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Introduction

As one of the most common primary mesenchymal malignancies, osteosarcoma
(OS) is characterized by the direct differentiation of malignantly proliferating tumor
cells into bone or bone-like tissue.' OS mainly occurs in children and adolescents
and shows a strong male predominance. With a high degree of malignancy, OS
usually progresses rapidly.” For decades, new comprehensive treatments, such as
the combination of tumor resection and neoadjuvant chemotherapy, have been
widely used in clinical treatment, leading to improved survival prognosis.’*
However, such treatments cannot completely inhibit the growth of tumors, and
the mortality rate of OS patients remains high.” Therefore, it is critical to explore
new biomarkers of OS to provide a solid theoretical basis for new treatment
methods, thereby improving the often bleak prognosis of patients with OS.
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Due to the prominent metastatic characteristics and high
invasiveness of OS, by the time of diagnosis, the lesion has
metastasized in 10-20% of OS-bearing patients. In addition,
with a recurrence rate of as high as 80%, lung metastasis is
the most common route of systemic recurrence in OS
patients.® Despite the improvements in surgical and adjuvant
radiotherapy, the five-year survival rate of patients with
metastatic or recurrent OS has not increased considerably
over time and remains at approximately 20%,  ° significantly
than  that
metastases.'™'" Recently, researchers have attempted to

lower of patients without pulmonary
explore the mechanism of OS metastasis and identify the
biomarkers for early diagnosis and metastasis prediction. For
Wn‘[/[i-cateninlzf14

pathways'> have demonstrated involvement in distal OS

example, and hypoxia-associated
metastasis. In addition, a growing body of evidence suggests
that non-coding RNAs, including miRNA,'® IncRNA,'” and
CircRNA,'® are involved in metastasis and associated with
poor OS prognosis. Investigators have confirmed the predic-
tive effect of the miRNAs miR-27a and miR-181c on
metastasis.!” However, these indicators are not suitable for
early clinical diagnosis due to low specificity and lack of
definitive clinical evidence. Therefore, it is critical to dis-
cover accurate biomarkers of OS metastasis, thereby pro
ing a reliable basis for the development of novel effecti
therapeutic targets to curb the occurrence of me i
reduce the mortality rate.

With the development of gene micrd

kers of OS patients.
GSE66673, GSEZaa0

tation and p
genes (DEGs).
scriptional regulatory

0 pathways of differentially expressed
guthor established an OS-specific tran-
etwork was established to study TF
targeting of DEG. Wu et al*' constructed a risk score
model based on eight genes for predicting overall survival
of OS patients. Sun*” used the significance analysis of
microarray (SAM) method, integrating GSE21257,
GSE9508, GSE49003, and GSE66673 cohorts to identify
differentially expressed genes and analyze differentially
expressed pathways for metastatic and non-metastatic OS
based on the support vector machine (SVM) model.

However, most of these studies have been limited only to
data analysis without rigorous experimental validation on
specific OS metastasis genes. In addition, they have not
explored the relationship between genes and
pharmacology.

In the present study, a set of metastasis-related signatures
(MRSs) associated with OS patients was identified by inte-
grating different cohorts. Functional and potential drugs
related to the metastasis mechanism of OS were explored,
which may assist in the mining of potential drugs as new

alternatives for the treatment of OS. I a. the function

ation afid gene expression profile
om TARGET, which contained

cated by removing 1) samples devoid of clinical informa-
ion or have a total survival time of fewer than 30 days, 2)
Wata of normal tissue samples, and 3) genes demonstrating
zero expression level in more than half of the samples.

GEO data were pretreated by 1) removing the data of
normal tissue samples, leaving only the data of tumor
tissue; 2) converting the total survival time in years or
months into days; 3) mapping the chip probe into human
gene SYMBOL using the bio-conductor package.

MRS Filtering and Feature Annotations

As TARGET, GSE21257, GSE39055, and GSE49003 are
chip-encoded data, the downloaded expression profile data
were normalized. We conducted the DEG analysis through
the R software limma package (https://bioconductor.org/

packages/limma/) on metastasis and non-metastasis group
samples. Given that the number of DEGs of TARGET and
GSE32981 data is extremely small, p<0.01 and |log, fold
change[>0.5 were set as the threshold. As for GSE21257
and GSE49003 data, FDR<0.05 and |log2 fold change[>0.5
were taken as the threshold. DEGs obtained from the four
cohorts were defined as MRSs.
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We used clusterProfiler package (https://bioconductor.org/

packages/clusterProfiler/) to perform functional enrichment

analysis of all GO terms, and we conducted Reactome path-
way analysis through WebGestalt, R package (https:/github.
com/bzhanglab/WebGestaltR). FDR<0.05 was assigned as the
threshold for significant enrichment.

