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Patients with germline neurofibromatosis type 1 (NF1) microdeletions frequently exhibit

hereditary syndromes such as cardiovascular anomalies and have an increased risk of

malignant peripheral nerve sheath tumors (MPNSTs). This study aimed to identify the

genes codeleted with SUZ12 that are related to MPNST. We used differential gene

expression and enrichment analyses to analyze the SUZ12-mutant and SUZ12-wild-type

gene expression profiles in the GSE118186 and GSE66743 datasets in Gene Expression

Omnibus (GEO). PPI network analysis combined with MPNST patient survival analysis

was used to identify ADCY1, which catalyzes the conversion of ATP to cAMP, as a key

gene. Moreover, chromatin immunoprecipitation sequencing (ChIP-Seq) showed that the

distribution of H3K27me3 in the ADCY1 promoter region and gene body was significantly

reduced in SUZ12-mutant cells. To verify the role of ADCY1 in SUZ12 mutation, we used

RNA interference and plasmid transfection to interfere with SUZ12 expression in plexiform

neurofibroma (pNF) and MPNST cell lines and then treated the cells with forskolin, IBMX

and H89. ERK phosphorylation was accelerated and prolonged after siRNA transfection,

especially in ipNF05.5 cells, and the intensity and duration of ERK activation were reduced

after SUZ12 overexpression. Importantly, the level of p-ERK was consistent with that of

Rap1-GTP. Moreover, H89 completely blocked Rap1 activation and the changes in the p-

ERK level after SUZ12 siRNA transfection. In conclusion, our findings suggested that

SUZ12 loss potentiates the effects of NF1 mutations by amplifying Ras signaling through

the ADCY1/cAMP/Rap1/ERK pathway and that SUZ12 may serve as a therapeutic and

prognostic biomarker in NF1-associated neurofibromas.
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INTRODUCTION

Neurofibromatosis type 1 (NF1) is an autosomal dominant
disorder that affects multiple organ systems and has a wide
range of variable clinical manifestations. The NF1 gene, located
on chromosome 17q11.2, encodes the neurofibromin protein,
which functions as a tumor suppressor (1). The average global
prevalence of NF1 is approximately 1 case per 3,000 individuals
(2). The most representative tumors are peripheral nerve sheath
tumors, which include dermal or plexiform neurofibromas
(pNFs) (3). In contrast to dermal neurofibromas, pNFs can
progress to malignant peripheral nerve sheath tumors
(MPNSTs), which are the leading cause of death in NF1
patients (4).

Most patients with NF1 have a small mutation in the NF1
gene (point mutation, small deletion, intragenic insertion or
duplication). However, an estimated 4.7-11% of NF1 patients
have large deletions encompassing the entire NF1 gene and its
flanking regions (generally termed ‘NF1 microdeletions’) at
17q11.2 (5, 6), which are frequently associated with a severe
clinical presentation. Most patients with microdeletion harbor a
1.4-Mb germline microdeletion encompassing the entire NF1
gene, 14 protein-coding genes and four microRNA genes (7).
Genotype-phenotype analysis has shown that patients with
microdeletion of the NF1 gene usually exhibit more severe
clinical phenotypes than patients with intragenic NF1
mutations; the former are usually characterized by facial
deformities and severe developmental delays, and NF1
microdeletion is associated with a high tumor burden and
cardiovascular abnormalities (8). In addition, studies have
shown that patients with NF1 gene microdeletion have an
increased risk of MPNSTs. Among all NF1 patients, the
lifetime risk of MPNST is estimated to be 8-13% (9). However,
individuals with NF1 microdeletion have a lifetime risk of
MPNST as high as 16-26%. In addition, MPNSTs may occur
earlier in patients with NF1 microdeletion than in patients with
intragenic NF1 mutations (10).

The increased risk of MPNST in patients with NF1
microdeletion may be related to hemizygosity of the
suppressor of zeste 12 homolog (SUZ12) gene, which is located
in the NF1 microdeletion region. Polycomb repressive complex 2
(PRC2), which contains several essential subunits—embryonic
ectoderm development (EED), SUZ12, and retinoblastoma-
binding protein 4/7 (RBBP4/7)—as well as two paralogous
enzymatic subunits, i.e., enhancer of zeste homolog 1 and 2
(EZH1 and EZH2), plays a crucial role in gene silencing by
establishing di- and trimethylation of histone H3 lysine 27
(H3K27me2 and H3K27me3, respectively) (11, 12). PRC2
structure is composed of two primary lobes, the catalytic lobe
and the regulatory lobe. The catalytic lobe contains multiple
domains and motifs that are involved in the methylation process
such as the SUZ12 VEFS domain. And both the EED and the
SUZ12 subunit facilitate the stabilization of the complex and can
bind the H3 N-terminal tail together with H3K27me3 (13).

As a core component of PRC2, SUZ12 frequently exhibits
biallelic inactivation in MPNSTs, suggestive of a tumor
suppressor function in this tumor type (14, 15). The mutation

rate of SUZ12 was as high as 56.1%, with the highest mutation
rate among the four subunits of PRC2 (16). More importantly,
loss of PRC2 function and concomitant inactivation of the
tumor suppressor genes NF1 and CDKN2A are considered to
be the most significant diagnostic markers of MPNST in the
revised 2016 WHO Classification of Tumors of the Central
Nervous System (17, 18). Recent studies showed that SUZ12
upregulated the RAS pathway, although the phosphorylation
level of ERK did not change significantly after either
overexpression or knockout of SUZ12 (14). In this study, we
revealed the role of SUZ12 and the mechanism by which it affects
the RAS/ERK pathway in pNF and MPNST.

MATERIALS AND METHODS

Sequencing Data
Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/
geo) is a public functional genomics data repository of high-
throughput gene expression, gene chip and microarray data. Two
gene expression datasets (GSE118186 and GSE66743) were
downloaded from GEO (18). GSE118186 contains SUZ12-
wild-type (SUZ12-WT, 2 cases) and SUZ12-mutant (SUZ12-
Mut, 2 cases) RNA-Seq data and H3K27me3-related chromatin
immunoprecipitation sequencing (ChIP-Seq) data for ipNF05.5
cells. GSE66743 is a gene chip dataset containing data for 30
MPNST patients, including the survival times of the patients.

