematol. Oncol. 2013, 6, 93. [CrossRef] [PubMed]
Ren, J.-Y.; Gu, Y.-H.; Cui, X.-W.; Long, M.-M.; Wang, W.; Wei, C.-J.; Gu, B.; Zhang, H.-B.; Li, Q.-F.; Wang, Z.-C. Protein Tyrosine
Phosphatase Receptor S Acts as a Metastatic Suppressor in Malignant Peripheral Nerve Sheath Tumor via Profilin 1-Induced
Epithelial-Mesenchymal Transition. Front. Cell Dev. Biol. 2020, 8, 582220. [CrossRef]
Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357–360. [CrossRef]
Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.-C.; Mendell, J.T.; Salzberg, S.L. StringTie enables improved reconstruction of
a transcriptome from RNA-seq reads. Nat. Biotechnol. 2015, 33, 290–295. [CrossRef] [PubMed]
Miller, S.J.; Jessen, W.J.; Mehta, T.; Hardiman, A.; Sites, E.; Kaiser, S.; Jegga, A.G.; Li, H.; Upadhyaya, M.; Giovannini, M.; et al.
Integrative genomic analyses of neurofibromatosis tumours identify SOX9 as a biomarker and survival gene. EMBO Mol. Med.
2009, 1, 236–248. [CrossRef]
Jessen, W.; Miller, S.J.; Jousma, E.; Wu, J.; Rizvi, T.A.; Brundage, M.E.; Eaves, D.; Widemann, B.; Kim, M.-O.; Dombi, E.; et al. MEK
inhibition exhibits efficacy in human and mouse neurofibromatosis tumors. J. Clin. Investig. 2013, 123, 340–347. [CrossRef]
Yang, K.; Guo, W.; Ren, T.; Huang, Y.; Han, Y.; Zhang, H.; Zhang, J. Knockdown of HMGA2 regulates the level of autophagy via
interactions between MSI2 and Beclin1 to inhibit NF1-associated malignant peripheral nerve sheath tumour growth. J. Exp. Clin.
Cancer Res. 2019, 38, 185. [CrossRef]
STRING Database—Functional Protein Association Networks. Available online: https://string-db.org/ (accessed on
15 February 2022).
Li, J.; Wang, X.; Wang, H.; Wang, R.; Guo, Y.; Xu, L.; Zhang, G.; Wu, J.; Wang, G. The BDNF-TrkB signaling pathway in the rostral
anterior cingulate cortex is involved in the development of pain aversion in rats with bone cancer via NR2B and ERK-CREB
signaling. Brain. Res. Bull. 2022, 185, 18–27. [CrossRef]
Hua, Z.; Gu, X.; Dong, Y.; Tan, F.; Liu, Z.; Thiele, C.J.; Li, Z. PI3K and MAPK pathways mediate the BDNF/TrkB-increased
metastasis in neuroblastoma. Tumour Biol 2016, 37, 16227–16236. [CrossRef]
Jia, Z.; Yang, J.; Cao, Z.; Zhao, J.; Zhang, J.; Lu, Y.; Chu, L.; Zhang, S.; Chen, Y.; Pei, L. Baicalin ameliorates chronic unpredictable
mild stress-induced depression through the BDNF/ERK/CREB signaling pathway. Behav. Brain Res. 2021, 414, 113463. [CrossRef]
Hutchison, M.R. BDNF Alters ERK/p38 MAPK Activity Ratios to Promote Differentiation in Growth Plate Chondrocytes. Mol.
