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Enchondroma (EC) is a common benign bone tumor. It has the risk of malignant
transformation to Chondrosarcoma (CS). However, the underlying mechanism is
unclear. The gene expression profile of EC and CS was obtained from Gene
Expression Omnibus (GEO) database. The differentially expressed genes (DEGs) were
identified using GEO2R. We conducted the enrichment analysis and constructed the gene
interaction network using the DEGs. We found that the epithelial-mesenchymal transition
(EMT) and the VEGFA-VEGF2R signaling pathway were more active in CS. The CD8* T
cell immunity was enhanced in CS I. We believed that four genes (MFAP2, GOLMT,
STMN1, and HN1) were poor predictors of prognosis, while two genes (CAB39L and
GAB?2) indicated a good prognosis. We have revealed the mechanism in the tumor
progression and identified the key genes that predicted the prognosis. This study
provided new ideas for the diagnosis and treatment of EC and CS.

Keywords: enchondroma, chondrosarcoma, epithelial to mesenchymal transformation, VEGFA-VEGF2R signaling
pathway, T cell immunity, angiogenesis, prognostic factor

INTRODUCTION

EC is one of the most common benign bone tumors occurring in the medullary space of bone (1).
Ollier disease and Maffucci syndrome are subtypes of EC (2). CS is the second most common
malignant bone tumor after osteosarcoma, accounting for 20% of the bone sarcomas (3). CS is
divided into three grades based on histopathology. The risk of malignant transformation from EC to
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CS, especially in the Ollier disease and Maffucci syndrome, is as
high as 50% (4). Therefore, it is important to understand the
underlying mechanism of the malignant transformation.

Though disrupted signaling pathways play roles in both EC
and CS, CS has its own unique characteristics (4). However, the
key biomarkers involved in the metastasis are still unknown.

High-throughput gene detection technologies are promising
tools with a wide range of clinical applications (5). Integrating
and analyzing the data in the public database provides an
opportunity to reveal the key regulators.

In this study, we used the data GSE30835 from GEO. We
identified the DEGs among normal, EC, and CS samples. We
performed the gene enrichment analysis to explore the key
regulatory pathways. Finally, we proposed some markers that
predicted the metastasis. These results may help diagnosis
and treatment.

MATERIALS AND METHODS

Microarray Data

The gene expression profile GSE80835 was obtained from the
GEO database. The microarray data was established on the
GPL6884 platform (Illumina HumanWG-6 v3.0 expression
bead chip). There were 6 normal controls (growth plate and
cartilage), 7 EC samples, and 14 CS samples. In addition, two
other gene expression profiles, GSE17679 and GSE21122, were
obtained. GSE17679 contained 64 Ewing sarcoma samples and
18 normal controls. GSE21122 contained 26 leiomyosarcoma
samples and 9 normal controls.

DEGs Identification

GEO2R was used to identify DEGs. When comparing normal
control and patient samples, genes with p < 0.01 and [logFC|>1
were considered DEGs. In the comparison between EC and CS
samples, genes with p < 0.05 were considered DEGs Graphpad
Prism was used to display the volcano plot, and R package
“pheatmap” was used to display the heatmap.

Metascape Enrichment Analysis

Enrichment analysis was performed by using the online tool
called Metascape (http://metascape.org). The enrichment terms
included GO biological processes, Biocarta gene sets, Hallmark
gene sets, Reactome gene sets, KEGG pathway, Wikipathways,
and Canonical pathways.

Protein-Protein Interaction Network

The Protein-Protein Interaction (PPI) network was constructed
using the online tool called STRING (http://string-db.org). We
selected the top 50 DEGs in patient samples. Among the 50
upregulated genes, 46 were protein-coding genes, and 36
interacted with each other.

Gene Set Enrichment Analysis
The Gene Set Enrichment Analysis (GSEA) tool was downloaded
from the Broad Institute (http://software.broadinstitute.org/gsea).