Identification of DEGs
To identify differentially expressed genes (DEGs) between
SUZ12-WT and SUZ12-Mut cells, we used Trim Galore and
FastQC to process and optimize the raw data. The hg38.fa file
was downloaded from the UCSC Genome Browser as the
reference genome sequence. After the index was constructed
with Salmon, quantitative gene expression analysis was carried
out on 4 samples. With p adj ≤ 0.05 and Log|FC|≥2 as the
screening criteria, DESeq2 was used to perform differential gene
expression analysis on 2 samples of SUZ12-WT and 2 samples of
SUZ12-Mut cells. The hg38.fa file was used as the reference
genome sequence to construct an index with Bowtie to complete
the ChIP-Seq gene alignment. SAMtools was used to convert the
compared SAM files into BAM files and sort them. DeepTools
was used to convert the BAM files to BW files to complete the
visualization of transcription start sites (TSSs).

KEGG Pathway Enrichment Analysis, GO
Enrichment Analysis and GSEA of DEGs
To understand the functions of the DEGs, we used R software to
perform Gene Ontology (GO) enrichment analysis, Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis and gene set enrichment analysis (GSEA). Set H
(hallmark gene sets; 50 gene sets), a predefined GSEA dataset,
was used in this study. The GO enrichment analysis results show
the top 10 pathways in descending order, the KEGG enrichment
analysis results show the top 20 pathways in descending order,
and the GSEA results show activated and inhibited pathways.
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Protein-Protein Interaction Network
Construction and Hub Gene Selection
The DEGs were uploaded to STRING (https://string-db.org/) to
construct the PPI network. According to the network’s maximal
clique centrality (MCC, associated median value), CytoHubba in
Cytoscape was used to identify the top 10 core genes in the
network and annotate the functions of the core genes.

Cox Survival Analysis by Hub Gene
Expression via Cox Proportional
Hazards Regression
A total of 28 MPNST patients in GSE66743 were included in the
survival analysis, and 2 MPNST patients with unknown survival
times were removed. The patients were divided into high-risk
groups and low-risk groups based on the average core gene
expression levels. To analyze the relationships between the hub
genes and survival, Cox proportional hazards regression was
used for survival analysis with R software. Genes with P<0.05
were defined as key genes.

Distribution of H3K27me3 in the
Promoter Regions of Key Genes
and Across the Genome
The gene bodies and promoter regions of key genes were
searched in the NCBI database, and the BW file obtained by
ChIP-Seq analysis was imported into Integrative Genomics
Viewer (IGV). The H3K27me3 distribution in key gene
promoter regions and across the genome were compared
between SUZ12-WT and SUZ12-Mut cells.

Tissue Specimens
Eight MPNST specimens were obtained during surgical resection
from patients at Beijing Tiantan Hospital between 2019 and 2021.
Two of these cases were sporadic MPNSTs, and six were NF1-
associated MPNSTs. The histopathological diagnosis was assessed
according to the 2016 WHO Classification of Tumors of the
Central Nervous System by two independent neuropathologists.
Part of each specimen was snap frozen and stored in liquid
nitrogen, and the remainder was fixed with 4% formalin for
histopathological and immunohistochemical examination. All
procedures were approved by the Institutional Review Board of
the Beijing Tiantan Hospital Ethics Committee.

Cell Culture and Reagents
The humanMPNST cell line sNF96.2 and pNF cell line ipNF05.5
were purchased from the American Type Culture Collection
(ATCC, USA). All cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco, USA) and maintained
at 37°C in 5% CO2. Forskolin, 3-isobutyl-1-methylxanthine
(IBMX) and H89 were purchased from MedChem Express
(MCE, USA). Cells were treated with 25 µM forskolin and 100
µM IBMX for 20 min; this treatment is designated F/I in the text
and figures. The protein kinase A (PKA) inhibitor H89 was
applied at 10 µM 20 min prior to treatment with F/I.

IHC
For immunohistochemistry (IHC), sections were sequentially
incubated with appropriate primary antibodies (specific for SUZ12,
H3K27me3, ADCY1 and p-ERK) according to the corresponding
instructions, incubated with the secondary antibody and
diaminobenzidine (Zhongshan Bio Corp, China), counterstained
with hematoxylin, and visualized under a light microscope.

RNA Interference and Plasmid
Transfection
SUZ12 and NC siRNA were chemically synthesized with the
fo l l ow ing s equence s : NC an t i s en s e : 5 ′ -ACGUGA
CACGUUCGGAGAATT-3′, SUZ12 siRNA antisense 1: 5′-
UAUUGGUGCUAUGAGAUUCCGTT-3′, antisense 2: 5′-UUC
UAGUGGCAAGAGGUUUGGTT-3′, and antisense 3: 5′-
UAGAUGAAGCAUGAAGUUUCGTT-3′ (Sangon Biotech,
China). The recombinant plasmid SUZ12-pENTER was
constructed by Vigene Bio, China. siRNAs and plasmids were
transfected into cells at 70-80% confluence with Lipofectamine
RNAiMAX or Lipofectamine 3000, respectively, according to the
manufacturer’s instructions (Invitrogen, USA).

RT-PCR Analysis
Total RNAwas extracted with TRIzol (Life Technology, USA), and
reverse transcription was performed using a high capacity reverse
transcription kit (Thermo Fisher Scientific, USA) according to the
manufacturer’s protocol. Real-time PCR (RT-PCR) was performed
using Power SYBR Green Master Mix (Thermo Fisher Scientific,
USA) according to the manufacturer’s instructions. RT-PCR data
were analyzed by the 2-DDCt method. The following primer
sequences were used: SUZ12 (F: 5′-CAA ACT GAA GCA AGA
GATGACC-3′; R: 5′-GCTATGGCAGAGTTTAAGATGC-3′).

