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Risk Factors for Metastasis at Initial
Diagnosis With Ewing Sarcoma

Conglin Ye, Min Dai*" and Bin Zhang**

Department of Orthopedics, Artificial Joints Engineering and Technology Research Center of Jiangxi Province, The First
Affiliated Hospital of Nanchang University, Nanchang, China

Purpose: We aimed to identify potential risk factors predictive of metastasis at initial
diagnosis in Ewing sarcoma patients.

Patients and methods: \We enrolled selected patients diagnosed with Ewing sarcoma
between 2004 and 2015 in the Surveillance, Epidemiology, and End Results (SEER)
Program database. Demographic and clinical features of patients were analyzed to
demonstrate the potential risk factors of distant metastasis at presentation. We utilized
descriptive statistics, univariate methods, and a series of regression models to analyze
the significance of risk factors. Moreover, we conducted survival analysis in patients with
different metastatic sites through Kaplan—-Meier analysis.

Results: We identified 1,066 cases of Ewing sarcoma and 332 (31.1%) of the patients
had metastasis at initial diagnosis. In the univariate logistic regression analysis, patients
had higher probability of metastasis at initial diagnosis if they aged between 18 and 59
years old (OR = 1.43; 95% Cl, 1.09 to 1.86), had a tumor located in the axial or cranial
bones (OR = 1.38; 95% ClI, 1.05 to 1.81), or had a tumor over 8cm (OR = 2.55; 95%
Cl, 1.66 to 3.89). These three factors were still significant when analyzed in a multivariate
logistic regression model or another multivariate logistic regression model controlling for
age, location, and tumor size, which had univariate p < 0.1. Besides, we found that
patients with lung metastasis alone had a better prognosis than patients with bone
metastasis alone or with two or more metastatic sites (p < 0.01).

Conclusion: Ewing sarcoma patients with an age between 18 and 59 years old, a tumor
in the axial or cranial bones, and a tumor size over 8 cm had an increased likelihood to
have metastatic diseases at initial diagnosis.

Keywords: Ewing sarcoma, metastatic disease, SEER, tumor size, survival

INTRODUCTION

Ewing sarcoma (ES) is the second most common primary malignant bone tumor in children
and young people, following osteosarcoma (1). Owing to the advance in surgery, radiation, and
multidrug chemotherapy in the last few decades, the 5 year overall survival rate of the patients with
localized ES has been improved to nearly 75% (2). However, the 5 year survival rate of patients with
metastasis is only 20-45%, depending on the metastatic sites (3). It is reported that approximately
25% of ES patients have metastatic diseases at initial diagnosis (4). So far, little is known about risk
factors related to higher odds of metastasis at initial diagnosis in ES patients.
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Due to the rarity of ES, obtaining adequate cases from our
clinical practice to conduct the current research is extremely
difficult. Thus, we used the SEER Program database, a commonly
used tool to study rare tumors, which provides data from 17
geographically variable cancer registries and involves about 26%
of the United States population.

We carried out the current study to identify risk factors of
distant metastasis at initial diagnosis in ES patients in both
demographic data (age, sex, and race) and tumor characteristics
(location and size).

MATERIALS AND METHODS

Ethics Statement

This research was approved by the Ethics Committee of our
institution. Since neither human subjects nor personal private
information was involved in the data, informed consent from the
patients was not required for this study.

Patient Population

We identified all the ES cases recorded in the SEER database from
2004 to 2015, utilizing the SEER*Stat software (version 8.3.5). We
included a total of 1,066 selected cases in this study, as shown
in Figure 1.

Among these patients with ES, those with one primary tumor
and clear metastatic status at presentation were enrolled in
our research. This study focused solely to the bone tumors
and extra-osseous ES are not included. Moreover, we excluded
patients with multiple primary tumors and those with unknown
metastatic status.

Ewing sarcoma patients at SEER Program database
between 2004 and 2015

(N=1208)

Exclusions:

1. Multiple primary tumors (99)

2. Unknown metastatic status at presentation (43)

Final target population in the current investigation

(n=1066)

FIGURE 1 | Flow diagram of the target patient population selected from the
SEER database.

We studied demographic features including age, sex, and race.
Patient age in the SEER database begins at 0 years and ends at 85
years or more in 5 year intervals. A previous study found that ES
patients >40 years at diagnosis have a higher possibility to have
extraosseous tumors, metastasis, and a lower survival rate (5).
Most ES patients are juveniles and there is strong evidence that
patients aged 17 years old or less at diagnosis are at reduced risk
for death. Thus, in this study, we divided the patients into three
age groups of zero to seventeen years old (0-17 years), eighteen
to fifty-nine years old (18-59 years), and sixty to eighty-five years
old or older (60-85+ years) based on their age at diagnosis. We
categorized sex as male or female. The race was characterized as
white, black, other (American Indian/AK Native, Asian/Pacific
Islander), or unknown.

We also had great interest in tumor-related factors including
primary site and tumor size. The primary site in the SEER
database is considerably vague, and we could not confirm the
explicit bone or the precise site in the bone. Thus, we classified the
primary site as the extremity bones (long and short bones of the
extremities), axial or cranial bones (pelvis, spine, ribs, mandible,
and skull), or unknown sites, similar to what has been done
previously (6-8).

We recorded tumor size as a continuous variable. The patients
were divided into four size groups of less than 5 centimeters
(<5cm), between 5 and 8 centimeters (>5 to 8cm), over 8
centimeters (>8cm), or unknown size, according to previous
investigations (5, 7, 9).

Distant metastatic sites, including lung, bone, liver, and brain,
have been recorded in the SEER database since 2010. Therefore,
we utilized the data from 2010 to 2015 to carry out a survival
analysis based on different metastatic sites. A total of 152 selected
cases were included in the survival analysis, as shown in Figure 4.

Statistical Methods

We first investigated the total rate of distant metastasis at initial
diagnosis among the 1066 patients with ES. Then, we utilized
descriptive statistics and univariate methods to determine the
percentage of patients with localized disease or metastasis based
on the potential risk factors we proposed (age, race, sex, primary
site, and tumor size). Lastly, we used several regression models
to study the correlation among metastasis at initial diagnosis
and a series of demographic and clinical features, including
sex, age, race, primary site, and tumor size. Model 1 conducted
univariate logistic regression analysis of all the possible risk
factors in the 1,066 patients. Model 2 carried out a multivariate
logistic regression analysis of all the potential risk factors. Model
3 conducted multivariate logistic regression analysis in variables

TABLE 1 | Ewing sarcoma with metastasis at diagnosis, 2004 to 2015.

No. Metastasis at diagnosis
no. (%)
Total 1,066 332 (31.1)

No., number; no., number.
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FIGURE 3 | Percentage of Ewing sarcoma cases with metastasis at initial diagnosis from 2004 to 2015 according to age at diagnosis.
with univariate p < 0.1. We used the log-rank test to evaluate  categorized patients with missing data as unknown for

the association between metastatic sites and ES-related survival.
p < 0.05 was considered statistically significant. We executed all
the statistical analysis via SPSS 17.0 software.

Missing Data

We found missing data in race, primary site, and tumor
size. 4/1,066 (0.38%) patients had a missing race variable.
33/1,066 (3.1%) patients had a missing tumor site variable.
263/1,066 (24.7%) patients had a missing tumor size variable.
When these predictor variables with missing data were
applied in univariate analysis or regression models, we

statistical analysis.

RESULTS

We included 1,066 ES cases diagnosed from 2004 to 2015 in the
present research. The total proportion of distant metastasis at
initial diagnosis was 31.1%, as shown in Table 1. Most of the
1,066 cases occurred in children, adolescents, and young people,
which consists with previous research (Figure 2) (7). The ratio
of ES patients with metastasis at presentation varied according
to the age (Figure 3). Distant metastasis at initial diagnosis was

Frontiers in Oncology | www.frontiersin.org

October 2019 | Volume 9 | Article 1043


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

Ye et al.

Risk Factors for ES Metastasis

Ewing sarcoma patients at SEER Program database
between 2010 and 2015
(N=557)

—

Exclusions:
Unknown metastatic sites (9)

T

178 cases with metastasis at diagnosis in 548 cases
(n=178)

—

Exclusions:

1. No specific metastatic sites recorded (21)
2. Unknown survival months (3)

3. Liver alone (1)

4. Brain alone (1)

—

152 cases included in the survival analysis

FIGURE 4 | Flow diagram of the patient population selected from the SEER
database for the survival analysis.

more frequent among patients aged 18-59 years old (35.4%) than
patients younger than 18 years old (27.8%) (p = 0.006) (Table 2).
We also found that axial or cranial primary tumor site and a
tumor size larger than 5cm was related to an elevated rate of
metastasis at diagnosis (p < 0.001). We found no significant
difference in the rate of metastatic disease at diagnosis among
patients with different sex (p = 0.459) or race (p = 0.301).

The Model 1 univariate logistic regression analysis of all the
variables indicated raised likelihood of metastasis at diagnosis
among patients aged between 18 and 59 years old (OR = 1.43;
95% confidence interval [CI], 1.09 to 1.86), patients had a tumor
located in the axial or cranial bones (OR = 1.38; 95% CI, 1.05
to 1.81), and patients with a tumor size over 8 cm (OR = 2.55;
95% CI, 1.66 to 3.89) (Table3). The Model 3 multivariate
logistic regression analysis, which contained all the variables with
univariate p < 0.1, also showed increased incidence of metastasis
at initial diagnosis among patients aged between 18 and 59 years

TABLE 2 | Univariate analysis of patient characteristics and metastasis at
diagnosis with Ewing sarcoma, 2004 to 2015.

Category No. Metastasis at diagnosis p-value
no. (%)

Age in years 0.006
0-17 634 176 (27.8)
18-59 412 146 (35.4)
60-85+ 20 10 (50.0)

Sex 0.459
Male 673 215(31.9)
Female 393 117 (29.8)

Race 0.301
White 941 294 (31.2)
Black 40 16 (40.0)
Other 81 20 (24.7)
Unknown 4 2 (50.0)

Location <0.001
Extremity 472 124 (26.3)
Axial 561 185 (33.0)
Unknown 33 23 (69.7)

Size <0.001
<56cm 192 34 (17.7)
>5t08cm 221 56 (25.3)
>8cm 390 138 (35.4)
Unknown 263 104 (39.5)

No., number; no., number.

old (OR = 1.38; 95% CI, 1.05 to 1.82), patients had a tumor
located in the axial or cranial bones (OR = 1.42; 95% CI, 1.07 to
1.87), and patients with a tumor size over 8 cm (OR = 2.86; 95%
CI, 1.85 to 4.44). The Model 2 multivariate logistic regression
analysis of all the variables was carried out to verify the stability of
our findings. Model 2 indicated a consistent result with the other
two models.

Table 4 shows the distributions of distant metastatic sites.
The most common ES metastatic sites were lung, followed by
bone, liver, and brain. We excluded patients with no specific
metastatic sites (n = 21), unknown survival months (n = 3),
metastasis in liver alone (n = 1), and metastasis in brain alone
(n = 1). The remaining cases were used in the Kaplan—Meier
analysis. The Kaplan-Meier curve revealed that patients with
lung metastasis alone had a better outcome than patients with
bone metastasis alone or patients with two or more metastatic
sites (p < 0.01) (Figure 5).