The analysis showed the differences between EC and CS, with
statistical significance determined by 1,000 gene set permutations.
The enrichment maps with the enrichment scores were generated
for visualization of the results.

Weighted Correlation Network Analysis

The Weighted Gene Co-expression Network Analysis
(WGCNA) was used to verify the gene modules in EC and CS.
The most relevant modules were selected for further analysis.
Cytoscape was applied to establish the network using the top-
weighted genes. Metascape enrichment analysis was performed
using the genes involved in the modules with the threshold of
0.02 in WGCNA.

Survival Analysis

We chose the sarcoma datasets in GEPIA (http://gepia.cancer-
pku.cn/index.html), which used TCGA data to explore the
prognostic potential of certain genes. The project ID of
sarcoma datasets in GEPIA including TCGA-SARC, GENIE-
MSK, GENIE-DFCI and CMI-ASC. PrognoScan (http://dna00.
bio.kyutech.ac.jp/PrognoScan) was used to verify the relation
between the gene expression levels and the distant recurrence-
free survival using sarcoma dataset GSE30929. The p <0.05 was
considered statistically significant.

RESULTS

DEGs Reveal the Characteristics of EC
and CS

To explore the DEGs between patients and healthy controls,
GEO2R was performed with the criterion of p < 0.01 and
[logFC|>1. We found 89 upregulated genes and 52
downregulated genes (Figure 1A and Supplementary Table 1).
We applied Metascape enrichment analysis to identify the altered
biological functions. Figure 1B and Supplementary Table 2 show
the enriched terms of the upregulated genes. We found that these
genes were most related to EMT, collagen formation, and the
VEGFA-VEGFR2 signaling pathway. EMT plays a central role in
tumor progression, and the VEGFA-VEGFR2 pathway indicates
tumor angiogenesis (6, 7). Collagen formation is the basic feature
of solid tumors (8). The activation of EMT and angiogenesis were
also found in other sarcomas (Supplementary Figure 1 and
Supplementary Table 3).

We used STRING to construct the PPI network to confirm
the relationship between genes. Among the top 50 upregulated
genes, there are 46 protein-coding genes, of which 36 are closely
related (Figure 1D). In the network, collagen genes, such as
COL16A1, COL6A3, and COL8A2 have interacted. They
contribute to both EMT and collagen formation. In addition,
FNDC1 and FSTL1 are also EMT-related genes. CAV1 is one of
the core genes in the VEGFA-VEGFR2 pathway and collagen
formation (Supplementary Table 2).

The downregulated genes are enriched in the terms of SMAD
protein signal transduction, IL-4 and IL-13 signaling, and connective
tissue development (Figure 1C and Supplementary Table 2).
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FIGURE 1 | DEGs reveal the characteristics of EC and CS. (A) Volcano plot of DEGs between patients (EC and CS) and normal controls. Red and blue dots represent
the highly and lowly expressed genes in patients, respectively. (B, C) Metascape enrichment analysis for viewing the enrichment terms of upregulated (B) and
downregulated (C) genes in patients. The color shows the p value. (D, E) PPI network of the upregulated (D) and downregulated (E) protein-coding genes in patients.

Among the top 50 downregulated genes, there are 49 protein-coding
genes. However, the connections are not closed in the PPI network.
Only 18 genes have certain correlations (Figure 1E).

Together, EMT, tumor angiogenesis, and collagen formation
are the key characteristics of EC and CS.

Immune Response Is More Active in CS
Compared With EC

Due to the risk of malignant transformation from EC to CS, we
next explored the gene expression patterns in CS compared with
EC. We used GEO2R to analyze the top 100 upregulated and
downregulated genes in CS (Supplementary Table 4). Among
the top 15 upregulated genes, TGFBI, IGFBP4, and DDIT4 are
the top three upregulated genes in CS (Figure 2A). They
promote tumor growth and metastasis (9-11). The upregulated
genes are enriched in EMT and the VEGFA-VEGFR?2 signaling
pathway, which are important terms in Figure 1B (Figure 2B).
However, the key genes are different. For example, the EMT-
related genes TGFBI and BASP1 are more active in CS
(Supplementary Table 5).