Prognosis Analysis

A univariable Cox regression model was used to analyze the
prognostic relationship between MRSs and metastatic events.
Considering the low (85/53) numbers of the TARGET and
GSE21257 cohort samples with prognostic information, we
set log-rank p<0.1 as the significance threshold. Kaplan-Meier
analysis was used through the R software survival package
(https://bioconductor.org/packages/survcomp/) to plot the

overall survival. Unless otherwise stated, *** indicates p<le-
5, ** indicates p<0.01, and * indicates p<0.05.

Mining of Potential Drugs

The L1000FWD tool (http://amp.pharm.mssm.edu/
11000fwd/)*® was used to identify the small molecules
related to DEGs. L1000 database records the aberrantly
up-regulated or down-regulated genes induced by more

than 16,000 drugs or small molecules in canc
lines. By comparing identified DEGs with those §
recorded in the database, we can reversg e

NOpposite.
24 records

their intg .
provid b as
ill be 1dentified.

btypes of MRS gene symbols were con-
verted to Affy
R package, prior to querying using CMap (http://portals.

rix probe IDs using the Bioconductor

broadinstitute.org/cmap/).”> In the CMap database, drugs

with significantly negative scores are predicted to be new
therapeutic medications for OS. CMap uses an algorithm
of GSEA (gene set enrichment analysis) to calculate the
correlation coefficient. An average coefficient of no
greater than 0.65 could be used to identify potential drug
candidates. For gene probes provided by CMap, an

amplitude of <-0.67 or >0.67 was reserved for those
significantly aberrantly expressed, which could be used
for pathway analysis; an amplitude of + 0.67 represents
a two-fold change between the treatment and the control.

Migration, Invasion, Wound-Healing
Assay

MG-63 cells were purchased from the Type Culture Collection
China Centre. DMEM/F12 containing 10% FBS was used to
culture cells in an incubator with 37°C and 5% CO2 atmo-
gvasion of MG-63

sphere. We investigated the migrg
cells using transwell chamberg
well plate containing 8-

with crystal violet, and counted by bright-
. We grew tumor cells to 95% confluence in
t FBS overnight for the wound-healing closure
e scratched the monolayer of cells using a sterile 10pL
tip, and the cells were cultivated for 24h.

Lentiviral RNAIi Cell Transduction
Lentiviral vectors containing human TLR7 or non-target
shRNA were obtained from Sigma, packaged into recom-
binant lentivirus, and stably expressed in OS cells as
described previously.”® The transduction efficiency was
evaluated by flow cytometry.

Animal Experiments

We bred BALB/c (nu/nu) mice under specific pathogen-free
(SPF) conditions in the Animal Research Center, and mice six-
weeks-old were used in experiments. For the in vivo lung
metastasis model, MG-63-GFP cells with or without CC-
CAFs were injected at a density of 1 x 10° in 100uL PBS
via the tail veins of the randomized mice (n=7 per group).
After three weeks, the mice were sacrificed, and the metastatic
sites within the lungs were isolated. Metastatic tumor frag-
ments were minced into 1-mm cubes and digested in collage-
nase IV (Invitrogen, CA, USA) for 3h at 37°C. Digested cells
were washed twice with complete cell culture media and
transferred into RPMI1640 (Invitrogen, CA, USA) containing
10% FBS and 1% penicillin/streptomycin and 1 pg/mL
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puromycin to eliminate all except MG-63-GFP cells derived
from the metastatic lung site. After the selection process, the
cells were analyzed by flow cytometry and Western blotting.

Static Adhesion Assay

HUVECs were seeded onto 6-well plates at a density of 5 x
104 cells/well. Stably transfected MG-63 cells with GFP
were plated (5 x 104 cells/well) and incubated for 30min
at 37°C. The unattached cells were gently washed twice with
10% FBS-containing DMEM, and tumor cells adhered to
HUVECs were counted under fluorescence microscopy.

Statistical Analysis

After RMA normalization, limma was applied to perform
differential analysis. The genes with differential analysis
results of “FDR< 0.1” were defined as DEGs. Log-rank
p<0.05 was chosen as significant. The version of R was
3.5.1. All data are the results of 3 independent experi-
ments, expressed as mean + standard deviation (+ s).