DISCUSSION

In this study, we found that 31.1% of ES patients had distant
metastasis at initial diagnosis. Age between 18 and 59 years old,
axial or cranial tumor sites, and tumor size larger than 8 cm were
related to increased odds of distant metastasis at initial diagnosis.
Besides, we discovered that patients with lung metastasis alone
had better tumor-specific survival rate than patients with bone
metastasis alone or patients with two or more metastatic sites.
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TABLE 3 | Odds ratios for risk of presentation with metastatic disease*.

Variable Model 12 Model 2° Model 3°
Cases included 1,066 1,066 1,066
Age in years
0-17 Ref Ref Ref
18-59 1.43 (1.09-1.86) 1.37 (1.04-1.81) 1.38 (1.05-1.82)
60-85+ 2.60(1.07-6.36)  2.03(0.76-5.43)  2.04 (0.76-5.45)
Sex
Male Ref Ref -
Female 0.90 (0.69-1.18)  0.97 (0.74-1.29) -
Race
White Ref Ref -
Black 1.47 (0.77-2.80)  1.36 (0.70-2.66) -
Other 0.72 (0.43-1.22)  0.76 (0.45-1.31) -
Unknown 2.20(0.31-15.70)  2.88(0.39-21.39) .
Location
Extremity Ref Ref Ref
Axial 1.38 (1.05-1.81) 1.43(1.08-1.88) 1.42 (1.07-1.87)
Unknown 6.46 (2.99-13.94) 6.04 (2.67-13.68) 6.01 (2.66-13.59)
Size
<5cm Ref Ref Ref
>5to 8cm 1.58 (0.98-2.55) 1.74 (1.07-2.85) 1.76 (1.08-2.87)
>8cm 2.55(1.66-3.89)  2.86 (1.84-4.43)  2.86 (1.85-4.44)
Unknown 3.04 (1.95-4.75)  3.14(1.98-4.97)  3.17 (2.01-5.02)

*The values are given as the odds ratio, with the 95% confidence interval in parentheses.
aUnivariate logistic regression analysis of all categorical variables.

bpultivariate logistic regression analysis includes all categorical variables.

CMultivariate logistic regression analysis includes categorical variables with univariate
p <0.1.

Ref, reference.

TABLE 4 | The distribution of distant metastatic sites.

Specific site of n Percentage
distant metastasis

Lung alone 72 45.9%
Bone alone 49 31.2%
Liver alone 1 0.6%
Brain alone 1 0.6%

>2 sites 34 21.7%

Previous researches have demonstrated that metastasis at
initial diagnosis was an independent predictive factor of poorer
overall survival (7, 10-13). Ramkumar et al. found that advanced
age, axial tumor location, and larger tumor size were associated
with increased odds of detectable metastatic disease at initial
diagnosis in patients with Ewing family of tumors (EFT) (14).
The current study investigated specifically bone Ewing sarcoma
rather than the EFT. To our knowledge, there are few previous
researches regarding risk factors for metastasis at initial diagnosis
in ES patients. We tried to provide new insights into the
predictive factors of distant metastasis at initial diagnosis. Firstly,
it included a large sample that was a representative population of

~ILung alone (n=70)
—I1Bone alone (n=49)

Two or more sites (n=33)
—+— Lung alone-censored
—t—Bone alone-censored

Two or more sites-censored

p<001

1.0

0.8

0.6+

Ewing sarcoma-specific survival

0.0

T 1 1 T
0 20 40 60

Survival months

FIGURE 5 | Kaplan-Meier curve of Ewing sarcoma-specific survival according
to the metastatic sites.

the United States. Secondly, we analyzed not only demographic
features but also clinical characteristics. Finally, we utilized
several multivariate regression models to verify our findings
repeatedly. Taken together, we determined several risk factors
and therefore helped identify susceptible ES patient groups for
metastasis at initial diagnosis.

A few previous researches have identified relevance between
older age and a poorer prognosis in ES patients. Karski et al.
reported that patients over 40 years old diagnosed with ES were
more probable to have metastasis. Moreover, they found that
older patients had a lower survival rate (5). Huh et al. also
determined patients younger than 10 years old with ES family
of tumors had better overall survival rate than older patients
(11). In this study, age between 18 and 59 years old was an
independent risk factor for metastasis at presentation. Patients
younger than 18 years old had lower odds of metastasis at initial
diagnosis (p < 0.01).

We also determined that an axial or cranial tumor site and
tumor size larger than 8 cm contributed to metastasis at initial
diagnosis in ES. Some prior researches on ES also showed that
tumors in the axial bones and larger tumor size were closely
related to a poorer prognosis. For instance, Duchman et al.
found that ES patients with metastasis at initial diagnosis, axial
tumor site, and tumor larger than 10 cm had lower cause-specific
survival rate at 10 years (7). Lee et al. confirmed that older
age, metastasis, and larger tumor size were predictive for poor
overall survival rate in ES patients (15). The dismal outcomes
in these patients could be partly explained by the difficulty in
conducting sufficient surgical resection and acquiring proper
margins (7, 8, 16). Argon et al. reported that ES originating
from the axial bones had a worse outcome than those at the
extremities owing to frequent recurrence, fast distant metastasis,
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larger tumor volume, and difficulties in the surgical intervention
(17). Moreover, tumors in the axial bones were usually closer to
large vessels, which may elevate the possibility of distal metastatic
diseases (18-20). Besides, patients with tumors in the axial
bones usually lacked palpable masses or dramatic symptoms.
Thus, tumors in the axial bones may also be observed and
detected later, which may possibly lead to delayed diagnosis
and elevated odds of distant metastasis (7, 8). A larger tumor
size also implied increased time before diagnosis and more
blood vessels involved. Meanwhile, tumor cells continued to
divide uncontrollably over time. These might facilitate metastatic
diseases at initial diagnosis due to larger tumor size. In the present
study, we merged patients with cranial ES and axial ES into the
axial or cranial location category for statistical analysis. The result
was similar to previous studies. Cotterill et al. demonstrated
that there was a trend for better survival for patients with lung
involvement compared with patients with bone metastases or a
combination of lung and bone for the ES patients with metastases
(13). In this research, we came to a consistent conclusion that
patients with lung metastasis alone had a better prognosis than
patients with bone metastasis alone or patients with two or more
metastatic sites.

Although the present research did not probe into treatment
guidance or prognostic factors, our findings did have some
important clinical significance. With the awareness of these
high-risk factors, doctors can inform certain patient groups
about the high possibility of metastasis at initial diagnosis.
Patients with high-risk factors might benefit from more frequent
and cautious pulmonary surveillance or screening examinations
at early stage. Early diagnosis and early treatment could
obtain better outcomes. Besides, according to the different
metastatic sites, the doctor could partly predict the prognosis of
ES patients.

However, the present research had several limitations. Firstly,
though the SEER database provided numerous cases to analyze,
it did have some inevitable restrictions. We could not verify the
diagnostic accuracy of metastasis. Besides, we could not acquire
exact information about tumor size or precise location of the
tumors. Secondly, we did not investigate socioeconomic factors
such as income, poverty, or education status of the patients.
Thirdly, we did not examine the survival status in patients with
liver or brain metastasis alone. Finally, we did not study the
treatment methods or prognostic factors. These were not the goal
of the current research, but they represented a crucial part for
further exploration.
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Background: Osteosarcoma (OS) is the most common primary bone tumor. The
disease has a poor prognosis due to the delay in the diagnosis and the development
of metastasis. N6-Methyladenosine (m6A)-related regulators play an essential role in
various tumors. In this study, a comprehensive analysis was conducted to elucidate the
relationship between the expression profiles of mBA-related molecules and the clinical
outcome of OS patients.

Materials and Methods: Public genome datasets and a tissue microarray (TMA) cohort
were used to analyze the mRNA and protein expression levels of mBA regulators. Next,
immunofluorescence (IF) analysis was used to determine the subcellular localization of
m6A-related molecules. Kaplan—-Meier and Cox regression analyses were performed
to confirm the prognostic value of m6A-related molecules in OS. A comprehensive
bioinformatic analysis was conducted to identify the potential molecular mechanisms
mediated by m6A modification in OS.

Results: We found that m6A-related regulator expression was dysregulated in OS
tissues, especially in metastatic tumor tissues. Low expression of METTL3, METTL14,
and YTHDF2 and high expression of KIAA1429 and HNRNPA2B1 were significantly
associated with poor prognosis in the TMA cohort. Simultaneously, the genome meta-
cohort analysis revealed that low expression of FTO and METTL14 and high expression
of METTL3, HNRNPA2B1, and YTHDF3 were associated with poor prognosis in OS.
Cox regression analysis showed that HNRNPA2B1 might be an independent risk factor
for OS. Bioinformatic analysis indicated that m6A regulators might be involved in OS
progression through humoral immune response and cell cycle pathways.

Conclusion: MG6A-related regulators are frequently dysregulated and correlate with
metastasis and prognosis in OS. M6A-related regulators may serve as novel therapeutic
targets and prognostic biomarkers for OS.

Keywords: N6-methyladenosine, osteosarcoma, tumor metastasis, prognosis, biomarkers

Frontiers in Oncology | www.frontiersin.org

11 June 2020 | Volume 10 | Article 769


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2020.00769
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2020.00769&domain=pdf&date_stamp=2020-06-02
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:xichun639@126.com
mailto:fccsunrr@zzu.edu.cn
https://doi.org/10.3389/fonc.2020.00769
https://www.frontiersin.org/articles/10.3389/fonc.2020.00769/full
http://loop.frontiersin.org/people/777563/overview
http://loop.frontiersin.org/people/775962/overview
http://loop.frontiersin.org/people/777540/overview
http://loop.frontiersin.org/people/875194/overview

Lietal

N6-Methyladenosine and Osteosarcoma Prognosis

INTRODUCTION

Human osteosarcoma (OS) is one of the most common
aggressive bone cancers, and it has higher incidence and
mortality rates in teenagers; it frequently affects distal femur,
proximal tibia, and humerus (1, 2). Despite significant progress
in therapeutic strategies against OS over the past few decades, its
prognosis remains poor due to the delay in the diagnosis and the
development of metastasis (3). Thus, it is critical to clarify novel
biomarkers and to ensure the effective treatment of OS patients.

N6-Methyl adenosine (m6A) is a posttranscriptional
modification of RNA and is the most prevalent internal chemical
modification of mRNAs (4). M6A network components have
been well characterized into three subtypes: “writers,” “readers,”
and “erasers” (5). The m6A modification is facilitated by writers
and removed by erasers; moreover, it can recruit specific reader
proteins (6). M6A-related regulators are involved in various
physiological and pathological processes through the regulation
of RNA stability, mRNA splicing and translation, and microRNA
processing (7-9). Additionally, m6A is involved in the initiation
and progression of cancers, including liver cancer, breast cancer,
glioma, cervical cancer, colorectal cancer, and hepatoblastoma
(10-15). However, the clinical value and potential mechanism of
m6A-related regulators in OS are still unclear.