We noticed that the activation of the immune response was
enriched, and the complement genes, C1QB and C1QC were two
of the top 15 upregulated genes in CS (Figures 2A, B). We used
GSEA for further investigation. In CS, a decrease in naive CD8"

T cell and natural Treg cell was observed. In EC, the increase of
resting T cell and naive CD4" T cell was obvious (Figure 2C and
Supplementary Figure 2).

The downregulated genes are enriched in the skeletal
development and negative regulation of cell proliferation
(Figure 2D). Among the top 15 downregulated genes, CHRDL,
CHAD, BGLAP, and PTHIR are related to the skeletal
development. CYTL1, FRZB, and FGFR3 are related to both of
the terms (Figure 2E and Supplementary Table 5).

Together, we revealed the functional differences between EC
and CS. The immune response is more active in CS.

The Unique Gene Expression Modules in
CSlLLandCS i
CS is divided into three grades based on histopathology (1). The
metastasis in Grade II and III is more frequent. In our study, we had
Grade I and II patients. We used WGCNA to identify the gene
modules in EC, CS I, CS II, and normal samples. We found that there
were 25 modules (Figures 3A, B). Some modules are unique. We
selected the most relevant modules and constructed the co-expression
network using the genes with the top-weighted connectivity.

We were interested in the differences between CS Iand CS II.
The midnight blue module is unique in CS I. The hub gene of this
module is CD8A. The top-weighted genes, such as CXCL9 and
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CD3D, form two networks, both of which are highly correlated
with T cell immunity (Figure 3C). The enrichment analysis of
genes in this module also reveals the activation of T cells
(Figure 3D). We believed that T cell immunity in low-grade
malignancy might help avoid metastasis (12).

The yellow module is unique in CS II. The top-weighted genes
form a network, and the core gene is SDFR1 (Figure 3E). The
genes in this module are related to the translation, MYC, and
MTORCI signaling pathway (Figure 3F). We believed that
translation disorder is more serious in high-grade malignancies,
and tumor-related signaling pathways are more active (13).

Together, CS I is more likely to trigger the immunity
response, and CS II succumbs to tumor regulation.

Survival Analysis Suggesting the
Prognostic Factors

We noticed that the expression levels of some genes, such as
MFAP2, GOLMI(GOLPH2), STMNI1, and HNI, increased
continuously from control, EC, to CS, while the expression
levels of some genes, such as CAB39L and GAB2 decreased
(Figures 4A, B). We next used GEPIA and Prognoscan to
explored whether these genes had potential prognostic value.
There are significant differences in overall survival and distant
recurrence-free survival between the high and low expression
groups (Figures 4C-H and Supplementary Figure 3).

Thus, the high expression levels of MFAP2, GOLM1, STMN1,
and HN1 predict a poor prognosis, while CAB39L and GAB2
predict a good prognosis.

DISCUSSION

EC is a benign cartilage-forming tumor with the medullary cavity
of the bone (14). EC has the risk of transforming to CS. CS is a
type of hyaline cartilage that forms a malignant tumor (15). In our
study, we identified the DEGs in normal, EC, and CS samples. We
found that EMT and the VEGFA signaling pathway were
important in the initial stage. The immune response was crucial
for CS, especially CS I. CS II was more active in translation, MYC,
and MTORI signaling pathway during metastasis. Moreover, we
explored some prognostic markers.

EMT may occur during different states of tumor progression (13).
It plays a key role in the pathogenesis of sarcoma dedifferentiation
and early dissemination (6). The EMT programs are activated by
extracellular matrix components (such as collagen genes) and
inflammatory stimuli (such as growth factor genes) (16). It has
been reported that EMT also promotes drug resistance and may help
guide precision medicine (17, 18). In our study, EC and CS had high
levels of several collagen genes, and CS was associated with a higher
EMT signature.