Results

Sample Information Statistics
The pre-processed OS cohorts are listed in Table 1. A t
of 209 samples were obtained, of which 85 satisfied t!
criteria of conditional samples in TARGET: 53 samples i
GSE21257, 23 samples in GSE32981, 1 i
GSE39055, and 36 samples in GSE49003 g

Table | Research Cohorts Statistics

Among them, TARGET, GSE21257, GSE32981, and
GSE49003 cohorts
metastatic sample information, which were used to identify
DEGs. The TARGET and GSE21257 cohorts have overall
survival time, while the GSE39055 cohort has recurrence

have both metastatic and non-

prognosis, all data used to evaluate the prognostic value of
DEGs. The overall survival between metastatic and non-
metastatic patients in TARGET and GSE21257 cohorts
were significantly different (Figure 1A and B). The overall
survival of non-metastatic samples was also significantly

better than that of metastatic samples e |C and D).

Identification of MRS,a

Analysis

Integrating TARGE 32981, and
Gs of metastatic
obtained from 4
¥ The number of up-
er than down-regulated MRSs
(Table 2, Figure 2A-C), sug-
sis is more likely to involve the inhibi-

activation, of specific pathways. Since

ed by GSE49003 and those identified by TARGET,
E21257, and GSE32981 (Figure 2D).

AR GSE32981 GSE49003 GSE39055

Event

Alive 30 18 (Non-recurrence)

Dead 30 23 18 (Recurrence)
Gender

Female 19 10 17

Male 48 34 13 19
DiseaseAtDiagno

Metastatic 22 34 I

Non 63 19 12 6
Age

Median 14.09 16.67 18 I

Mean 14.8 18.71 21.35 13.5
Overall Survival (mean days)* N *

Alive 1787.9 2755 2152

Dead 894.4 1145 Iz

Notes: GSE49003 refers to four osteosarcoma cell line, of which KHOS and KRIB are metastatic types, and HOS and U2OS are non-metastatic types. *Indicates

a significant difference in overall survival time (OS).
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Figure | The prognostic overall survival ti

Non/Met
TARGET Up 32

Down 25
GSE21257 Up 178

Down 35
GSE3298I Up 121

Down 121
GSE49003 Up 395

Down 470

Notes: “Non” indicates non-metastatic, and “Met” indicates metastatic.

seems to reflect a wide range of heterogeneity with respect
to the metastatic capacity of OS. Although the number of
overlapped MRSs is small, these MRSs were significantly
enriched in immune-related GO terms (Figure 3B-E).
From the point of gene expression level, immune-related
genes are generally down-regulated in the metastasis
group: it is speculated that the inhibition of the immune
system may contribute to the metastasis of OS.

The results of the Reactome pathway analysis showed
that the GSE21257 cohort was significantly enriched in
neutrophil degranulation, costimulation by the CD28§
family, PD-1 signaling, chemokine receptors binding che-
mokines, and other pathways (S1 FigA). The GSE32981
cohort was significantly enriched in pathways such as
surfactant metabolism, interleukin-10 signaling, regulation
of TLR by endogenous ligands, and chemokine receptors

OncoTargets and Therapy 2020:13
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MRSs, and t \
nostic info ﬁ 2 i
T GSE49003, TARGET, and GSE21257
using univariabld
MRSs (Table 3).
These genes were divided into adverse prognostic fac-

integrated
ox regression to identify 15 prognostic

tors with HR (hazard ratio)>1, and favorable prognostic
factors with HR<I. The favorable prognostic MRSs were
down-regulated in the metastatic group, whereas the unfa-
vorable prognostic MRSs were up-regulated in the meta-
static group (Table 3). In the TARGET and GSE21257
cohort, ILI0RA and TLR7 genes were significantly asso-
ciated with the prognosis.

Broup
Metastatic

3.Non

12
DEGs
1" Down

10 Up

and non-metastatic groups of TARGET cohort; (B) expression level of DEGs in
EGs in metastatic and non-metastatic groups of GSE32981 cohort; (D) GSE49003

TARGET, GSE21257, and GSE39055 cohorts were
used to perform survival analysis to identify the overall
survival and recurrence value of IL/0RA and TLR7 genes.
The cohorts were subdivided into high expression group
(L2) and low expression group (L1), according to the
median expression level of /L/0RA and TLR7. The results
showed the overall survival of the L2 group was better
than that of the L1 group; among them, the survival of
TLR7 in TARGET was
(Figure 4A-D).