Western Blot Analysis
Total cell lysates were prepared using RIPA lysis buffer
supplemented with PMSF (Solarbio, China). The protein
concentration was determined using a BCA protein assay kit
(Biosharp, China). Proteins were resolved by SDS-PAGE and
electrotransferred to PVDF membranes (Millipore, USA). Anti-
ERK2 (sc-1647), anti-adenylate cyclase 1 (sc-365350), and anti-p-
ERK (sc-7383) antibodies were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, USA). Anti-SUZ12 (D39F6)
antibodies were purchased from Cell Signaling Technology (CST,
USA). The Rap1 activation assay was performed with an Active
Rap1 Detection Kit (Cell Signaling Technology, USA) according to
the instructions.

Statistical Analysis
Statistical methods used for bioinformatic analysis are detailed in
each section of the experimental methods. Statistical analysis was
performed using GraphPad Prism version 8. The results were
presented as the mean ± standard deviation (SD) of independent
triplicate experiments. Statistical differences between groups were
assessed using a Student’s t-test analysis. *P<0.05 was considered
statistically significant, and ***P<0.001 and ****P<0.0001 were
considered highly significant.
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RESULTS

Identification of DEGs
After normalization of the microarray results, DEGs were
identified. A total of 704 genes were upregulated and 125 genes
were downregulated in ipNF05.5 SUZ12-Mut cells compared
with SUZ12-WT cells (Figure 1A). A heat map was constructed
to show the names of top 50 genes (Figure 1B), and all DEGs
were displayed in Supplementary Table 1.

GO Enrichment Analysis, KEGG
Enrichment Analysis and GSEA
of the DEGs
To analyze the biological classification of the DEGs, functional
and pathway enrichment analyses were performed using GO,
KEGG and GSEAmethods. GO analysis showed that in the DEGs
were significantly enriched in the biological process (BP) terms
axonogenesis, regulation of cellular response to growth factor
stimulus and regionalization. In addition, the DEGs were enriched

A C

B D

E

FIGURE 1 | Identification and enrichment analysis of the differentially expressed genes in GSE118186 data. (A) Volcano maps of DEGs in the dataset was showed

by using p adj ≤ 0.05 and Log|FC|≥2 as cut-off criteria. (B) Heatmap of top 50 differentially expressed genes in the dataset. (C) Gene Ontology (GO) enrichment

analysis for the DEGs. (D) KEGG pathway enrichment analysis for the DEGs. (E) GSEA analysis showing DEGs enriched in KRAS pathway.
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mainly in the cell component (CC) terms synaptic membrane,
collagen-containing extracellular matrix, and glutamatergic
synapse and in the molecular function (MF) terms DNA-
binding transcription activator activity, glycosaminoglycan
binding and extracellular matrix structural constituent
(Figure 1C). Interestingly, KEGG pathway enrichment analysis
revealed that the DEGs were enriched mainly in the
cardiomyopathy and Wnt signaling pathways, and the gene
ratios showed that more DEGs were clustered in the neuroactive
ligand-receptor interaction pathway, MAPK signaling pathway,
and Rap1 and cyclic adenosine monophosphate (cAMP) signaling
pathway (Figure 1D). GSEA showed that the KRAS pathway was
upregulated in SUZ12-Mut cells (Figure 1E).

PPI Network Construction and Hub
Gene Selection
The PPI network of the DEGs was constructed (Figure 2A) and
the most significant module identified using Cytoscape
(Figure 2B). The top 10 hub genes were ADCY5, ADCY1,
BDKRB1, LPAR5, BDKRB2, CHRM2, S1PR5, S1PR3,
ADRA2A, and ADRA2C; all of these were upregulated DEGs.
TSSs are one of the most important regions in the genome, and
the altered distribution of H3K27me3 in TSS regions regulates
gene expression. The distribution of H3K27me3 near TSS
regions was significantly higher in SUZ12-WT cells than in
SUZ12-Mut cells (Figure 2C). 4 of 10 hub genes were detected
in the gene microarray dataset containing survival, and the other
genes were not expressed. Subsequently, associations between
overall survival and the expression levels of the 4 hub genes were
analyzed using Cox proportional hazards regression for survival
analysis (Supplementary Figure S1). MPNST patients with
upregulation of only ADCY1 showed worse overall survival
(Figure 2E). Importantly, compared with that in SUZ12-WT
cells, the distribution of H3K27me3 in the ADCY1 promoter
region and across the genome in SUZ12-Mut cells was sparse and
significantly decreased (Figure 2D). KEGG pathway analysis
showed that the Rap1 and cAMP signaling pathways were
enriched, and the product of ADCY1 is cAMP. Therefore, it
was speculated that SUZ12 deletion may amplify RAS signaling
via the ADCY1/cAMP/Rap1/ERK pathway.

Levels of SUZ12, H3K27me3, ADCY1 and
p-ERK in MPNST Tumors
Clinical information and the SUZ12 expression data for 8 MPNST
patients are shown in Table 1. Immunohistochemical analysis
showed that two of the eight MPNST cases were positive for
SUZ12, the remaining six did not express SUZ12, and all recurrent
MPNSTs were SUZ12-negative. The H3K27me3 level was
extremely low in SUZ12-negative patients, while the rates of
ADCY1 and p-ERK positivity were significantly higher in
SUZ12-negative patients than in SUZ12-positive patients
(Figures 3A, B). These results suggested that the expression of
ADCY1 and phosphorylation of ERKmay be regulated by SUZ12,
consistent with the differential gene expression analysis results.