Frontiers in Oncology | www.frontiersin.org

September 2021 | Volume 11 | Article 693034


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Wu et al.

Gene Patterns in Enchondroma, Chondrosarcoma

A Cluster Dendrogram B

MEdarkturquoise
MEred
MEroyalblue
MEsaimon
MEblue
MEgreen
MEpurple

Height

MElightyeliow
Melightgreen
MEblack
MEbrown
MEyeliow
MEgarkred l

Melightoyan

MEdarkgrey

MEcyan
MEmagenta
MEpink

MEtan

o -

MEmidnightblue
MEgreenyellow
MEturquoise
MEdarkgraen
MEgrey0
MEgrey

Module-trait relationships

0086 025
©7) (02)
-0.087 -0.14 N
©7) (©5)
0092 -0041
©8) (©08)
-0.11 0.12
©8) ©5)
0057 -0.18
©8) (©4)
0018 -0.15
©.9) (05)
012 043
©5) ©5) 08
-0.12 -0.021
©.5) (09)
-0.15 -041
©5) ©8)
-0.12 012
0.5) (08)
024 022
ozt 3%
-0029 -0.062
©9) (08)
-0.045 025 0
©8) ©2)
-0063 -0.058
©08) ©8)
-0082 -0013
©7) (09)
-0.12
©5)
-0.16 03
©4) 1)
-0! -0.085
©7) ©n -
-0.16 -0.069
©04) ©7)
0014
©9)
0,087 0029
©n (09)
-0.11 0.1
©8) (08)
-0.07 0.0
©7) (©8)
-0.13 03 -
(0.5) 1
-007
©7)

M5913: HALLMARK INTERFERON GAMMA RESPONSE

M5950: HALLMARK ALLOGRAFT REJECTION

R-HSA-1280218: Adaptive Immune System

R-HSA-913531: Interferon Signaling

M22023: BIOCARTA MHC PATHWAY

G0:0042110: T cell activation

R-HSA-198933: Immunoregulatory interactions between a Lymphoid and a non-Lymphoid cell
G0:0032609: interferon-gamma production

R-HSA-983169: Class | MHC mediated antigen processing & presentation
G0:0043900: regulation of multi-organism process

G0:0002449: lymphocyte mediated immunity

GO:0045088: regulation of innate immune response

k004621: NOD-like receptor signaling pathway

M5932: HALLMARK INFLAMMATORY RESPONSE

GO:0019835: cytolysis

G0:0035457: callular response to interferon-alpha

GO:0042098: T cell proliferation

M5947: HALLMARK IL2 STATS SIGNALING

GO:0007249: I-kappaB kinase/NF-kappaB signaling

G0:0002577: regulation of antigen processing and presentation

yellow module. The color shows the p value.

R-HSA-8953854: Metabolism of RNA
R-HSA-72766: Transiation
GO:0022613: ribonucleoprotein complex biogenesis
GO:1901137: carbohydrate derivative biosynthetic process
M5926: HALLMARK MYC TARGETS V1
GO:0090150: establishment of protein localization to membrane
G0:0032386: regulation of intracellular transport
GO:1903311: regulation of MRNA metabolic process
M5936: HALLMARK OXIDATIVE PHOSPHORYLATION
M105: PID TELOMERASE PATHWAY

: FATTY ACID METABOLISM
GO:0006399; tRNA metabolic process
GO:0080135: regulation of celular response to stress
M5924: HALLMARK MTORC1 SIGNALING
G0:0001501: skeletal system development
GO:0044272: sulfur compound biosyntheic process
R-HSA-71387: Metabolism of carbohydrates
GO:0031331: positive regulation of cellular catabolic process

i v ibolic process

G0:0140053: mitochondrial gene expression

25 5 75 10 12515 175 20

FIGURE 3 | The unique gene expression modules in EC, CS |, and CS II. (A) Gene dendrogram obtained by average linkage hierarchical clustering. The color row
underneath the dendrogram shows the module assignment. (B) Correlation heatmap of the modules to disease types. Each row corresponds to a module and the
columns are disease types. Red and blue represent high and low correlation, respectively. The values in the cells are presented as Pearson r (p value). (C) Visualization of
network with the genes of top-weighted connectivity in the midnight blue module. (D) Metascape enrichment analysis of genes in the midnight blue module. The color
shows the p value. (E) Visualization of network with the genes of top-weighted connectivity in the yellow module. (F) Metascape enrichment analysis of genes in the