In this study, we evaluated the expression status and
prognostic value of mé6A-related proteins in OS based on
public genome database analysis and tissue microarray (TMA)
analysis. We found that dysregulated expression of several
mo6A-related proteins was frequently and closely associated
with tumor metastasis and clinical outcomes in OS. Moreover,
consensus clustering for m6A-related regulators was performed
to identify the clusters with a better prognosis. Mechanistically,
Gene Set Enrichment Analysis (GSEA) and Gene Set Variation
Analysis (GSVA) indicated that the dysregulated m6A-related
regulators might be associated with cell cycle and humoral
immune response pathways. In conclusion, we revealed that
mo6A-related regulators play a critical role in the development of
OS and proposed that m6A-related regulators could be potential
therapeutic targets.

MATERIALS AND METHODS
Datasets

The RNA-seq transcriptome data and clinical information from
four OS datasets (GSE12865, GSE21257, GSE42352, GSE39055,
TARGET-OS) were collected from the GEO (http://www.
ncbi.nlm.nih.gov/geo/) and TARGET (https://ocg.cancer.gov/
programs/target) databases, based on the inclusion and exclusion
criteria of the GEO and TARGET databases. Inclusion criteria:
datasets involving human osteosarcoma and expression profiling
by array. Exclusion criteria: datasets with a sample size smaller
than 10 (2, 11, 16, 17). The characteristics of the datasets
are presented in Table S1. Subsequently, three gene expression
matrix files (GSE21257, GSE39055, TARGET-OS) with survival
follow-up data were merged into one meta-cohort. Next, the
“sva” package of the R software was used to remove the batch

effect (Figure S1). A total of 175 patients with survival follow-
up information were divided into higher and lower expression
groups using the best cutoff value of the log-rank test. Kaplan-
Meier survival curves were used to analyze survival rates.
Univariate and multivariate analyses were conducted based on
the Cox model. The raw data were analyzed by BRB-array tools
as previously described (18).

Tissue Samples

Studies involving human samples were approved (approval
number: 2011-KY-047) by the Ethics Committee of the First
Affiliated Hospital of Zhengzhou University (ZZU cohort),
Zhengzhou Central Affiliated Hospital of Zhengzhou University,
and the Affiliated Cancer Hospital of Zhengzhou University.
All legal guardians of the children signed an informed consent.
OS samples from the three hospitals were combined to create
the TMA cohort containing 120 OS tissues and 65 surrounding
non-tumorous tissues.

Immunohistochemistry (IHC)
Immunohistochemistry (IHC) of m6A-related genes was
performed as described previously (19, 20). Briefly, 5-um-
thick TMA sections were deparaffinized and then treated with
hydrogen peroxide to quench endogenous peroxidase activity.
Subsequently, the sections were incubated overnight with
anti-human m6A-related protein antibodies (1:200, Abcam,
USA) at 4°C. Next, the immunoreactive cells were detected
by SignalStain® DAB (CST, USA), then counterstained with
Haematoxylin QS (Vector Laboratories). Two experienced
pathologists, who were blinded to the clinicopathological data,
evaluated the immunostaining samples separately. A semi-
quantitative scoring system was established based on different
staining intensities, and the proportion of positive cells was
scored as follows: 0, none; 14, <25%; 24, 25-50%; 3+, 50-75%;
and 4+, 75-100%. The staining intensity was scored as follows:
0, none; 1+, weak; 2+, medium; and 3+, strong. The total score
was calculated by multiplying two subscores, and the samples
with scores of 0-6 were regarded as low expression, whereas the
other ratings were regarded as high expression during statistical
analysis. Antibody information is listed in Table S2.

Cell Lines and Culture

The human OS cell lines U2-OS and KHOS-240S were purchased
from ATCC (Manassas, USA). Cells were maintained at 37°C
in a humidified atmosphere of 5% CO, in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) (Gibco, New York, NY, USA) and 100 U/mL
penicillin/streptomycin (Corning, New York, NY, USA). The
STR reports for the cell lines U2-OS and KHOS-240S are
presented in Supplemental Materials 1-2.

Immunofluorescence Assay

OS cells cultured in 24-well plates were fixed in 4%
paraformaldehyde and permeabilized in 1% Triton X-100
phosphate-buffered saline (PBS). After blocking with 1%
bovine serum albumin (BSA), the cells were incubated with
primary antibodies at 4°C overnight and then with appropriate
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corresponding secondary antibodies (Jackson ImmunoResearch
Inc., USA) at room temperature for 30 min. Finally, the nuclei
were counterstained with DAPI (Beyotime, China), and images
were obtained with a Zeiss Axio microscope (Zeiss, Oberkochen,
Germany). Detailed information on the antibodies used in this
study is listed in Table S2.

Statistical Analysis

All statistical analyses were performed using the R statistical
package (R version 3.5.3) unless otherwise stated. The differences
between the two independent groups were analyzed using
Students ¢ test (unpaired, two-tailed) or Permutation test when

there were fewer than three samples in either group (21).
Kaplan-Meier overall survival analysis was performed with
a log-rank test. Univariate Cox regression analysis was used
to indicate the relationship between the different variables
and survival. The correlation was evaluated using the two-
tailed Pearson test. We clustered OS patients into different
clusters with “ConsensusClusterPlus” (22). Additionally, 150
clinically actionable genes were obtained from a recent
publication (23). Subsequently, the protein-protein interactions
among m6A regulators and 150 clinically actionable genes
were identified based on the STRING (https://string-db.org/)
interaction database (24). Cytoscape software was used to
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FIGURE 1 | m6A-related regulators expression status in osteosarcoma. (A) The mRNA expression level of m6A-related regulators in normal and OS cell lines of
GSE42352. (B) The mRNA expression level of mBA-related molecules in tumor and non-tumor tissues of GSE12865. (C,D) The correlation between the mRNA
expression of m6A-related regulators and tumor metastasis.
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visualize the interactions. GSVA was performed using the
Bioconductor R package “GSVA” (25). GSEA was conducted
using clusterProfiler, an R/Bioconductor package (26). In all
cases, P < 0.05 was considered statistically significant expression
is frequently dysregulated.

RESULTS

M6A-Related Gene Expression Is

Frequently Dysregulated in Osteosarcoma
To determine the significant biological function of m6A-
related regulators in tumorigenesis and development, the

expression pattern of m6A-related genes was analyzed through
the GEO database (GSE42352) (Figure 1A). The mRNA
expression levels of YTHDEF2, YTHDF1, HNRNPC, FTO,
METTL3, RBM15, HNRNPA2B1, and YTHDCI were higher
in OS cells than in normal cell lines. In addition, differential
expression analysis of GSE12865 through a permutation
test further confirmed that the expression of RBMI15 was
significantly upregulated in the tumor tissues (Figure 1B).
Subsequently, the relationship between tumor metastasis and
the expression level of m6A-related regulators was examined in
GSE21257 and GSE42352 (Figures 1C,D). The overexpression of
RBM15B, METTL14, and HNRNPA2BI is significantly related
to tumor metastasis. In conclusion, these results suggested
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that dysregulated m6A-related regulators were associated with
tumorigenesis and metastasis in OS.

Subcellular Location of m6A-Associated

Proteins in Osteosarcoma Cell Lines

The diverse subcellular location of proteins may reflect
on the different functions of m6A-related regulators in
OS cells. Therefore, IF was performed to determine the
subcellular location of m6A-related proteins in U2-OS and
KHOS-240S cell lines. We found that all the m6A “writers”
had intense nuclear and weak cytoplasmic staining in the
two OS cell lines (Figure2A). Moreover, m6A “readers’
HNRNPC and HNRNPA2B1 were detected only in the nucleus,
whereas YTHDF1 and YTHDF2 had weak nuclear and intense

cytoplasmic staining. The fluorescence signal of YTHDF3 was
intense in the nuclear and cytoplasm while the staining intensity
of YTHDC1 was weak in the cytoplasm and nucleus (Figure 2B).
As m6A methylation erasers, FTO and ALKBH5 were moderately
expressed in the cytoplasm and nucleus (Figure 2C). The details
of the subcellular localization of the m6A-related proteins in OS
cells were presented in Table S3.

Dysregulated m6A-Related Regulators Are
Associated With Poor Prognosis in

Osteosarcoma
To investigate the association between mé6A-related protein
expression and the clinical outcome of OS patients, a TMA
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cohort containing 120 OS tissues and 65 surrounding non-
tumorous tissues was employed (Figures 3A, 4A). Differential
expression analysis indicated that the protein expression levels
of KIAA1429, RBM15, HNRNPC, HNRNPA2B1, YTHDFI,
YTHDF2, and YTHDCI were higher in tumor samples
than in non-tumor samples (Figures3B, 4B). Moreover,
osteosarcoma patients were divided into two groups (high
and low expression groups) based on each m6A-related
protein IHC staining intensity and survival analysis was
performed. The results revealed that high expression of
KIAA1429 and HNRNPA2B1 was significantly associated with
poor overall survival rates, while low expression of METTL3,

METTL14, and YTHDEF2 was related to poor prognosis in OS
(Figures 3C, 4C).

Furthermore, an OS genome meta-cohort containing 175 OS
tissues was constructed based on three independent datasets
(GSE21257, GSE39055, and TARGET-OS, Figure S1). Overall
survival analysis was performed, and the results indicated that
the patients with high expression of METTL3, HNRNPA2BI,
YTHDE3, and FTO and low expression of METTLI14 had
a significant shorter OS rate (Figures 5A-C). Furthermore,
univariate analysis based on the TMA cohort suggested that
the high expression of KIAA1429 and HNRNPA2B1 and the
low expression of METTL3 and METTL14 were potential
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independent prognostic risk factors for OS patients. Moreover,
the prognostic value of HNRNPA2B1 was validated in the
genome meta-cohort, and KIAA1429, METTL3, and METTL14
did not exhibit significant prognostic potential (Figures 6A,B).
In conclusion, dysregulated m6A-related regulators may predict
poor prognosis in OS.

A Cluster Associated With a Favorable
Prognosis Was Identified Through
Consensus Clustering of m6A-Related

Genes

To further explore the prognostic value of m6A-related
gene expression patterns and to understand their underlying
mechanisms in OS, we analyzed the relationships among 15

mo6A-related regulators. Then, we identified a cluster associated
with favorable outcomes and explored its possible mechanisms
based on the genome meta-cohort.

Considering the similarity of the biological functions of m6A-
related regulators, we analyzed the correlation (Figure 7A) and
interaction (Figure 7B) among the 15 m6A-related genes. The
results indicated that there were higher correlations among
HNRNPA2B1, YTHDE2, RBM15, and ALKBH5. However, there
was an inverse correlation between METTL16 and HNRNPA2B1,
YTHDE2, and RBM15 expression in OS. Moreover, the protein—
protein interaction networks showed that these m6A-related
proteins interacted with each other frequently (Figure7B).
Additionally, the interaction between m6A-related proteins and
150 clinically actionable genes was examined to understand the
clinical significance of m6A-related proteins. The results showed
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FIGURE 6 | High expression level of HNRNPA2B1 is correlated with poor prognosis of osteosarcoma. (A) Univariate Cox regression analysis of OS patients’ overall
survival in meta-cohort. (B) Univariate Cox regression analysis of OS patient’s overall survival in TMA combined OS cohort.

that m6A-related proteins frequently interacted with some of
these genes (Figure 7B). Conclusively, the biological functions of
15 m6A-related genes were closely related in OS.