Activation of ADCY1 Affects the Temporal
Characteristics of ERK Phosphorylation
SUZ12 siRNA and pENTER-SUZ12 were transfected into
ipNF05.5 and sNF96.2 cells to further clarify the effect of
SUZ12, and NC siRNAs and empty vector were used as the
corresponding controls. As shown by western blot analysis and
RT-PCR, S3 had the best knockdown effect among the three
siRNA sequences transfected and was thus used for all
subsequent experiments (Figure 4A). The expression of
SUZ12 was knocked down or upregulated after transfection
of the siRNA and overexpression plasmid, respectively. In
addition, after transfection, the H3K27me3 level was
consistent with the SUZ12 expression level but was inversely
related to the ADCY1 level. SUZ12 did not affect the
expression level of ERK2, while the level of p-ERK varied,
albeit non significantly, with that of ADCY1 in both ipNF05.5
and sNF96.2 cells (Figure 4B).

Forskolin, an activator of adenylate cyclase, increases the
intracellular level of cAMP (19). Additional elevation of the
cAMP level can be achieved through treatment with IBMX, a
nonselective phosphodiesterase inhibitor (20). Cells were
stimulated with this mixture of forskolin and IBMX (i.e., F/I)
for 2, 5, 10 and 20 min, and ERK was found to be activated at
approximately 20 min, consistent with the manufacturer’s
instructions (Figure 5A). F/I was added for 20 min and was
then removed to observe the trend in ERK phosphorylation
over time. The p-ERK level gradually increased and then
decreased at 20 min in the control cells. However, the
activation of ERK phosphorylation was accelerated and
prolonged after transfection of siRNA, especially in ipNF05.5
cells, starting at 0 min and lasting for 40 min (Figure 5B).
Interestingly, the level of p-ERK in the SUZ12 si group
decreased at 5-10 min. However, the intensity and duration
of p-ERK activation were reduced after overexpression of
SUZ12. Under the same treatment conditions, SNF96.2 cells
exhibited exactly the same pattern as ipNF05.5 cells
(Figure 5C). Therefore, we confirmed that SUZ12 can affect
the phosphorylation level of ERK through ADCY1.

SUZ12 Amplifies RAS Signaling Through
the cAMP/PKA/Rap1/ERK Pathway
ERK activation is mediated by PKA-independent Ras proteins
that cooperate with the Rap1 protein through cAMP (20). To
determine whether the effect of SUZ12 is mediated by Rap1, we
utilized a pulldown assay to detect the effect of SUZ12
knockdown and PKA inhibitor (H89) treatment on the level of
activated Rap1 (Rap1-GTP). Rap1 activation was significantly
elevated after interference with SUZ12 expression and was
blocked by H89 treatment (Figure 6A). More importantly, the
effects of SUZ12 knockdown on ERK phosphorylation were
eliminated after the addition of H89 to both ipNF05.5
(Figure 6B) and sNF96.2 cells (Figure 6C) in the SUZ12 si
group treated with F/I. Therefore, we confirmed that SUZ12 can
amplify RAS signaling through the cAMP/PKA/Rap1/
ERK pathway.
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A B

C D

E

FIGURE 2 | PPI network construction and the selection of hub genes. (A) The STRING database constructed the PPI network of DEGs. The red node

represented the upregulated genes, and the blue node represented the downregulated genes. (B) The maximal clique centrality (MCC) algorithm was used

to identify hub genes. The red node represented the gene with a high MCC score, while the yellow node represented the gene with a low MCC score.

(C) Distribution of H3K27me3 in the TSS region of SUZ12-Mut and SUZ12-WT cells. The distribution of H3K27me3 was increased in SUZ12-WT cells and

decreased in SUZ12-Mut cells. (D) The distribution of H3K27me3 in ADCY1 promoter region and genosome were compared and the result showed that it

was significantly sparse in SUZ12-Mut cells. (E) Overall survival of hub gene ADCY1 was performed using COX survival analysis. P < 0.05 was considered

statistically significant.
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DISCUSSION

Clinically, NF1 patients with microdeletions have significantly
more systemic complications than those without. Comprehensive
genomic and clinical efforts led to the proposal that there are at
least three steps required for cellular transformation during the
development of MPNST, which include plexus neurofibromas,
atypical neurofibromatous neoplasms of uncertain biologic
potential (ANNUBP) and MPNSTs. Recurrent mutations in
SUZ12 and/or EED, two key components of the polycomb
repressive complex 2 (PRC2), lead to loss of tri‐methylation of
histone H3 lysine 27 (H3K27me3) and de-repression of its target
genes (21). Further genotypic studies revealed that SUZ12, a
component of the PRC2 complex, is often codeleted. The genes
targeted by PRC2 regulate cell cycle progression, stem cell self-
renewal, cell fate decisions, cellular identity and tumorigenesis (22,
23).We analyzed the DEGs between SUZ12-WT and SUZ12-Mut

ipNF05.5 cells and confirmed that SUZ12 regulates the
transcription of numerous genes, especially those associated
with the synaptic membrane, axonogenesis and DNA-binding
transcription activator activity. Heart defects are significantly
more common in patients with NF1 microdeletions than in
patients with intragenic NF1 mutations (24). However, the type
and frequency of heart defects observed in patients with NF1
microdeletions are quite heterogeneous. KEGG enrichment
analys i s showed that the DEGs were enr iched in
cardiomyopathy-related pathways in addition to the MAPK
signaling pathway and the Rap1 and cAMP signaling pathway.
The role of SUZ12 in cardiomyopathy is thus worthy of
further investigation.

The distribution of H3K27me3 in the ADCY1 promoter
region and across the genome was significantly sparser in
SUZ12-Mut cells, implying that ADCY1 is regulated by
SUZ12. Both the PPI network analysis results and the observed

TABLE 1 | Clinical information and SUZ12 expression in 8 patients with MPNST.

Patient Gender Site Recurrence NF1 SUZ12

M1 F neck N N +

M2 M trunk Y N –

M3 F neck N Y +

M4 F neck Y Y –

M5 F trunk Y Y –

M6 M thigh N Y –

M7 M thigh N Y –

M8 M thigh Y Y –

M=malignant peripheral nerve sheath tumor, N=“no”, Y=“yes”, ”+” means SUZ12 positive in IHC.