Endocrinol. 2012, 26, 1406–1416. [CrossRef]
Anghileri, M.; Miceli, R.; Fiore, M.; Mariani, L.; Ferrari, A.; Mussi, C.; Lozza, L.; Collini, P.; Olmi, P.; Casali, P.G.; et al. Malignant
peripheral nerve sheath tumors: Prognostic factors and survival in a series of patients treated at a single institution. Cancer 2006,
107, 1065–1074. [CrossRef]
Zou, C.; Smith, K.D.; Liu, J.; Lahat, G.; Myers, S.; Wang, W.-L.; Zhang, W.; McCutcheon, I.E.; Slopis, J.M.; Lazar, A.J.; et al. Clinical,
Pathological, and Molecular Variables Predictive of Malignant Peripheral Nerve Sheath Tumor Outcome. Ann. Surg. 2009, 249,
1014–1022. [CrossRef]
Chang, F.; Steelman, L.S.; Lee, J.T.; Shelton, J.G.; Navolanic, P.M.; Blalock, W.L.; Franklin, R.A.; McCubrey, J. Signal transduction
mediated by the Ras/Raf/MEK/ERK pathway from cytokine receptors to transcription factors: Potential targeting for therapeutic
intervention. Leukemia 2003, 17, 1263–1293. [CrossRef]
Johansson, G.; Mahller, Y.Y.; Collins, M.H.; Kim, M.-O.; Nobukuni, T.; Perentesis, J.; Cripe, T.P.; Lane, H.A.; Kozma, S.C.; Thomas,
G.; et al. Effective in vivo targeting of the mammalian target of rapamycin pathway in malignant peripheral nerve sheath tumors.
Mol. Cancer Ther. 2008, 7, 1237–1245. [CrossRef]
Holtkamp, N.; Malzer, E.; Zietsch, J.; Okuducu, A.F.; Mucha, J.; Mawrin, C.; Mautner, V.-F.; Schildhaus, H.-U.; von Deimling, A.
EGFR and erbB2 in malignant peripheral nerve sheath tumors and implications for targeted therapy. Neuro-Oncology 2008, 10,
946–957. [CrossRef] [PubMed]
Raymond, E.; Faivre, S.; Armand, J.P. Epidermal Growth Factor Receptor Tyrosine Kinase as a Target for Anticancer Therapy.
Drugs 2000, 60 (Suppl. 1), 15–23, discussion 41–42. [CrossRef]
D’Adamo, D.R.; Anderson, S.E.; Albritton, K.; Yamada, J.; Riedel, E.; Scheu, K.; Schwartz, G.K.; Chen, H.; Maki, R.G. Phase II
Study of Doxorubicin and Bevacizumab for Patients With Metastatic Soft-Tissue Sarcomas. J. Clin. Oncol. 2005, 23, 7135–7142.
[CrossRef]
LoPiccolo, J.; Blumenthal, G.M.; Bernstein, W.B.; Dennis, P.A. Targeting the PI3K/Akt/mTOR pathway: Effective combinations
and clinical considerations. Drug Resist. Updat. 2008, 11, 32–50. [CrossRef] [PubMed]
Lavoie, J.N.; L’Allemain, G.; Brunet, A.; Müller, R.; Pouysségur, J. Cyclin D1 expression is regulated positively by the
p42/p44MAPK and negatively by the p38/HOGMAPK pathway. J. Biol. Chem. 1996, 271, 20608–20616. [CrossRef] [PubMed]