There was no significant recurrence between the two
groups in the GSE39055 cohort. We speculated that this is
due, to a certain extent, to the small sample size of
GSE39005 (S2_Fig).

marginally  significant

Analysis of Potential Drugs for

Metastasis-Related Signatures
The L1000 database provides the gene expression profiles
induced by more than 16,000 drugs and small molecules
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response to lipopolysaccharide -

Figure 3 MRS ¢

the up- and do egulated MRS in TARGET, GSE21257,
GSE32981, and GSE49003 cohorts, and obtained 51, 15,
92, and 64 small molecule drug candidates, respectively.
The number of small molecular substances found in all
four cohorts was minimal, which may be attributed to the
extremely low number of MRSs. In addition, we found
a small compound, BRD-A15079084, which appeared in
all three cohorts, suggesting it as a potential drug candi-
date (Figure 5A).

2 response to molecule of bacterial origin {
[0}
c
2 S cellular response to biotic stimulus ;
[ ,
§ g- |: regulation of phagocyto
s =
®
% p.adjust
o
g2 o
g g 5e-04
£ 17}
- g L 6e-04
£ T T :
£ 0.04 0.06 0.08 7e-04
GeneRatio

In the DGIdb (Drug—Gene Interaction Database), we
analyzed 15 potentially interacting drugs with MRSs that
were significantly associated with prognosis and found that
two genes, TLR7 and IFNGRI, can potentially interact with
drugs (S1_Table). These drugs interact with genes to induce
their expression (Figure 5B). Considering that TLR7 is
a favorable prognostic factor, its expression is inhibited in
the metastatic group. Therefore, these drugs that can promote
TLR7 gene expression may play a specific role in the clinical
intervention of metastatic OS. TLR7 was chosen for further
experimental research.
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Table 3 HR and p value for |5 Prognostic MRS

gName TARGET GSE21257 GSE49003
HR Log Rank p DEGs p HR Log Rank p DEGs padj DEGs padj
FRAS| 0.658 0.006 0.009] 0.950 <0.001|
TNFRSF21 0.518 0.009 0.006] 0.830 <0.0011
ILIORA 0.501 0.007 0.076 0.535 0.031 0.031] 0.01331
TLR7 0.633 0.024 0.007] 0.592 0.008 0.005] 0.8578
TMA4SFI 0.675 0.047 0.966 0.206 <0.0011
PLOD2 1.540 0.055 0.0091 0.612 0.0397]
LPXN 0.613 0.068 0.207 0.022] <0.0011
EBI3 0.398 0.095 0.003 0.028] 0.0010]
LCP2 0.658 0.096 0.123 0.8945
CXCLI6 0.085 0418 0.009 .001 |
SPINT2 0.021 0.590 0.031 519
PEAIS 0.565 0.398 0.034 080
IFNGRI 0.252 0.501 0.038 0.0017]
LITAF 0.767 0.471 0.066 0.0018]
GPSM3 0.700 0.552 0.069 0.00031

Notes: DEGs p marked in red indicates a significant different expression between metastatic and non-meta;

while 1 indicates up-regulation in the metastatic group.

In the CMap database, we observed that fewer drugs were
commonly found in the four cohorts (Figure 5C, S2 Table).
However, viomycin, a high basic peptide secreted by

stigate the basal expression
cell lines and found that MG-63 and
ost TLR7 and were thus used for
subsequent study (Figure 6A). After transfection of
shRNA targeting TLR7, transduction efficiency was con-
firmed by flow cytometry (Figure 6B). As shown in
Western blot results, the effect of shRNA-based knock-
down was studied, and #2 shRNA was used for subsequent
study (Figure 6C). Transwell migration and invasion
assays were performed to evaluate function of TLR7
expression on migration and invasion. After TLR7 was

up. | indicate ulation in the metastatic group,

igration and invasion were enhanced
ts of the wound-healing assay further
ult. As expected, migration of cells
TLR7 was knocked down in MG-63 and
igure 6D-F). As shown in the results of the

gulated, a result confirmed in the Saos-2 cell line. To
further support the underlying role played by TLR7
in vivo, MG-63 was used to construct a lung metastasis
model, and after three weeks, tumor cells at the metastasis
site were isolated and designated as MG-63-MS (metasta-
sis site). TLR7 in MG-63-MS and MG-63 was evaluated
by Western blot. As shown in Figure 6H, MG-63-MS
expressed lower TLR7 than MG-63, indicating that down-
regulation of TLR7 is associated with increased metastasis
potential.