A

B

FIGURE 3 | Expression of SUZ12, H3K37me3, ADCY1 and p-ERK in MPNST tumor samples. (A) The figure showing immunohistochemical results of SUZ12,

H3K37me3, ADCY1 and p-ERK in tumor tissues of three MPNST patients. Scale bars: 50 µm (40 x). (B) The two groups were divided into SUZ12-positive (SUZ12+)

and SUZ12-negative (SUZ12-) according to SUZ12 expression, and the positive cell ratio of SUZ12, H3K37me3, ADCY1 and p-ERK were compared between the

two groups by t-test. ***P < 0.001, and *P < 0.05.
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enrichment of the cAMP pathway suggest that ADCY1 may play
an important role. More importantly, the survival of MPNST
patients decreased with increasing ADCY1 expression. A recent
study showed that SUZ12 upregulated the RAS pathway

although the phosphorylation level of ERK did not change
significantly after either overexpression or knockout of SUZ12
(14). Our studies supported this finding via GSEA in SUZ12-
Mut cells.

A B

FIGURE 4 | The expression of H3K27me3, ADCY1, ERK2 and p-ERK after SUZ12 was knocked down or upregulated. (A) Western blotting and RT-PCR showing

that among the three siRNA sequences transfected, S3 was the most efficient (the statistical method was a t-test on the △△CT values, *P < 0.05, ***P < 0.001

and ****P < 0.0001). (B) Western blot showing SUZ12, H3K27me3, ADCY1, ERK2 and p-ERK levels in SUZ12 transfected interfering RNA (SUZ12 si) and plasmid

groups (SUZ12 pENTER) in both ipNF05.5 and sNF96.2, and NC and vector as negative control respectively.

A

B

C

FIGURE 5 | Activation of ADCY1 affects the temporal effect of ERK phosphorylation levels. (A) Western blot showing the activation time of P-ERK after the addition

of forskolin and IBMX (F/I) in ipNF05.5 and sNF96.2. (B) Western blot showing changes in p-ERK expression in SUZ12 si and SUZ12 pENTER groups compared

with controls in ipNF05.5. (C) Western blot showing changes in p-ERK expression in SUZ12 si and SUZ12 pENTER groups compared with controls in ipNF05.5.

ERK2 was used as control in all figures.
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A recent review summarized 5 articles on next-generation
sequencing studies of MPNST; in these articles, the SUZ12
mutation frequency ranged from 32% to 88%, with an average of
56.1% (16). In this study, SUZ12 expression was negative in 6 of the
8 (75%)MPNST patients and was absent in all recurrent cases. We
further compared the changes in the ADCY1 and p-ERK levels in
SUZ12-positive and SUZ12-negative MPNST patients, and the
results were consistent with the hypothesis that SUZ12 loss may
affect ERK phosphorylation through ADCY1. We further
transfected SUZ12 lentivirus in ipNF05.5 and sNF96.2 cell lines.
Itwasvery interesting thatpNF05.5 cells,whichoriginally expressed
SUZ12 normally, did not show a significant attenuation of
proliferation, in contrast to SUZ12 relative deficient cells
(Supplementary Figure S2). And the same is true for colon
cancer and GBM (14), which is worthy of further research.

The background in which Ras is activated in MPNST is more
complex and differs in many ways from that in PNF (16). We next
focused on the mechanism by which SUZ12 affects the
phosphorylation of ERK. We used F/I to activate ADCY1 to
produce cAMP after transfection and observed the changes in
ERK phosphorylation. In both cell lines, ERK phosphorylation
was accelerated and lasted significantly longer after knockdown of
SUZ12, while the duration of ERK phosphorylation was decreased

after overexpression of SUZ12. Studies have shown that the roles of
Ras and Rap1 are distinguished by their mechanism of activation,
dependence on cAMP-dependent PKA, and the magnitude and
kinetics of their effects onERKs.Ras is required for the earlyphaseof
ERK activation by cAMPand is activated independently of PKA. In
contrast, Rap1-mediated activation of ERKs has a longer duration
and is dependent on PKA (20, 25, 26). To confirm whether SUZ12
affects ERK phosphorylation via Rap1, we performed a pulldown
assay and found that the change in the level of Rap1-GTP, the
activated formofRap1,was highly consistentwith the change in the
level of p-ERK. However, Rap1 activationwas completely inhibited
by the PKA inhibitor H89, and the level of p-ERK was restored to
that in cells without SUZ12 siRNA transfection. Therefore, we
demonstrated that the effect of SUZ12 on ERK phosphorylation is
mediated through cAMP/PKA/Rap1 signaling (Figure 7).

However, the increasing-decreasing-increasing trend in the p-
ERK level in the SUZ12 siRNA group was very interesting. Rap1
interacts with the serine/threonine kinases B-Raf and C-Raf, and
active (GTP-bound) Rap1 in turn activates B-Raf, which leads to
the phosphorylation cascade of MEK1/2 and ERK1/2; thus,
cAMP and MAPK signaling are linked (27–29). Ras can
activate all known Raf isoforms, but Rap1 activates B-Raf and
inhibits C-Raf. cAMP can prevent membrane recruitment of C-
Raf and hence activation of the Raf–MEK1/2–ERK1/2 cascade
(30). In cells that express B-Raf and C-Raf, the effects of cAMP
on ERKs may represent a balance between its effects on each Raf
isoform (27). According to the above studies, we hypothesize that
the trend might be due to activation of C-Raf by cAMP at the
appropriate time and concentration, which in turn inhibits ERK
phosphorylation (Figure 7). cAMP activates both B-Raf and C-
Raf, which perform different functions in different cells (27, 31),
and the specific mechanisms need further study.