Furthermore, three subgroups were clustered by consensus
clustering based on the expression of m6A-related genes in
the genome meta-cohort. Patients were divided into three

clusters with K = 3. Survival analysis showed that cluster
1 had a significantly longer overall survival than cluster 2
and cluster 3 (Figures 7C-E). Subsequently, GSEA revealed
that the humoral immune response was significantly enriched
in cluster 1 which exhibited good prognosis (Figures 7E,G),
while the cell cycle and G2/M transition of mitotic cell cycle
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pathways were significantly enriched in cluster 2/3 which
exhibited poor prognosis (Figures 7H-K). Similarly, the results
of GSVA indicated that the dysregulated m6A-related genes
might promote mitotic spindle and G2M checkpoint pathways,
thus resulting in poor prognosis in OS (Figures 7L,M). Overall,
these findings indicated that m6A modification may be involved
in OS progression by regulating the humoral immune response
and cell cycle-related pathways in OS.

DISCUSSION

Many studies have demonstrated that dysregulated m6A
modification is associated with human diseases such as obesity,
type 2 diabetes mellitus, and infertility (27-29). In addition, the
dysregulated expression of m6A-related genes is closely related to
multiple tumors, including OS. To date, there have been only two
reports addressing the functional role of m6A in osteosarcoma.
Wang et al. demonstrated that METTL3 and ALKBH5 were
closely associated with doxorubicin resistance in OS (30). Miao
etal. reported that upregulated METTL3 promoted osteosarcoma
progression by regulating LEF1 (31). However, the expression
status and functional role of m6A-related genes in tumorigenesis
and progression of OS have not yet been systematically analyzed.

In this study, we comprehensively analyzed the mRNA and
protein expression levels of m6A-related regulators between OS
and normal tissues based on two relatively large-scale OS cohorts
(Figure 8). Both cohorts confirmed that the expression levels of

RBM15, HNRNPC, HNRNPA2B1, YTHDF1, and YTHDCI were
increased in OS tissues. Consistent with our results, previous
studies have demonstrated that RBM15 is upregulated in chronic
myelogenous leukemia (32). HNRNPC and HNRNPA2BI1 are
upregulated in breast cancer (33, 34). YTHDFI is upregulated
in ovarian cancer, lung cancer, hepatocellular carcinoma, and
colorectal cancer (35-38). YTHDCI expression is increased in
Kaposi’s Sarcoma (39). In general, these findings suggest that
mo6A-related regulators are frequently dysregulated in OS. These
dysregulated m6A-related regulators may be involved in the
tumorigenesis and progression of OS.

Numerous studies have reported that dysregulated m6A-
related molecule expression is closely associated with the
outcome of tumor patients (23). Nevertheless, the impact of
m6A methylation on OS prognosis is still unclear. For the first
time, we systematically analyzed the prognostic value of m6A-
related regulators in OS at both on the mRNA and protein
levels. We found that high expression of HNRNPA2B1 and
low expression of METTL14 were significantly associated with
poor overall survival in the genome meta-cohort. Similarly,
upregulated HNRNPA2B1 and downregulated METTL4 were
positively related to low survival rates in the TMA cohort.
Consistent with our results, HNRNPA2B1 has been reported
to act as an oncogene in breast cancer, pancreatic cancer, lung
cancer, hepatocellular carcinoma, and cervical cancer (34, 40—
43), while METTLI14 functions as a suppressor gene in glioma
and breast cancer (44, 45). In contrast, the potential role of
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METTL14 as an oncogene has also been observed in acute
myelocytic leukemia and hepatocellular carcinoma (44, 46). In
summary, the expression pattern of m6A-related regulators may
be considered a potential prognostic biomarker in OS.

M6A-related regulators can play a crucial role in cancer
progression by targeting downstream molecules in an m6A-
dependent manner. For instance, METTL3 promotes tumor
progression by regulating LEF1 and SOCS2 (13, 31); ALKBH5
promotes tumor cell proliferation by increasing FOXMI1 (47);
YTHDF1 silences the drug-resistance gene AKR1C1 (36); and
KIAAL429 targets and downregulates GATA3, which further
contributes to liver cancer progression (48). To explore the
underlying mechanism involved in m6A modification-mediated
OS progression, we performed a systematic bioinformatic
analysis based on an OS genome meta-cohort. Frequent
cross talk among m6A-related regulators was observed in
OS. Subsequently, we identified three clusters by consensus
clustering based on the expression of m6A-related genes and
found that cluster 1 had a significantly better prognosis than
the others. Bioinformatic analysis revealed that cluster 1 was
closely associated with the activated humoral immune response
and suppressed cell cycle-related pathways. Aberrant regulation
of the immune response and cell cycle-related pathways is
considered a primary causative node in cancer progression
(49, 50). Interestingly, recent literature has suggested that m6A
modification can regulate the cell cycle and humoral immune
response pathways (51, 52). It is therefore not surprising that
the potential regulatory network between m6A modification and
immune response or cell cycle-related pathways, which need
further investigation.

However, our present study has some shortcomings. First,
we only analyzed the relationship between dysregulated m6A-
related regulators and clinical features in OS but did not
verify these findings through in vivo and in vitro experiments.
Second, we identified that cluster 1 was associated with a
better prognosis. However, these findings need further validation
in more independent cohorts. Third, we only explored the
underlying mechanism based on bioinformatic prediction.
M6A modification-mediated aberrant activation or suppression
pathways in OS remains a subject for further study.

CONCLUSION

In summary, we have identified for the first time that m6A-related
regulators are frequently dysregulated and closely correlated
with poor survival in OS. M6A modification-mediated aberrant
activation of cell-cycle related pathways and suppression of
immune response may be responsible for the crucial role of
m6A in OS progression. These findings may present a promising
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For many pediatric sarcoma patients, multi-modal therapy including chemotherapy,
radiation, and surgery is sufficient to cure their disease. However, event-free and overall
survival rates for patients with more advanced disease are grim, necessitating the
development of novel therapeutic approaches. Within many pediatric sarcomas, the
normal immune response, including recognition and destruction of cancer cells, is lost due
to the highly immune suppressive tumor microenvironment (TME). In this setting, tumor
cells evade immune detection and capitalize on the immune suppressed
microenvironment, leading to unchecked proliferation and metastasis. Recent preclinical
and clinical approaches are aimed at understanding this immune suppressive
microenvironment and employing cancer immunotherapy in an attempt to overcome
this, by renewing the ability of the immune system to recognize and destroy cancer cells.
While there are several factors that drive the attenuation of immune responses in the
sarcoma TME, one of the most remarkable are tumor associated macrophage (TAMSs).
TAMSs suppress immune cytolytic function, promote tumor growth and metastases, and
are generally associated with a poor prognosis in most pediatric sarcoma subtypes. In this
review, we summarize the mechanisms underlying TAM-facilitated immune evasion and
tumorigenesis and discuss the potential therapeutic application of TAM-focused drugs in
the treatment of pediatric sarcomas.

Keywords: pediatric sarcoma, tumor-associated macrophage, efferocytosis, tumor microenvironment, immunotherapy

INTRODUCTION

Pediatric sarcomas are a heterogenous group of tumors that comprise approximately 10% of all
childhood cancers (1-5). While sarcomas also occur in adults, the prevalence of subtypes is
strikingly unique for the pediatric population. The most common bony pediatric sarcomas are
osteosarcoma and Ewing sarcoma (EWS), while rhabdomyosarcoma (RMS) is the most common
pediatric soft tissue sarcoma. Other rarer sarcoma subtypes such as synovial sarcoma,
leiomyosarcoma, and liposarcomas can occur in children, but are more common in adult
patients (6). The cornerstone of treatment typically involves an intensive multi-modality
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approach including cytotoxic chemotherapy, surgery, and
radiation. Over the last five decades, survival improvements have
resulted from incremental adjustments to current therapy; however,
very few new therapies have been shown to positively improve
pediatric sarcomas outcomes (7-9).

For patients with metastatic RMS, the 3-year overall survival (OS)
and event-free survival (EFS) are 34 and 27% respectively (10, 11).
Survival rates for metastatic osteosarcoma and EWS are similarly
dismal with 5-year survival rates reported between 20-30% and 30-
40%, respectively (10, 11). Current therapies are highly toxic and
associated with many short- and long-term side effects resulting in
considerable life-long morbidities (12-15). Alternative approaches,
such as immunotherapy, are desperately needed to both improve
cure rates and to minimize long-term side effects. Therapeutic
approaches that direct the immune system to recognize and destroy
tumor cells are currently being trialed in patients with relapsed/
refractory sarcomas.

To better understand the potential benefit of immunotherapy
in pediatric sarcomas, certain biologic and mutational
differences between pediatric and adult sarcomas warrant
emphasis. In contrast to adult sarcomas, pediatric sarcomas are
generally characterized by a low mutational burden, specific
chromosomal translocations that encode “driver mutations,”
and low somatic copy number alterations in some sarcoma
subtypes (16-23). Higher mutational burden and presence of
complex genomic aberrations that occur in adult patients may
increase the presence and immune recognition of sarcoma
neoantigens. This is further compounded by the observation
that the pediatric adaptive immune system tends to be more
plastic and may account for variations in individual responses to
immunotherapy (24, 25). Additionally, there is higher marrow
cellularity and more robust hematopoiesis in children compared
to adult patients, exemplified by faster immune reconstitution in
children following chemotherapy (26-28). Therefore, these
unique differences in sarcoma biology and immune function
between adult and pediatric patients likely affect responses to
immunotherapy. Furthermore, before cellular immunotherapy
can be fully leveraged for pediatric sarcomas an understanding of
TAMs within the sarcoma TME is required.

THE SARCOMA TUMOR
MICROENVIRONMENT

The cellular composition of the TME is broadly comprised of
tumor cells, non-malignant stromal cells, blood vessels, and
immune cells. Stromal cells produce extracellular matrix
(ECM) proteins and matricellular proteins that provide
structural support and mediate signaling for cellular
movement. The immune components of the sarcoma TME,
including innate immune cells [neutrophils, TAMs, natural
killer (NK) cells, dendritic cells (DCs)] and adaptive immune
cells (B and T lymphocytes), can vary vastly with respect to
sarcoma subtype, primary tumor location, genetic or mutational
burden and previous therapy exposure. TAMs are one of at least
four myeloid subpopulations derived from tumor-associated

myeloid cells (TAMCs) that also include myeloid-derived
suppressor cells (MDSCs), tumor-associated neutrophils
(TANSs), and angiogenic monocytes expressing angiopoietin-2
(TIE-2) (29-31). Cellular immunotherapeutic approaches have
largely tested adopted transfer of activated and/or antigen
specific T cells; however, efficacy of these cells can be
significantly dampened by cells that exert immune regulatory
function, including TAMs, regulatory T cells (Tregs), and
mesenchymal stem cells (MSCs). For the purposes of this
review, we focus on TAMs.