-og10 (P)

Angiogenesis is involved in tumor biology, including
metastasis, metabolic deregulation, and cancer stem cell
maintenance (19). The blood vessel is important for
transporting nutrients and oxygen. The VEGF family is a key
mediator of angiogenesis (7). Blocking VEGFA is used to treat
tumors (20). In one study, patients benefited from
Ramncirumab, a monoclonal antibody that binds to VEGFR-2.

It blocks the downstream effects of the VEGF pathway in
angiogenesis (21). In another research, Bevacizumab, a
monoclonal antibody targeting VEGF receptor, has been tested
in a phase II clinical trial (22). In our study, the VEGFA-
VEGFR2 signaling pathway was active in EC and CS. It gives
us a hint that the anti-angiogenesis may be a powerful treatment
to prevent recurrence.
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FIGURE 4 | Survival analysis suggesting the prognostic factors. (A, B) The expression levels of MFA2, GOLM1, STMN1, HN1, CAB39L, and GAB2 in control, EC,
and CS groups. Each dot represents a sample. *p < 0.05, **p < 0.01. (C-H) The overall survival plots using GEPIA. Red and blue represent high and low expression
level groups of MFAP2 (C), GOLM1 (D), STMNT (E), and HN1 (F), CAB39L (G) and GAB2 (H).

Immunomodulatory drugs and immunotherapeutic agents have
been used to treat various tumors (23). These approaches target the
specific antigens expressed on tumor cells and induce cell death
through tumor-infiltrating T cells (24). However, the heterogeneity
in CD8" T cell infiltration governs differential immunity (25). It
usually acts as a cytotoxic cell that kills tumor cells but loses its
effector function. Other cytokines and chemokines are important in
regulating the antitumor response of CD8" T cells (26). Treg cell
reduces the expansion of CD8" T cell (27). CXCL9 contributes to
the recruitment and infiltration of CD8" T cell (28). In our study,
the upregulation of effect CD8" T cells and the downregulation of
Treg cells were observed in CS. Interestingly, CS I, not CS II, had the
CD8 module, which was associated with CXCL9 in the network. In
addition, it indicated the depletion of T cells in the late state.

In our study, some genes increased or decreased continuously
from control, EC to CS. MFAP2, an extracellular matrix
glycoprotein, is specifically expressed in osteoblastic-like cells
(29). GOLM1 participates in immune regulation and the
promotes EMT. It is a promising marker for early diagnosis
and prognosis of hepatocellular carcinoma (30). In a study of
4625 patients with solid tumors, overexpression of STMN1 was
associated with poor overall survival (31). HN1, interacting with
STMNI1, reduces a-tubulin acetylation and promotes tumor
progression through EMT (32). CAB39L is a tumor
metabolism regulator with the functions of tumor suppressor
(33). It has been reported that GAB2 promotes tumor cell
metastasis, migration, and recurrence (34). However, in our
study, the expression level of GAB2 was reduced in CS. With
the exception of STMNI, all of the above genes were first
discussed as prognostic factors in sarcoma. Although the
underlying mechanisms in EC and CS are not yet fully
understood, we believe that MFAP2, GOLMI, STMN1, and

HN1 are markers for poor prognosis, while CAB39L and
GAB?2 indicate a good prognosis.

In conclusion, we identified the DEGs in EC, CS and normal
controls. We found that EMT and angiogenesis were active in
CS. The CD8" T cell immunity was enhanced in CS L. We
suggested some prognostic factors. Our study provided new ideas
for the diagnosis and treatment of EC and CS.
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