MPNSTs are often arising from pre-existing benign plexiform
neurofibromas (PN) and atypical neurofibromas (ANF), now
known as ANNUBP. ANF are distinct from both PN and
MPNST, representing an intermediate step in malignant
transformation. Pemov and his team identified a low number
of mutations and frequent deletions of CDKN2A/B (69%) and
SMARCA2 (42%) in ANFs (32). And they determined that EED
or SUZ12 were frequently mutated, deleted or downregulated in
MPNSTs but not in ANFs. The PN-ANF transition is primarily
driven by the deletion of CDKN2A/B. Further progression from
ANF to MPNST likely involves broad chromosomal
rearrangements and frequent inactivation of the PRC2 genes
(32). The WHO 2016 Classification of CNS Tumors and the new
fifth edition of the World Health Organization (WHO)
Classification of Tumors of Soft Tissue and Bone in 2020 both
had adopted identification of H3K27me3 as a diagnostically
useful marker in MPNST (17, 33). Complete loss of
H3K27me3 is a highly specific (98.7%) marker of MPNST that
can distinguish MPNST from cytomorphologic mimics in FNA
cell block and small biopsy specimens (34). Cleven et al. found
that malignant peripheral nerve sheath tumors with loss of
H3K27 tri-methylation showed inferior survival compared with
malignant peripheral nerve sheath tumors with intact H3K27 tri-
methylation (35). De Raedt et al. demonstrated that SUZ12 loss

A

B

C

FIGURE 6 | Changes in Rap1-GTP and p-ERK after the addition of PKA

inhibitor (H89). (A) Application of pull-down method to detect the effect of

knockdown of SUZ12 and addition of H89 on the expression of Rap1-GTP,

the activated form of Rap1. (B, C) Western blot showing the effect of H89 on

the level of ERK phosphorylation in the SUZ12 si group treated with F/I in

both ipNF05.5 and sNF96.2, and ERK2 was used as control.
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promotes an epigenetic switch from H3K37Me3 to H3K27Ac,
conferring sensitivity to BRD4 inhibitor-based combination
therapies. BRD4 inhibitors alone may not be effective in these
tumors, but should be evaluated in combination with MEK
inhibitors (14). However, the MPNST genes are frequently
mutated, and the current studies are clearly not enough.

In conclusion, our study sought to determine the mechanism
by which SUZ12 enhances the RAS/ERK pathway, as shown, and
provided insights into the effects on the temporal characteristics

of ERK phosphorylation mediated by SUZ12 through ADCY1.
Furthermore, it may provide a new basis for MEK inhibitor
combination chemotherapy.
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FIGURE 7 | Model of SUZ12 loss amplifying the RAS/ERK pathway via ADCY1. Diminished transcriptional repression of ADCY1 by PRC2 after SUZ12 deletion

amplifies the RAS signaling pathway through cascade activation of PKA, Rap1 and B-Raf. Different Raf isoforms may play different roles in the p-ERK activation phase.
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Supplementary Figure S2 | Effects of overexpression of SUZ12 on proliferation

of sNF96.2 and ipNF05.5 cell lines. sNF96.2 and ipNF05.5 cell lines were

transfected with SUZ12 lentivirus, and proliferation ability was tested by CCK-8 kit.

The results showed that the proliferation of sNF96.2 cells was significantly reduced

(A), but ipNF05.5 was not (B). (Two-way ANOVA, *P < 0.05).

REFERENCES

1. Hirbe AC, Gutmann DH. Neurofibromatosis Type 1: A Multidisciplinary

Approach to Care. Lancet Neurol (2014) 13(8):834–43. doi: 10.1016/S1474-

4422(14)70063-8

2. Friedman JM. Epidemiology of Neurofibromatosis Type 1. Am J Med Genet

(1999) 89(1):1–6. doi: 10.1002/(SICI)1096-8628(19990326)89:1<1::AID-

AJMG3>3.0.CO;2-8

3. Ferner RE, Gutmann DH. International Consensus Statement on Malignant

Peripheral Nerve Sheath Tumors in Neurofibromatosis. Cancer Res (2002) 62

(5):1573–7.

4. Evans DG, Baser ME, McGaughran J, Sharif S, Howard E, Moran A.

Malignant Peripheral Nerve Sheath Tumours in Neurofibromatosis 1.

J Med Genet (2002) 39(5):311–4. doi: 10.1136/jmg.39.5.311

5. Kluwe L, Siebert R, Gesk S, Friedrich RE, Tinschert S, Kehrer-Sawatzki

H, et al. Screening 500 Unselected Neurofibromatosis 1 Patients for

Deletions of the NF1 Gene. Hum Mutat (2004) 23(2):111–6. doi: 10.1002/

humu.10299

6. Rasmussen SA, Colman SD, Ho VT, Abernathy CR, Arn PH, Weiss L, et al.

Constitutional and Mosaic Large NF1 Gene Deletions in Neurofibromatosis

Type 1. J Med Genet (1998) 35(6):468–71. doi: 10.1136/jmg.35.6.468

7. Dorschner MO, Sybert VP, Weaver M, Pletcher BA, Stephens K. NF1

Microdeletion Breakpoints Are Clustered at Flanking Repetitive Sequences.

Hum Mol Genet (2000) 9(1):35–46. doi: 10.1093/hmg/9.1.35

8. Kehrer-Sawatzki H, Mautner VF, Cooper DN. Emerging Genotype-

Phenotype Relationships in Patients With Large NF1 Deletions. Hum

Genet (2017) 136(4):349–76. doi: 10.1007/s00439-017-1766-y

9. Evans DG, Huson SM, Birch JM. Malignant Peripheral Nerve Sheath

Tumours in Inherited Disease. Clin Sarcoma Res (2012) 2(1):17.