Several studies have demonstrated a strong correlation
between macrophage infiltration, sarcoma tumor progression,
and patient survival, highlighting TAMs as potential
immunotherapeutic targets in pediatric sarcoma (32-36). In
addition to phagocytosis of necrotic tumor cells, which
decreases the presence of tumor antigen and subsequent
immunogenic T cell response, TAMs have been shown to
display a wide variety of immunosuppressive and tumor-
promoting functions. For instance, increased proportion of
TAMs has been shown to render chimeric antigen receptor T
cell immunotherapy ineffective (37). However, TAM number
and density in pediatric sarcomas do not explain the entirety of
their importance in facilitating tumor progression, and the
immune cell profiles in pediatric sarcomas vary across
tumor subtypes.

MACROPHAGES IN TUMORIGENESIS

Macrophages play critical roles in innate immunity including:
phagocytosis, clearance of apoptotic debris, lymphocyte
recruitment (38, 39), antigen presentation (40, 41), wound
healing (42), and tissue homeostasis (43, 44). Thus, they both
promote inflammatory responses as well as facilitate resolution.
In the setting of cancer, macrophages have a response that is
seemingly antithetical to the whole organism, as they drive
immune tolerance and facilitate cancer progression (45).

Various clinically applicable techniques are in development to
identify, quantify, and characterize sarcoma-associated TAM:s.
Such techniques include immunohistochemistry, single cell RNA
sequencing, fluorescent magnetic nanoparticle labeling, and even
non-invasive imaging including magnetic resonance imaging
(MRI), given that T2* signal enhancement on MR images
significantly correlated with TAM density in sarcoma patients
(32, 46-48). Depending on their local microenvironments,
TAMs can display phenotypic and functional heterogeneity,
which is best understood through the concept of macrophage
polarization (see next paragraph) (49). However, this
dichotomous polarization paradigm is largely oversimplified,
and there is a broad range of macrophage polarization
phenotypes in vivo (50). While TAMs are the largest
population of infiltrating immune cells within pediatric
sarcomas and TAM infiltration into the tumor can be linked
with worse prognosis, the density of TAMs within the tumor
does not necessarily provide the full scope of how they influence
the TME (34, 51).
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MACROPHAGE POLARIZATION IN
TUMOR DEVELOPMENT

The M1/M2 polarization spectrum was developed to
explain macrophage phenotype and function in response to
inflammation or infection. In the setting of inflammation, M1
macrophages (classically activated macrophages) migrate to sites
of infection, phagocytose infected cells and serve as antigen
presenting cells (APCs) and produce T helper cell type 1 (Th1) or
pro-inflammatory cytokines, promoting T cell activation. In
contrast, M2 (alternatively activated) macrophages promote
tissue repair through efferocytosis, a phagocytic process in which
antigen are cleared, antigen presentation is diminished, and T
helper cell type 2 (Th2) cytokines are produced. This process also
promotes immune tolerance to autologous (or “self”) tissue.
Macrophage plasticity and polarization in the sarcoma TME
is also critical for the progression or regression of these
tumors (Figure 1).

Following exposure to damage- or pathogen-associated
molecular patterns (DAMPs or PAMPs), such as bacterial

lipopolysaccharides (LPS), nucleic acids, and other microbial
ligands, toll-like receptor (TLR) are triggered and M1 polarize
macrophage (52-54). TLR ligation initiates a signaling cascade
involving the innate immune signal transduction adaptor
MYDS88, interleukin 1 receptor associated kinase 4 (IRAK4),
tumor necrosis factor associated factor 6 (TRAF6) and inhibitor
of nuclear factor kappa B kinase subunit beta (IKK-f) which
ultimately activates nuclear factor kappa B (NF-xB), one of the
central regulators of inflammatory cytokine production.
Translocation of NF-xB into the nucleus leads to transcription
of Thl genes, such as tumor necrosis factor-o. (TNF-o),
interleukin (IL)-12, IL-1f, and IL-6, leading to expansion of
effector T cells (55-60). Activated T cells produce pro-
inflammatory cytokines (e.g., interferon gamma (IFN- 7),
granulocyte colony-stimulating factor (GM-CSF)) further
perpetuating macrophage M1 activation (61-63). Additionally,
GM-CSF is a potent driver of antibody-dependent cell-mediated
cytotoxicity (ADCC) and antibody-dependent cellular
phagocytosis (ADCP), a cell mediated immune defense
whereby immune effector cells destroy antibody coated target
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FIGURE 1 | Macrophage polarization and plasticity within the pediatric sarcoma tumor microenvironment. The panel represents recognized M1 (anti-tumoral) and
M2 (tumor-promoting) agonists that induce the induction of M1 and M2 markers by human macrophages. The major canonical functions of M1 macrophages and
M2 macrophages are also described. LPS, lipopolysaccharide, IFN-y, interferon-gamma; GM-CSF, granulocyte macrophage-colony stimulating factor; IL-4,
interleukin 4; IL-10, interleukin-10; IL-13, interleukin 13; M-CSF, macrophage colony stimulating factor; TLR, toll-like receptor; TNF-a, tumor necrosis factor-alpha;
IL-1B, interleukin 1 beta; PD-L1, programmed death ligand 1; PD-L2, programmed death ligand 2; MMP, matrix metalloprotease; MERTK, Mer receptor tyrosine
kinase; TGF-p, transforming growth factor beta. Image created with biorender.com.
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cells (64-66). M1 macrophages generally express high levels of
surface molecules for antigen presentation (e.g., major
histocompatibility complex-1I (MHC-II)), augment T cell
activation (e.g., CD80, CD86), and further promote self-
activation (e.g, TLR2, TLR4) (67). M1 macrophages produce
cytokines to amplify T cell activation, such as IL-1f, IL-6, IL-12,
IL-18 and TNF-o (68, 69).

Alternative activation, or M2 polarization, is thought to occur
after exposure to cytokines such as IL-4, IL-10, macrophage
colony-stimulating factor (M-CSF) and transforming growth
factor beta (TGF-f) (70, 71), and/or apoptotic cellular debris
which promote the resolution of inflammation and wound-
healing. M2 macrophages may be identified by the up-
regulation of surface markers that promote clearance of
apoptotic debris, such as mannose receptor C-type 1 (MMR,
CD206) and CD163 (63, 72-76). M2 macrophages may produce
T cell suppressive cytokines such as TGF-f and IL-10 (77). In
response to local cytokine milieu, alternatively activated
macrophages also up-regulate inhibitory checkpoint ligands,
such as programmed death 1 ligand 1 (PD-L1) and
programmed death 1 ligand 2 (PD-L2), which inhibit T cell
effector function (78, 79). Many of the above pathways have been
or are being considered for targeting to either augment immunity
or inhibit the counter-regulatory activity known to occur in
malignancy. A summary of therapeutic strategies targeting
TAMs in the pediatric sarcoma TME is summarized in Figure 2.

TLR Agonists

Manipulating macrophage polarization in the TME toward M1
activation status has been evaluated using TLR agonists.
Muramyl TriPeptide-PhosphatidylEthanolamine encapsulated
into liposomes (L-MTP-PE) has been proposed as an adjuvant
therapy for osteosarcoma patients. It is a synthetic analog of
muramyl dipeptide (MD), a peptidoglycan that is found in
bacterial cell walls. L-MTP-PE has been demonstrated to
activate TLR4 on macrophages and monocytes and upregulate
their tumoricidal functions through increased type 1 cytokine
production (such as TNF-o., IL-1, IL-6, IL-8, IL-12, and nitric
oxide (NO)) (80, 81). A preclinical evaluation of L-MTP-PE
combined with zoledronic acid (ZA) in murine models of
osteosarcoma showed that the two drugs significantly inhibited
tumor growth and development of metastases (82). Phase I and
II clinical trials evaluating L-MTP-PE in pediatric osteosarcoma
patients showed acceptable toxicity, and even enhanced
macrophage-mediated tumoricidal activity, but had variable
results in prolongation of OS and EFS (see Table 1) (80, 90,
91). In a follow-up randomized phase III trial [Intergroup (INT)-
0133] by the Children’s Oncology Group (COG) for patients
with osteosarcoma addition of L-MTP-PE to standard
chemotherapy showed no difference in 5-year OS or EFS.
When patients with metastatic disease were analyzed
separately, L-MTP-PE had improved survival compared (53 vs
40%); however, but the study was not powered to detect a
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FIGURE 2 | Therapeutic Strategies Targeting Tumor-Associated Macrophages in the Pediatric Sarcoma Microenvironment. Therapy modalities include increasing
phagocytosis of TAMs, inhibiting tumor metastases, inhibiting efferocytosis, checkpoint blockade, altering macrophage polarization through targeting
immunosuppressive cytokines, metabolite depletion and blocking angiogenesis. TAM, tumor-associated macrophage; SIRPe, signal-regulatory protein alpha; MMP,
matrix metalloprotease; PS, phosphatidylserine; TIM-4, T Cell Immunoglobulin And Mucin Domain Containing 4; MERTK, Mer receptor tyrosine kinase; PROS1,
protein S; GASB, growth arrest-specific 6; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; PD-1, programmed cell death protein 1; PD-L1, programmed
death ligand 1; mAB, monoclonal antibody; IL-10, interleukin 10; TGF-f, transforming growth factor beta; ARG1, arginase 1; VEG-F, vascular endothelial growth
factor; CXCL8, C-X-C motif chemokine ligand 8; CCL2, C-C motif chemokine ligand 2. Image created with biorender.com
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TABLE 1 | Current macrophage targeted therapies for the treatment of pediatric sarcomas.