Discussion
Osteosarcoma is a highly malignant bone tumor with high
metastatic potential: metastasis (most commonly, of the

lung?72

), has already occurred for 10-20% of the patients
at the time of diagnosis. The onset and progression of
tumors is a complex process, and the proliferation and
metastasis of OS cells are regulated by numerous factors.
Hence, elucidating the proliferation and metastasis

mechanisms of OS is an important approach to identify
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Figure 4 Correlation between MRSs and prognosis. (A and B
(C and D) prognostic KM curve of TLR7 gene in high al

rence and metastasis.
Recently, although

are vital to improving the
0S.2%° In the current study,
lata from TARGET and GEO databases.
ival time of the patients in the meta-

we collected
The prognosis
static group was significantly lower than that in the non-
group, that
a significant factor affecting the prognosis of patients.

metastatic indicating metastasis  is

In screening metastasis-related signatures (MRSs), we
found that few MRSs were annotated in different cohorts,
indicating the significant heterogeneity of OS. Gene
Ontology annotations yielded a common result that

MRSs were significantly enriched in “immune”. Based

‘e of ILIORA gene in high and low expression groups in TARGET and GSE21257 cohorts;
in TARGET and GSE21257 cohort.

on the above results, we suggest that inhibition of the
immune system may be involved in the metastasis of OS,
shedding light on the novel approach of immunotherapy to
realize the targeted inhibition of OS metastasis.

Currently, the comprehensive treatment of OS mainly
relies on surgery and postoperative chemotherapy thera-
pies with MAP (methotrexate, doxorubicin, and cisplatin),
which enhance the S-year survival rate of patients to
approximately 60%.>'*? However, the prognosis of
patients with metastatic OS remain unfavorable, mostly
due to the resistance or even unresponsiveness to currently
used chemotherapy regimens. In recent years, with the
continuous advancement and development of targeted
therapy for tumors, targeted drugs have demonstrated
great therapeutic potential in various OS models, suggest-
ing that targeted therapy may be a promising approach for
patients with metastatic 0S.*

In this study, we attempted to reverse-search the MRSs
in the L1000, DGIdb, and CMap databases. In the L1000

OncoTargets and Therapy 2020:13

submit your manuscript

8103

Dove


http://www.dovepress.com
http://www.dovepress.com

Cao et al

Dove

A L1000FWD

GSE32981

GSE49003

B LOXGRIBINE

DGldb IMG-3100

HYDROXYCHLOROQUINE

HYDROXYCHLOROQUINE

C CMap

GSE32981 GSE49003

GSE21257 TARGET

RON GAMA-1B

SULFATE
AZD-8848 ANAT773
ISATORIBINE ‘
INDOLE-3-CEBINOL IFN-GAMMA
DY1179 -4—- SANOL
/ d
GSKERST35 Chemblinteractions
GuideToPharmacologylnteractions
522 — NCI
TdgClinicalTrial
RESIQUIMOD = TEND
TTD
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that TLR7 is a protective
factor, and its SW@ession level is down-regulated in the
metastatic group, td%geting TLR7 may be a new measure
for treatment. To further confirm our findings, we per-
formed relevant molecular biological validation on
TLR7. The results showed that after inhibiting the expres-
sion of TLR7, the migration and invasion ability of OS
cells was significantly enhanced. With the down-regulation
of TLR7 expression, the adhesion between OS and
endothelial cells increased, which further promoted metas-

tasis. The lung metastasis model further confirmed that the

=— agonist

down-regulation of TLR7 is associated with an increase in
metastatic potential.

Finally, as shown in the CMap database, viomycin was
commonly annotated among the differential MRS in all four
cohorts. Viomycin is a strong basic peptide produced by
Streptomyces and a compound that inhibits protein synthesis.
It is currently mainly used for the treatment of tuberculosis,
and its anti-tumor effect has not been previously mentioned
in relevant studies.>**> We speculate that viomycin may be
used for the targeted treatment of patients with metastatic
OS. Taken together, we identified a series of drugs that
interact with MRSs through reverse screening, providing
more potential options for the treatment of patients with
metastatic OS.
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Figure 6 Inhibition o 7 expression can promote OS cell metastasis. (A) Basal expression of TLR7 in 4 kinds of OS cell line; (B) transduction efficiency confirmation by
flow cytometry; (C) transfection efficiency of shRNA targeting TLR7 in MG-63 and Saos-2 by Western blot; (D and E). Transwell-based invasion and migration of TLR7 in
MG-63. (F) Wound-healing assay of TLR7 in MG-63 and Saos-2; (G) function of TLR7 on cell adhesion assay in MG-63 and Saos-2; (H) lung metastasis model constructed to
evaluate metastasis potential of TLR7.

Conclusion For the core MRS—TLR7—we conducted a series of
In this research, TARGET and GEO cohorts were used experiments in vivo and in vitro, and the results were
to identify a set of MRSs related to OS. We also mined  consistent with the data analysis. TLR7 plays a vital
the potential functions and drugs of MRSs to under- role and may be a potential target for metastatic OS

stand the etiology and metastasis mechanism further. treatment.
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