Cancers 2022, 14, 5798

48.

49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.

61.
62.

63.

64.

17 of 17

Girault, I.; Lerebours, F.; Amarir, S.; Tozlu, S.; Tubiana-Hulin, M.; Lidereau, R.; Bieche, I. Expression analysis of estrogen receptor
alpha coregulators in breast carcinoma: Evidence that NCOR1 expression is predictive of the response to tamoxifen. Clin. Cancer
Res. 2003, 9, 1259–1266.
Robinson, D.; Van Allen, E.M.; Wu, Y.-M.; Schultz, N.; Lonigro, R.J.; Mosquera, J.-M.; Montgomery, B.; Taplin, M.-E.; Pritchard,
C.C.; Attard, G.; et al. Integrative Clinical Genomics of Advanced Prostate Cancer. Cell 2015, 161, 1215–1228. [CrossRef]
Hempstead, B.L. Dissecting the Diverse Actions of Pro- and Mature Neurotrophins. Curr. Alzheimer Res. 2006, 3, 19–24. [CrossRef]
Bibel, M.; Barde, Y.-A. Neurotrophins: Key regulators of cell fate and cell shape in the vertebrate nervous system. Genes Dev. 2000,
14, 2919–2937. [CrossRef]
Tolwani, R.J.; Varma, S.; Jacob, R.; Kuo, L.E.; Shooter, E.M. BDNF overexpression produces a long-term increase in myelin
formation in the peripheral nervous system. J. Neurosci. Res. 2004, 77, 662–669. [CrossRef]
Gagliano, T.; Shah, K.; Gargani, S.; Lao, L.; Alsaleem, M.; Chen, J.; Ntafis, V.; Huang, P.; Ditsiou, A.; Vella, V.; et al. PIK3Cδ
expression by fibroblasts promotes triple-negative breast cancer progression. J. Clin. Investig. 2020, 130, 3188–3204. [CrossRef]
Al-Qudah, M.A.; Al-Dwairi, A. Mechanisms and regulation of neurotrophin synthesis and secretion. Neurosciences 2016, 21,
306–313. [CrossRef]
Hu, X.; Jiang, L. Advances in Regulating Tumorigenicity and Metastasis of Cancer through TrkB Signaling. Curr. Cancer Drug
Targets 2020, 20, 779–788. [CrossRef]
Carter, B.D.; Zirrgiebel, U.; Barde, Y. Differential Regulation of p21ras Activation in Neurons by Nerve Growth Factor and
Brain-derived Neurotrophic Factor. J. Biol. Chem. 1995, 270, 21751–21757. [CrossRef]
Nakagawara, A.; Azar, C.G.; Scavarda, N.J.; Brodeur, G.M. Expression and function of TRK-B and BDNF in human neuroblastomas.
Mol. Cell Biol. 1994, 14, 759–767. [CrossRef]
Xiong, J.; Zhou, L.; Lim, Y.; Yang, M.; Zhu, Y.-H.; Li, Z.-W.; Fu, D.-L.; Zhou, X.-F. Mature brain-derived neurotrophic factor and its
receptor TrkB are upregulated in human glioma tissues. Oncol. Lett. 2015, 10, 223–227. [CrossRef]
Thomaz, A.; Jaeger, M.; Brunetto, A.L.; Brunetto, A.T.; Gregianin, L.; De Farias, C.B.; Ramaswamy, V.; Nör, C.; Taylor, M.D.;
Roesler, R. Neurotrophin Signaling in Medulloblastoma. Cancers 2020, 12, 2542. [CrossRef]
Iyer, R.; Varela, C.R.; Minturn, J.E.; Ho, R.; Simpson, A.M.; Light, J.E.; Evans, A.E.; Zhao, H.; Thress, K.; Brown, J.L.; et al. AZ64
inhibits TrkB and enhances the efficacy of chemotherapy and local radiation in neuroblastoma xenografts. Cancer Chemother.
Pharmacol. 2012, 70, 477–486. [CrossRef]
Jaboin, J.; Kim, C.J.; Kaplan, D.R.; Thiele, C.J. Brain-derived neurotrophic factor activation of TrkB protects neuroblastoma cells
from chemotherapy-induced apoptosis via phosphatidylinositol 3’-kinase pathway. Cancer Res. 2002, 62, 6756–6763.
Li, Z.; Jaboin, J.; Dennis, P.A.; Thiele, C.J. Genetic and Pharmacologic Identification of Akt as a Mediator of Brain-Derived
Neurotrophic Factor/TrkB Rescue of Neuroblastoma Cells from Chemotherapy-Induced Cell Death. Cancer Res. 2005, 65,
2070–2075. [CrossRef] [PubMed]
Deland, L.; Keane, S.; Olsson Bontell, T.; Sjögren, H.; Fagman, H.; Øra, I.; De La Cuesta, E.; Tisell, M.; Nilsson, J.A.; Ejeskär, K.;
et al. Discovery of a rare GKAP1-NTRK2 fusion in a pediatric low-grade glioma, leading to targeted treatment with TRK-inhibitor
larotrectinib. Cancer Biol. Ther. 2021, 22, 184–195. [CrossRef] [PubMed]
Evans, A.E.; Kisselbach, K.D.; Liu, X.; Eggert, A.; Ikegaki, N.; Camoratto, A.M.; Dionne, C.; Brodeur, G. Effect of CEP-751
(KT-6587) on neuroblastoma xenografts expressing TrkB. Med. Pediatr. Oncol. 2001, 36, 181–184. [CrossRef] [PubMed]