Class Name Target Form Studies in pediatric sarcoma Outcomes Reference
Cytokines
GM-CSF' Macrophages Inhaled Phase | dose escalation studies in  Limited to no toxicity observed one patient with EWS? achieved a (83, 84)
Inhaled pediatric cancer patients CR®; 3-year EFS* and OS® were 7.8 and 35.4%, respectively (85)
sce AOST0221: Phase Il study of EFS for 96 patients with osteosarcoma 12% at 4 months; EFS for (86)
inhaled GM-CSF in first pulmonary 42 evaluable patients 20% at 12 months
recurrence of osteosarcoma 5-year EFS of non-metastatic EWS patients in group A (with GM-
patients CSF); 0.56 vs 5-year EFS in group B (without GM-CSF 0.51. EFS
Phase Il study of GM-CSF in for metastatic EWS was not calculated due to small numbers
combination with chemotherapy
and radiation in EWS patients
Zoledronic Macrophages  IV” AOSTO6P1: Phase | study of ZA®  DLTs® experienced by five of 24 patients. DLTs included (87)
Acid [\ in metastatic OS patients hypophosphatemia, hypokalemia, hyponatremia, mucositis, limb (88)
v Phase Il study of ZA at standard pain and edema; overall EFS and OS for 24 patients were 32% (89)
dosing for metastatic and 60%, respectively
osteosarcoma patients Median PFS'® 19 months; median OS 56 months among four
EURO-EWING 2012: Phase Il patients
randomized, multi-center study Clinical trial is currently ongoing.
combining ZA with standard (ISRCTN92192408)
chemotherapy for EWS patients
L-MTP-PE"" Macrophages/ IV Phase | study of L-MTP-PE in Toxicities included fever, chills and hypertension; no major organ- (90)
Monocytes % advanced malignancies related toxicities observed 91)
Phase llb study of L-MTP-PE in No increased toxic side effects observed when ifosfamide 92)
combination with ifosfamide with combined with L-MTP-PE
relapsed osteosarcoma 5-year EFS for patients who received L-MTP-PE vs no L-MTP-PE
Intergroup-0133: Phase Il was 46 vs 26%, respectively. 5-year OS for patients who received
randomized trial of addition of L- L-MTP-PE vs no L-MTP-PE was 53 and 40%, respectively.
MTP-PE to standard
chemotherapy in pediatric patients
with metastatic osteosarcoma
Recombinant Macrophages IV Phase | study of rTNF'? combined At 240 pg/m2/day of rTNF, three of six patients experienced (93)
TNF with a fixed dose of actinomycin D grade 4 DLT including hypotension, hemorrhagic gastritis, and
in pediatric patients with refractory  renal and liver biochemical alterations; antitumor response
malignancies observed in one metastatic EWS patient
Checkpoint inhibitors
Nivolumab PD-118 % Phase Il study of nivolumab with or ~ Clinical trial is currently active not recruiting (NCT02500797).
without ipilimumab in patients with
unresectable metastatic sarcoma
Pembrolizumab PD-1 v SARC028: phase Il study of Seven (18%) of 40 patients with soft-tissue sarcoma had an (94)
% pembrolizumab assessing safety objective response two (5%); of 40 patients with bone sarcoma )
\% and activity in patients with had an objective response including one (5%) of 22 patients with
advanced soft-tissue or bone osteosarcoma and one (20%) of five patients with
sarcomas chondrosarcoma. None of the 13 patients with EWS had an
Phase Il study of pembrolizumab objective response. (NCT02301039)
and axitinib in patients with Clinical trial is currently active, not recruiting. (NCT02636725)
advanced alveolar soft part Clinical trial is currently active, recruiting. (NCT02406781)
sarcoma and other soft tissue
sarcomas
PEMBROSARC: Phase Il multi-
center trial of pembrolizumab with
metronomic cyclophosphamide
administration in advanced
sarcoma patients
Ipilimumab PD-1 v NCI 08-C-0007: Phase | study of Immune-related adverse events included pancreatitis, colitis, (95)
ipilimumab in pediatric patients endocrinopathies and transaminitis. DLTs observed at 5 and 10
with recurrent/refractory solid mg/kg/dose levels of ipilimumab; one osteosarcoma, one synovial
tumors sarcoma and one clear cell sarcoma patient had stable disease
for 4-10 cycles. (NCT0144537)
Macrophage immunosuppression inhibitors
CB-1158 Arginase \% Open-label phase I/phase I Clinical trial is currently active, recruiting. (NCT02903914)
(INCB00158) evaluation of arginase inhibitor
INCB00158 as single agent and in
combination with pembrolizumab
(Continued)
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TABLE 1 | Continued

Class Name Target Form Studies in pediatric sarcoma Outcomes Reference

for patients with advanced/
metastatic solid tumors
Angiogenesis inhibitors

Bevacizumab  VEG-F I\ Observational off-label study of Most frequent side effects included epistaxis, transaminitis, acral (96)
\% bevacizumab in combination with dermatitis, hypertension, and albuminuria. 97)
v cytotoxic chemotherapy salvage No DLTs were observed. Non-DLTs included infusion reaction, (98)
\% and maintenance regimens in rash, mucositis, proteinuria, and lymphopenia. (99)
\% pediatric patients with relapsed/ DLTs included diarrhea, neutropenia/thrombocytopenia. (100)
refractory sarcomas Maximum-tolerated dose was bevacizumab 10 mg/kg and
Phase 1 COG'* study of irinotecan 100 mg/m?
bevacizumab in pediatric patients DLTs included hyperbilirubinemia and colitis. Other toxicities
with refractory solid tumors included diarrhea, hypertension, and myelosuppression.
Phase | study of bevacizumab DLTs included rash, lipase elevation, anorexia, and thrombus.
combined with irinotecan in Other common toxicities included neutropenia, lymphopenia and
patients with recurrent, rashes.
progressive, refractory solid tumors
Phase | study of bevacizumab
combined with vincristine,
irinotecan and temozolomide in
pediatric patients with relapsed
tumors
Phase | study of bevacizumab
combined with sorafenib and low-
dose cyclophosphamide in
pediatric patients with refractory/
recurrent solid tumors
Metastasis inhibitors
Pexidartinib CSF1R'™® v Phase I/1l trial of PLX3397 in Clinical trial is currently active, recruiting. (NCT02390752)
(PLX3397) \% pediatric patients with refractory Adverse events included anemia, neutropenia, fatigue, and (101)
solid tumors and leukemias hypertension

Phase Ib study of pexidartinib
combined with paclitaxel in
patients with advanced solid
tumors

'GM-CSF, Granulocyte-macrophage colony stimulating factor.
2EWS, Ewing Sarcoma.

SCR, Complete response.

“EFS, Event-free survival.

50S, Overall survival.

6SC, Subcutaneous.

’\V, Intravenous.

87A, Zoledronic acid.

SDLT, Dose-limiting toxicity.

"9PFS, progression-free survival.

"L -MTP-PE, Liposomal-Muramy! TriPeptide-Phosphatidyl/Ethanolamine.
"2FTNF, recombinant TNF.

SPD-1, Programmed cell death 1.

"COG, Children’s Oncology Group.

"SCSF1R, Colony stimulating factor 1 receptor.

significant difference between the two arms (92). L-MTP-PE is ~ mRNA expression, such as IL-1f, IL-6 and TNF (103). GM-CSF has
not currently approved by the United States Food and Drug  been successfully incorporated into the standard therapy of high-
Administration (FDA) (102) though the European Medicines risk neuroblastoma patients receiving antibody therapy (104).
Agency granted L-MTP-PE an indication as an adjuvant  Knowing that the lungs are a common site for pulmonary

treatment of osteosarcoma in 2009. metastasis, aerosolized GM-CSF has been tested and while it is
. safe (83-85, 105), it did not improve outcomes for patients with
Re-Polarizing Agents advanced sarcomas (83-85, 105). Similarly, subcutaneous GM-CSF

Administration of exogenous cytokines to reverse TAM M2  was assessed in a phase II study for 18 pediatric patients with EWS
polarization may be an effective immunotherapeutic strategy for  after radiation with no significant difference in 5-year EFS between
pediatric sarcomas. GM-CSF is a myeloid growth factor that  the treatment group and controls (see Table 1) (86).

stimulates the differentiation of hematopoietic progenitor cells Alternative methods of delivering intra-tumoral M1
into granulocytes and monocytes with subsequent type 1 cytokine  polarizing cytokines have been developed with the goal of
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minimizing global toxicities associated with exogenous cytokine
administration. Innovative methods, such as adoptive transfer of
macrophages harboring a soft discoidal particle (“backpack”)
that contains the cytokine payload, have been described. In
recently published research, phagocytosis-resistant IFN-y
secreting macrophage “backpacks” is composed of external
polymer layers sandwiching an IFN-v core and a cell-adhesive
layer which avidly binds to bone marrow derived macrophages.
Adoptive transfer of macrophages carrying IFN-vy secreting
backpacks into solid tumors maintained their M1 phenotype
despite the immunosuppressive TME and also repolarized
endogenous M2 TAMs toward an M1 phenotype. This was
also associated with decreased tumor volume and lung
metastases in vivo (106). Further studies into the function,
feasibility, and toxicity of these and similar alternative delivery
methods are needed as they seem promising as a means of
avoiding systemic administration of exogenous cytokines.

MACROPHAGE PHAGOCYTOSIS

Efferocytosis is a tolerogenic phagocytotic process characterized
by clearance of auto-antigen (or “self”) present on apoptotic cells
and suppressing T cell activation. Physiologically, efferocytosis is
thought to be critical in the maintenance of self-tolerance and the
prevention of autoimmunity. However, in the TME, the
otherwise normal TAM process of efferocytosis diminishes
immunity through phagocytic clearance of tumor antigen and
suppression of T cell cytolytic function, thereby creating a TME
supportive of immune evasion and subsequent tumor survival
and metastasis. This may be especially relevant in settings of high
cell turnover, such as malignancies which are characterized by
spontaneous apoptosis due to a myriad of circumstances
associated with cancer. Therefore, interfering in the multiple
steps involved in efferocytosis may be a novel therapeutic
approach with the potential for therapeutic benefit.

Migration Toward “Find-Me” Signals

Efferocytosis of apoptotic debris is a series of coordinated events,
including chemotaxis, recognition and binding of the apoptotic
particle, and ingestion. This first step of the sequence includes
the secretion of chemoattractant “find-me” signals by a dying
cell, including lysophosphatidylcholine (LPC) (107, 108),
sphingosine-1-phosphate (SI1P) (109), C-X3-C motif
chemokine ligand 1 (CX3CL1) (110, 111) and nucleotides
(112). Intracellular LPC and S1P are released by apoptotic cells
(109, 113), while CX3CL1 is a membrane-associated protein
which is cleaved by matrix metalloproteases (MMPs) during
inflammation, releasing the soluble protein that acts as a
chemokine (114). Nucleotides, specifically adenosine
triphosphate (ATP) and uridine-5'-triphosphate (UTP) are
released into the extracellular space following caspase-
dependent activation. These molecules are recognized by
receptors on monocytes and macrophages and result in
migration to the area of cellular damage (110, 112, 115).
Preclinical studies in RMS and osteosarcoma tumors support

the importance of these mechanisms in pediatric sarcoma and
have confirmed upregulated expression of bioactive lipids such as
S1P, LPC, and lysophosphatidic acid (an LPC cleavage product)
in bone marrow extracts (a common site of sarcoma metastasis)
by mass spectrometry following radiation and chemotherapy
(116, 117). Further clinical studies are required to evaluate the
utility of these “find-me” signals as prognostic biomarkers or
therapeutic targets for pediatric sarcomas.

Expression of “Eat-Me” Signals

Tumor cells may evade immune-mediated attack through
downregulation of “eat-me” signals. “Eat-me” signals, such as
phosphatidylserine (PS) and calreticulin (CRT), are externalized
on dying cell surfaces, tagging them for removal by phagocytes.
PS is a phospholipid normally localized to the inner membrane
of the lipid bilayer in healthy cells; however, during apoptosis, PS
accumulates on the cell surface. Similarly, CRT is also exposed on
the cell surface during apoptotic stress. CRT interacts with PS
and binds the complement Clq protein that serves as both
bridging molecule and a PS-binding protein. CRT then binds
the SRF-1 endocytic receptor found on macrophages to facilitate
phagocytosis of apoptotic cells (118, 119). It is also known that
macrophages can utilize their own CRT to enhance phagocytosis
of tumor cells (120). Preclinical studies have shown that high
expression of PS on EWS tumors increased their sensitivity to
tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) mediated cell death (121). Additional studies
incubating alveolar and embryonal RMS cells with doxorubicin
demonstrated enhanced CRT expression and increased
phagocytosis of these RMS cells (4). Other studies are
examining the use of “eat-me” signals, specifically CRT, as
potential prognostic biomarkers in osteosarcoma (122).