doi: 10.1186/2045-3329-2-17

10. De Raedt T, Brems H, Wolkenstein P, Vidaud D, Pilotti S, Perrone F, et al.

Elevated Risk for MPNST in NF1 Microdeletion Patients. Am J Hum Genet

(2003) 72(5):1288–92. doi: 10.1086/374821

11. Di Croce L, Helin K. Transcriptional Regulation by Polycomb Group Proteins.

Nat Struct Mol Biol (2013) 20(10):1147–55. doi: 10.1038/nsmb.2669

12. Holoch D, Margueron R. Mechanisms Regulating PRC2 Recruitment and

Enzymatic Activity. Trends Biochem Sci (2017) 42(7):531–42. doi: 10.1016/

j.tibs.2017.04.003

13. Kouznetsova VL, Tchekanov A, Li X, Yan X, Tsigelny IF. Polycomb

Repressive 2 Complex-Molecular Mechanisms of Function. Protein Sci

(2019) 28(8):1387–99. doi: 10.1002/pro.3647

14. De Raedt T, Beert E, Pasmant E, Luscan A, Brems H, Ortonne N, et al. PRC2

Loss Amplifies Ras-Driven Transcription and Confers Sensitivity to BRD4-

Based Therapies. Nature (2014) 514(7521):247–51. doi: 10.1038/nature13561

15. Lee W, Teckie S, Wiesner T, Ran L, Prieto Granada CN, Lin M, et al. PRC2 Is

Recurrently Inactivated Through EED or SUZ12 Loss in Malignant Peripheral

Nerve Sheath Tumors. Nat Genet (2014) 46(11):1227–32. doi: 10.1038/

ng.3095

16. Brohl AS, Kahen E, Yoder SJ, Teer JK, Reed DR. The Genomic Landscape of

Malignant Peripheral Nerve Sheath Tumors: Diverse Drivers of Ras Pathway

Activation. Sci Rep (2017) 7(1):14992. doi: 10.1038/s41598-017-15183-1

17. Sahm F, Reuss DE, Giannini C. WHO 2016 Classification: Changes and

Advancements in the Diagnosis of Miscellaneous Primary CNS Tumours.

Neuropathol Appl Neurobiol (2018) 44(2):163–71. doi: 10.1111/nan.12397

18. Wassef M, Luscan A, Aflaki S, Zielinski D, Jansen P, Baymaz HI, et al. EZH1/2

Function Mostly Within Canonical PRC2 and Exhibit Proliferation-

Dependent Redundancy That Shapes Mutational Signatures in Cancer. Proc

Natl Acad Sci USA (2019) 116(13):6075–80. doi: 10.1073/pnas.1814634116

19. Insel PA, Ostrom RS. Forskolin as a Tool for Examining Adenylyl Cyclase

Expression, Regulation, and G Protein Signaling. Cell Mol Neurobiol (2003) 23

(3):305–14. doi: 10.1023/a:1023684503883

20. Li Y, Dillon TJ, Takahashi M, Earley KT, Stork PJ. Protein Kinase A-

Independent Ras Protein Activation Cooperates With Rap1 Protein to

Mediate Activation of the Extracellular Signal-Regulated Kinases (ERK) by

cAMP. J Biol Chem (2016) 291(41):21584–95. doi: 10.1074/jbc.M116.730978

21. Zhang X, Murray B, Mo G, Shern JF. The Role of Polycomb Repressive

Complex in Malignant Peripheral Nerve Sheath Tumor. Genes (Basel) (2020)

11(3):287. doi: 10.3390/genes11030287

22. Conway E, Healy E, Bracken AP. PRC2 Mediated H3K27 Methylations in

Cellular Identity and Cancer. Curr Opin Cell Biol (2015) 37:42–8. doi: 10.1016/

j.ceb.2015.10.003

Li et al. SUZ12 Loss Amplifies Ras Pathway

Frontiers in Oncology | www.frontiersin.org October 2021 | Volume 11 | Article 73830011

https://www.frontiersin.org/articles/10.3389/fonc.2021.738300/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.738300/full#supplementary-material
https://doi.org/10.1016/S1474-4422(14)70063-8
https://doi.org/10.1016/S1474-4422(14)70063-8
https://doi.org/10.1002/(SICI)1096-8628(19990326)89:1%3C1::AID-AJMG3%3E3.0.CO;2-8
https://doi.org/10.1002/(SICI)1096-8628(19990326)89:1%3C1::AID-AJMG3%3E3.0.CO;2-8
https://doi.org/10.1136/jmg.39.5.311
https://doi.org/10.1002/humu.10299
https://doi.org/10.1002/humu.10299
https://doi.org/10.1136/jmg.35.6.468
https://doi.org/10.1093/hmg/9.1.35
https://doi.org/10.1007/s00439-017-1766-y
https://doi.org/10.1186/2045-3329-2-17
https://doi.org/10.1086/374821
https://doi.org/10.1038/nsmb.2669
https://doi.org/10.1016/j.tibs.2017.04.003
https://doi.org/10.1016/j.tibs.2017.04.003
https://doi.org/10.1002/pro.3647
https://doi.org/10.1038/nature13561
https://doi.org/10.1038/ng.3095
https://doi.org/10.1038/ng.3095
https://doi.org/10.1038/s41598-017-15183-1
https://doi.org/10.1111/nan.12397
https://doi.org/10.1073/pnas.1814634116
https://doi.org/10.1023/a:1023684503883
https://doi.org/10.1074/jbc.M116.730978
https://doi.org/10.3390/genes11030287
https://doi.org/10.1016/j.ceb.2015.10.003
https://doi.org/10.1016/j.ceb.2015.10.003
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


23. Laugesen A, Hojfeldt JW, Helin K. Role of the Polycomb Repressive Complex

2 (PRC2) in Transcriptional Regulation and Cancer. Cold Spring Harb

Perspect Med (2016) 6(9):a026575. doi: 10.1101/cshperspect.a026575

24. Nguyen R, Mir TS, Kluwe L, Jett K, Kentsch M, Mueller G, et al. Cardiac

Characterization of 16 Patients With Large NF1 Gene Deletions. Clin Genet

(2013) 84(4):344–9. doi: 10.1111/cge.12072

25. Schmitt JM, Stork PJ. PKA Phosphorylation of Src Mediates Camp’s

Inhibition of Cell Growth via Rap1. Mol Cell (2002) 9(1):85–94.