“Don’t Eat-Me” Receptors
To counter-balance PS or CRT expression, malignant cells may
evade macrophage phagocytosis through the expression of
“don’t eat-me” receptors. Healthy cells express “don’t eat-me”
receptors CD47 and CD31 to avoid unwarranted phagocytic
clearance (123, 124). CD47, the prototypical “don’t eat-me”
signal, is a membrane protein of the immunoglobulin (Ig)
superfamily, present on most cells of the body. Ligation of
CD47 with the ssignal regulatory protein alpha (SIRPo) protein
on macrophages leads to phosphorylation of immunoreceptor
tyrosine-based inhibition (ITIM) motifs and a significant
inhibitory signaling cascade, characterized by the downstream
protooncogene SRC, protein tyrosine phosphatase non-receptor
type 6 (PTPNG6), and protein tyrosine phosphatase non-receptor
type 11 (PTPN11) phosphatases, which inhibit the buildup of
myosin-IIA, and prevent the cellular structural changes needed
for phagocytosis (2, 125-130). Activation of SIRP« has
also been found to mediate M2 macrophage polarization,
through regulation of the Notch signaling pathway (131-133).
Conversely, when the SIRP« is blocked, TAMs portend a M1
phenotype (133).

Previous work in experimental models of hematologic and
solid malignancies have identified CD47 and SIRP¢ as potential
therapeutic targets, whereby blocking this axis (predominantly
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using anti-CD47 mAb) demonstrated increased phagocytosis of
cancer cells by macrophages (2, 4, 5, 126, 128, 134) and M1
polarization (131). Increased phagocytosis of human RMS cells
was observed in vitro when macrophages were treated with anti-
CD47 monoclonal antibody (4). In murine studies of
osteosarcoma, CD47 blockade decreased tumor progression,
increased macrophage infiltration into the tumor, and
increased overall survival (2, 5). Currently, there are no open
clinical trials targeting the CD47-SIRPo pathway for pediatric
sarcomas. However, in adults, there are several open clinical
trials evaluating the safety profile and efficacy of anti-CD47
monoclonal antibody (Hu5F9-G4) in a variety of solid and
hematologic malignancies (NCT02953509, NCT03248479,
NCT03922477, NCT03869190).

Engulfment and Efferocytosis

Simply put, phagocytosis occurs when the balance of “eat me”
signals is greater than the “don’t eat me” signals. Recognition of
“eat-me” signals by professional phagocytes occurs through
multiple receptors, such as TYRO3, AXL, and MERTK
receptor tyrosine kinases and the T-cell immunoglobulin and
mucin domain (TIM) receptor family (TIM-3 and TIM-4). Of
these, MERTK is the prototypic efferocytosis receptor, given its
involvement in the recognition, tethering and engulfment of
apoptotic cells, and subsequent generation of immune tolerance
through M2 polarization and T cell suppression (135-138).
Following apoptotic cell ingestion, MERTK phosphorylation
suppresses NF-xB nuclear translocation, leading to diminished
type 1 cytokine production (e.g. TNF-o and IL-12) (139-141).
Conversely, inhibition of MERTK in preclinical studies has
shown decreased leukemia-associated macrophage expression
of inhibitory checkpoint ligands, including PD-L1 and PD-L2
(discussed below), demonstrating its role in immune tolerance
(142). Drugs targeting MERTK have been developed as agents
for both reversing cancer progression and cancer immune
evasion (143). Pre-clinical studies of MERTK inhibitors in
murine solid tumor models have shown decreased tumor
growth and increased CTL infiltration (144), while others
demonstrated a more profound effect when MerTK inhibition
is used in combination with radiation therapy (145).

TYRO3, AXL, and MERTK receptors do not bind to PS
directly, rather they use the plasma circulating and locally
secreted molecules, protein S (PROSI) and growth arrest
specific 6 (GAS6) to provide a bridge to PS. PROS1 binds
more specifically to MERTK and GAS6 binds to MERTK,
TYRO3, and AXL (146-150). PROSI and GAS6 are elevated in
EWS tumor patient samples, providing increased ligand for
efferocytosis to occur (151, 152). Antibodies acting as ligand
sinks to bind and inactivate these bridging molecules have been
evaluated in preclinical studies but are not yet clinically available
(153-155).

TIM family of proteins, TIM-3 and TIM-4, act as PS receptors
on macrophages to facilitate the clearance of apoptotic cells (135,
156, 157). On macrophages, TIM-4 works in conjunction with
MERTK to mediate tethering and binding of apoptotic cells (156,
158) (159-161). TIM-3, a known co-inhibitory receptor on T
cells, is also expressed on antigen presenting cells such as

macrophages, aids in the binding and phagocytosis of
apoptotic cells through the FG loop in the immunoglobulin
variable region (IgV) domain (136, 162-164). Co-expression of
TIM-3 with other immune checkpoints such as lymphocyte
activating 3 (LAG3) and PD-1 on T cells has been observed in
sarcoma patient samples (165); however, its expression on TAMs
in sarcoma has not been explored. TIM-3 antibodies are being
clinically tested and may be useful in both augmenting T cell
activation, as well as diminishing the tolerogenic effects of
efferocytosis (166, 167).

Bisphosphonates are a class of drugs designed to inhibit
osteoclast activity to prevent loss of bone density in osteoporosis;
however, they also suppress macrophage phagocytosis, decrease
macrophage recruitment to tumor sites, and increase apoptosis of
tumor cells (168, 169). Zoledronic acid is a nitrogen-containing
bisphosphate with anti-tumor activity including decreased tumor
volume and bone growth in primary EWS tumors, decreased
recruitment of TAMs into the tumor stroma in murine sarcoma
and carcinoma models (170-172), and reduction in bone
metastases EWS after administration of ZA in murine in vivo
models (171). When combined with ifosfamide, ZA exhibited
synergistic effects against tumor growth and progression in a soft
tissue tumor model. These promising clinical results have led to the
evaluation of ZA in pediatric sarcomas (see Table 1). In a phase I
study of high-grade metastatic osteosarcoma patients, ZA was well
tolerated when administered concurrently with multi-agent
chemotherapy (87). One small clinical study evaluated the anti-
tumor efficacy of ZA at standard dosing for four patients with
advanced stage osteosarcoma with encouraging progression-free
survival (PFS) results (88). ZA in combination with standard
chemotherapy for EWS patients is currently being evaluated in a
multicenter phase III randomized controlled trial (Euro-
EWING2012) (89).

ANTIGEN PRESENTATION

The physical interaction during antigen presentation between
macrophage and T cells plays an integral role in T cell-mediated
activation and tumor cell cytolysis. Antigen presentation
involves three steps, which have been described as different
signals. Signal 1 is the binding of peptide-loaded MHC on
antigen presenting cells (APCs), such as macrophages, to
antigen-specific T cell receptors (TCRs). Signal 2 is the
engagement of costimulatory ligands with their cognate
receptors on T cells. Conversely, binding of inhibitory ligands
(on APCs) with their cognate receptors on T cells inhibits T cell
activation. Signal 3 is the secretion of cytokines by APCs which
modify or amplify T cell response (165).

Co-Stimulation and Co-Inhibition

Signal 1, consisting of the MHC-peptide-TCR complex, on its
own is insufficient to activate T cells and may generate a
tolerogenic response. However, concomitant engagement of
adhesion receptors and co-stimulatory ligands (on APCs) and
receptors (on T cells), known as Signal 2, creates an immunologic
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connection between T cells and macrophages (165). Co-
stimulatory ligands and cognate receptors are divided into two
major groups: CD28/B7 receptor family and TNF/tumor
necrosis factor receptor (TNFR) family.

CD28 is a T cell costimulatory receptor that transmits
activating intracellular signals when it binds costimulatory
ligands CD80 (B7-1) and CD86 (B7-2) on macrophages and
other APCs (173, 174). In contrast to the CD28 stimulatory
effects on T cells, ligation of inhibitory B7 receptors, including
programmed death 1 (PD-1) and cytotoxic T-lymphocyte
associated protein 4 (CTLA-4), can promote T cell suppression
and/or dysfunction (175, 176). PD-1 has two known B7 ligands
on macrophages, including PD-L1 and PD-L2 (177). PD-L1 is
often upregulated in tumor infiltrating immune cells including
macrophages (178-180). In fact, in pediatric sarcoma patient
samples with greater PD-L1 expression, there was higher
macrophage and DC infiltration, and a worse outcome (181-
183). The treatment of murine and human macrophages with
anti-PD-L1 antibodies promotes their proliferation and
activation (184). Blockade of the PD-L1/PD-1 axis also
enhances macrophage-mediated anti-tumor activity through
efferocytosis. Although blockade of this ligand/receptor binding
is typically studied for its effects on T cell function, preclinical
models of PD-L1/PD-1 blockade using BALB/c Rag2 %/~
mice (which do not have functional T cells) showed
TAM-mediated efferocytosis and clearance of tumor cells
(185). Disruption of the PD-1/PD-L1 axis in osteosarcoma
demonstrated decreased lung metastases, reduced numbers of
tumor-promoting TAMs, and increased anti-tumor M1
macrophages in the absence of T cells (183). While anti-PD-L1
or anti-PD-L2 agents have not yet been evaluated in pediatric
sarcomas, in a murine model of osteosarcoma nivolumab (an
anti-PD-1 monoclonal antibody) increased tumor infiltrating
CD4" and CD8" T cells with greater cytotoxic potential (i.e.,
granzyme B and IFN-y production) and less lung metastases
(186). PD-1 blockade using pembrolizumab in the SARC028
phase II study (see Table 1; NCT02301039) demonstrated an
objective partial response (based on Response Evaluation
Criteria in Solid Tumors (RECIST)) in only one osteosarcoma
patient out of 22 patients and stable disease in six other patients.
Of note, there were no responses in EWS patients, who typically
had a low mutational burden (94). Correlative analysis of patient
samples from the SARC028 study showed that pembrolizumab
responders were more likely to have higher densities of
activated CD8'CD3"PD-1" T cells and increased percentages
of PD-L1" TAMs pre-treatment compared to non-responders.
Pre-treatment analysis of tumors from responders also
demonstrated higher densities of effector memory cytotoxic T
cells and regulatory T cells compared to non-responders (187).
Given the relatively mutated response of PD-1 axis blockade as
monotherapy in pediatric sarcomas, combination strategies with
other immune-targeted agents are currently being evaluated in
clinical trials (188).

The TNFR family is the other major group of co-stimulatory
molecules, which includes CD40, tumor necrosis factor receptor
superfamily member 4 (TNFRSF4 or CD134), tumor necrosis

factor receptor superfamily member 9 (TNFRSF9 or 4-1BB), and
CD27 (165, 189, 190). The co-stimulatory receptor CD40 is a
transmembrane protein expressed on monocytes, macrophages,
and other antigen presenting cells (191). Its ligand, CD40 ligand
(CD40L), is primarily expressed on activated T and B
lymphocytes, monocytes and platelets (165). CD40 agonist
monoclonal antibodies (mAbs) promote TAM M2 to Ml
polarization, leading to increased production of nitric oxide
and type 1 cytokines (such as IL-1, IL-12, and TNF-o)), and
activation of cytotoxic activity of CD8" T cells (192-195). CD40
agonism as monotherapy in advanced solid tumors had limited
anti-tumor activity (196); however, use of a CD40 agonist in
combination with PD-L1 and CTLA-4 blockade (see below) has
shown extended survival in murine solid tumor models (197)
(NCT02636725, NCT02332668).