doi: 10.1016/s1097-2765(01)00432-4

26. Wang Z, Dillon TJ, Pokala V, Mishra S, Labudda K, Hunter B, et al. Rap1-

Mediated Activation of Extracellular Signal-Regulated Kinases by Cyclic AMP

Is Dependent on the Mode of Rap1 Activation. Mol Cell Biol (2006) 26

(6):2130–45. doi: 10.1128/MCB.26.6.2130-2145.2006

27. Vossler MR, Yao H, York RD, Pan MG, Rim CS, Stork PJ. cAMP Activates

MAP Kinase and Elk-1 Through a B-Raf- and Rap1-Dependent Pathway. Cell

(1997) 89(1):73–82. doi: 10.1016/s0092-8674(00)80184-1

28. Yao H, York RD, Misra-Press A, Carr DW, Stork PJ. The Cyclic Adenosine

Monophosphate-Dependent Protein Kinase (PKA) Is Required for the

Sustained Activation of Mitogen-Activated Kinases and Gene Expression by

Nerve Growth Factor. J Biol Chem (1998) 273(14):8240–7. doi: 10.1074/

jbc.273.14.8240

29. Gerits N, Kostenko S, Shiryaev A, Johannessen M, Moens U. Relations

Between the Mitogen-Activated Protein Kinase and the cAMP-Dependent

Protein Kinase Pathways: Comradeship and Hostility. Cell Signal (2008) 20

(9):1592–607. doi: 10.1016/j.cellsig.2008.02.022

30. Dumaz N, Light Y, Marais R. Cyclic AMP Blocks Cell Growth Through Raf-1-

Dependent and Raf-1-Independent Mechanisms. Mol Cell Biol (2002) 22

(11):3717–28. doi: 10.1128/mcb.22.11.3717-3728.2002

31. Mercer KE, Pritchard CA. Raf Proteins and Cancer: B-Raf Is Identified as a

Mutational Target. Biochim Biophys Acta (2003) 1653(1):25–40. doi: 10.1016/

s0304-419x(03)00016-7

32. Pemov A, Hansen NF, Sindiri S, Patidar R, Higham CS, Dombi E, et al. Low

Mutation Burden and Frequent Loss of CDKN2A/B and SMARCA2, But Not

PRC2, Define Premalignant Neurofibromatosis Type 1-Associated Atypical

Neurofibromas. Neuro Oncol (2019) 21(8):981–92. doi: 10.1093/neuonc/

noz028

33. Kallen ME, Hornick JL. The 2020 WHO Classification: What’s New in Soft

Tissue Tumor Pathology? Am J Surg Pathol (2021) 45(1):e1–e23. doi: 10.1097/

PAS.0000000000001552

34. Mito JK, Qian X, Doyle LA, Hornick JL, Jo VY. Role of Histone H3K27

Trimethylation Loss as a Marker for Malignant Peripheral Nerve Sheath

Tumor in Fine-Needle Aspiration and Small Biopsy Specimens. Am J Clin

Pathol (2017) 148(2):179–89. doi: 10.1093/ajcp/aqx060

35. Cleven AH, Sannaa GA, Briaire-de Bruijn I, Ingram DR, van de Rijn M, Rubin

BP, et al. Loss of H3K27 Tri-Methylation Is a Diagnostic Marker for

Malignant Peripheral Nerve Sheath Tumors and an Indicator for an

Inferior Survival. Mod Pathol (2016) 29(6):582–90. doi: 10.1038/

modpathol.2016.45

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Li, Hu, Zhang, Wang, Li, Ling, Sun, Guo, Li and Liu. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply with

these terms.

Li et al. SUZ12 Loss Amplifies Ras Pathway

Frontiers in Oncology | www.frontiersin.org October 2021 | Volume 11 | Article 73830012

https://doi.org/10.1101/cshperspect.a026575
https://doi.org/10.1111/cge.12072
https://doi.org/10.1016/s1097-2765(01)00432-4
https://doi.org/10.1128/MCB.26.6.2130-2145.2006
https://doi.org/10.1016/s0092-8674(00)80184-1
https://doi.org/10.1074/jbc.273.14.8240
https://doi.org/10.1074/jbc.273.14.8240
https://doi.org/10.1016/j.cellsig.2008.02.022
https://doi.org/10.1128/mcb.22.11.3717-3728.2002
https://doi.org/10.1016/s0304-419x(03)00016-7
https://doi.org/10.1016/s0304-419x(03)00016-7
https://doi.org/10.1093/neuonc/noz028
https://doi.org/10.1093/neuonc/noz028
https://doi.org/10.1097/PAS.0000000000001552
https://doi.org/10.1097/PAS.0000000000001552
https://doi.org/10.1093/ajcp/aqx060
https://doi.org/10.1038/modpathol.2016.45
https://doi.org/10.1038/modpathol.2016.45
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	SUZ12 Loss Amplifies the Ras/ERK Pathway by Activating Adenylate Cyclase 1 in NF1-Associated Neurofibromas
	Introduction
	Materials and Methods
	Sequencing Data
	Identification of DEGs
	KEGG Pathway Enrichment Analysis, GO Enrichment Analysis and GSEA of DEGs
	Protein-Protein Interaction Network Construction and Hub Gene Selection
	Cox Survival Analysis by Hub Gene Expression via Cox Proportional Hazards Regression
	Distribution of H3K27me3 in the Promoter Regions of Key Genes and Across the Genome
	Tissue Specimens
	Cell Culture and Reagents
	IHC
	RNA Interference and Plasmid Transfection
	RT-PCR Analysis
	Western Blot Analysis
	Statistical Analysis

	Results
	Identification of DEGs
	GO Enrichment Analysis, KEGG Enrichment Analysis and GSEA of the DEGs
	PPI Network Construction and Hub Gene Selection
	Levels of SUZ12, H3K27me3, ADCY1 and p-ERK in MPNST Tumors
	Activation of ADCY1 Affects the Temporal Characteristics of ERK Phosphorylation
	SUZ12 Amplifies RAS Signaling Through the cAMP/PKA/Rap1/ERK Pathway

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