CTLA-4 (also known as CDI152) is part of the B7/CD28
family that also inhibits T cell cytotoxic function. CTLA-4
suppresses T cell activation when engaged with its respective
ligands, B7-1 (CD80) and B7-2 (CD86) through inhibition of T
cell receptor (TCR) signal transduction (198). Sarcoma patients
have T cells with high CTLA-4 expression within the tumor and
peripheral blood (199, 200). Phase I and II studies of ipilimumab,
a CTLA-4 blocking mAbs, in pediatric patients with advanced
solid tumors (including sarcomas) showed tolerability but no
objective clinical or radiologic responses as monotherapy
(NCT01445379) (95, 201). Combination therapies utilizing
CTLA-4 and PD-L1 mAb blockade in early phase clinical
studies have shown synergistic slowing of disease progression
and extended PFS in adults with metastatic or unresectable
sarcomas; however, they have not been tested in children
(NCT02500797) (202, 203).

Signal 3: Cytokine Mediated Effects in the
TME

Efferocytosis modulates the immune system beyond the
regulation of engulfment and co-stimulation in the sarcoma
TME. Intracellular signal transduction in efferocytosis favors
production of tumor-permissive cytokines such as TGF-f and
IL-10 consistent with the otherwise physiologic role of this
process in immune tolerance, wound healing, and tissue
homeostasis (204-206). TGF-f drives immunosuppressive
responses in both the innate and adaptive immune systems.
Within the innate immune system, TGF-f8 secreted by
macrophages further skews cells toward an M2 alternative
activation status, inhibits cytotoxic and cytokine producing
activity of NK cells, and decreases migration and increases
apoptosis of dendritic cells (204, 207). In the adaptive immune
response, TGF- 3 promotes CD4" T cells to differentiate into Th2
cells and inhibits CD8" T cells antitumor activity by
downregulating cytolytic genes such as granzyme B and Fas
ligand (FasL), thereby reducing antitumor response (208, 209).

One method of overriding the potently suppressive TAM
cytokine production is administration of exogenous type 1
cytokines (210, 211). Interferons and IL-2 are such powerful
type 1 stimulators of the immune system. Dinutuximab (ch14.18,
a mAb against tumor-associated disialoganglioside GD2) has
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demonstrated activity against neuroblastoma cells; however,
administration of the mAb alone was insufficient to prevent
tumor progression, thus both GM-CSF and IL-2 were added to
augment efficacy. The addition of IL-2 and GM-CSF to
dinutuximab greatly enhanced ADCC by M1 macrophages;
however, systemic IL-2 administration was found to have
significant toxicity in patients, thus this treatment regimen
may still need to be further optimized (104, 212), but could
conceptually be applied to other pediatric solid tumors
considering the GD?2 is also expressed by sarcoma (213, 214).

TNF-o. is another type 1 cytokine that has been studied for its
effects on augmenting activating antigen presentation within the
sarcoma TME. It is produced by classically activated
macrophages and lymphocytes and was thought to be a
potential immunotherapeutic agent. The majority of exogenous
TNF-o administration in preclinical studies was used to mimic
chronic inflammation, and thus results were not as favorable as
predicted. For instance, a preclinical study of osteosarcoma
demonstrated that TNF-o. administration promoted the de-
differentiation of osteosarcoma cells toward a primitive state,
which significantly contributed to tumor growth and
progression. Furthermore, blocking TNF-o. using a soluble
receptor (etanercept) to diminish chronic inflammation
inhibited osteosarcoma tumor growth (215). Systemic
administration of recombinant TNF-o. with chemotherapy in
an early Children’s Cancer Group (CCG) phase I study was
limited due to systemic toxicities and an inability to dose escalate
(93). It has been suggested that further administration of cytokines
may need to be targeted to the sarcoma microenvironment rather
than systemic administration. As above regarding polarizing
macrophages, innovative methods of cytokines delivery will be
necessary to allow effective administration without the significant
systemic toxicities.

METABOLISM INDUCED
IMMUNOSUPPRESSION

Other mechanisms of TAM-induced immunosuppression
leading to T cell dysfunction in the TME include breakdown of
key metabolites, such as L-arginine and L-tryptophan, which are
necessary for T cell activation and proliferation. TAMs produced
and secrete arginase 1 (ARG1) and indoleamine 2,3-dioxygenase
1/2 (IDO 1/2), enzymes that catalyze and breakdown L-arginine
and L-tryptophan respectively. Breakdown of these metabolites
diminishes effector T cell function, thereby increasing the
likelihood of cancer cell immune escape (216, 217). In fact, in
a study of checkpoint inhibition in adult sarcoma patients
where the response rates were lower than expected, the tumor
samples had high infiltration of IDO1-expressing TAMs leading
to the speculation that elimination of the suppressive TAMs
is also needed (NCT02406781) (218). Supplementation with
L-arginine in combination with a PD-1/PD-L1 inhibitor in a
murine model of both localized and metastatic osteosarcoma
increased tumor infiltrating lymphocytes and prolonged
survival compared to controls (219). The use of ARG1 targeted

small-molecule inhibitors demonstrated reversal of TAM-
mediated immunosuppression including production of
inflammatory cytokines, CTL, and NK cell tumor infiltration,
T cell proliferation, expression of IFN-inducible genes, and
restored cytolytic T cell function against solid malignancies in
vitro and in vivo (220). While there are currently no pediatric
clinical trials investigating the use of targeted agents against
ARGL and IDO 1/2, there are several studies in adult patients.
Additionally, there is an open-label phase 1/2 study investigating
an arginase inhibitor (INCB00158) as single or combination
therapy with other immune checkpoint therapy in adult patients
with advanced/metastatic solid tumors (NCT02903914).

TUMOR ANGIOGENESIS AND
METASTASIS

When tumors reach a certain size, an “angiogenic switch” occurs
in which mechanisms are triggered to promote angiogenesis, the
formation of high-density vasculature, to increase tumor
nutrient supply and improve waste removal (221). TAMs can
hasten blood vessel growth through the release of pro-angiogenic
factors such as vascular endothelial growth factor (VEGF). Other
cytokines released by TAMs such as TGF-f, C-C motif
chemokine ligand 2 (CCL2), C-X-C motif chemokine ligand 8
(CXCL8), and M-CSF further promote pro-angiogenic functions
of macrophages (222-225). On the contrary, M1 polarization of
TAMs results in inhibition of angiogenesis through the
upregulation of anti-angiogenic factors (such as CXCL8 and
IFN-p) (226).

VEGF-A is a pro-angiogenic cytokine released by TAMs
(227), and has been studied in pediatric sarcomas given that
angiogenesis is a critical step in solid tumor progression (228).
EWS xenograft models have also showed delayed tumor
progression with anti-VEGF directed therapies; however,
rebound tumor growth occurred after therapy was
discontinued, suggesting single agent VEGF-directed therapy
may have limited success in the treatment of pediatric
sarcomas (229, 230).

Once angiogenesis has been established, this allows for
further tumor progression and metastasis. Metastasis is a
complex multi-step process, which starts with tumor cells
migrating and intravasating into the vasculature, circulating in
the blood stream, eventual extravasation at target organs,
and subsequent invasion and growth to establish disease.
This complex process requires not only circulating tumor
cells, but also requires the close cooperation of perivascular
cells, endothelial cells, as well a variety of immune cells
including macrophages.

CSF-1 is a chemokine that stimulates macrophage motility/
migration, maturation, and survival, and has been implicated in
metastasis. Its contribution to metastasis formation was
demonstrated in a mammary cancer model where paracrine
secretion of CSF-1 by tumor cells stimulated TAMs to migrate
and provide a tract for tumors cells to follow along and invade
normal tissue and vasculature (223). Congruent with this,
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immunohistochemistry examination of soft tissue tumor
patient samples showed increased expression of CSF-1 (M-
CSF) and colony stimulating factor receptor (CSF1R) in more
aggressive, higher histologic grade tumors (231). Additionally,
CSF-1 mediated mobilization of macrophages and other
hematopoietic stem and progenitor cells (HSPCs) are thought
to be integral to the formation of the pre-metastatic niche for
sarcoma cells at distant sites in the body. In an embryonal RMS
murine model, HSPCs were found to be elevated in the
peripheral blood during formation of the pre-metastatic niche
and contributed to tumor-promoting immunosuppressive
myeloid subsets at metastatic sites. Similarly, peripheral blood
samples from RMS patients had elevated circulating HSPCs, and
patients at greatest risk of metastases had the highest levels of
circulating HSPC:s at the time of diagnosis (232). Because CSF-1
is essential for TAM migration and maturation, strategic
targeting of its receptor (CSF1R) has been explored (233-235).
Mice bearing CSF-1 negative neuroblastoma xenografts showed
decreased TAM infiltration and angiogenesis, compared to mice
with CSF-1 expressing xenografts. Inhibition of CSFIR in
neuroblastoma decreased TAM infiltration, improved T cell
function, and decreased tumor progression compared to
controls (236, 237).

Furthermore, metastasis-associated macrophages (MAMs)
are recruited to tumor sites through C-C motif chemokine
ligand 2 (CCL2) secretion from tumor cells, a chemokine that
mediates monocyte migration from bone marrow to tissue sites
through interaction with the macrophage CCL2 receptor, C-C
motif chemokine receptor 2 (CCR2) (238). These MAMs secrete
additional CCL2 to further augment TAM recruitment to
metastatic sites, and CCL3 which instigates tumor seeding at
distant sites (239). In vivo anti-CCL2 antibody treatment
reduced the number of MAMs at metastatic sites and reduced
overall tumor burden in breast cancer models (240, 241).
Collectively, these studies demonstrate macrophages play roles
in the development of metastases and soft tissue infiltration and
are potential targets in pediatric sarcomas.

In the clinical setting, attempts have been made to combine
therapies targeting tumor angiogenesis and metastasis. For
example, bevacizumab (anti-VEGF-A mAb) previously has
been combined with conventional chemotherapy backbones,
such as vincristine, irinotecan, and temozolamide (VIT),
gemcitabine, docetaxel, or low dose cyclophosphamide and
sorafenib have shown limited results, producing only stable
disease or partial response in a subset of patients with
refractory/relapsed disease (see Table 1) (96-100, 242, 243).

Additionally for metastasis targeted therapies, there is limited
data on combining such drugs with conventional therapies like
chemotherapy. Preclinical evaluations demonstrate that
combination of CSFIR inhibition after radiation therapy may
more effectively decrease tumor volume (244). A majority of
clinical trials studying CSF1R inhibitors are in very early clinical
trial phases either as monotherapy or combination therapies for
the treatment of relapsed/refractory sarcomas. For example, in a
phase 1 clinical trial using a CSFIR small molecule inhibitor,
pexidartinib (PLX3397) in pediatric patients with refractory solid

tumors (including sarcomas) and leukemias showed tolerability,
and the expansion cohort is still ongoing (NCT02390752; see
Table 1) (101). Some trials utilizing monoclonal antibodies
directed at CSF-1/CSFIR in adults exhibited limited anti-
tumor activity (NCT01346358) (245, 246).

Chimeric Antigen Receptor Cellular
Therapies

The development and clinical use of chimeric antigen receptor
(CAR) T cell therapy for the treatment of relapsed/refractory
acute lymphoblastic leukemia has provided a promising new
therapy option for some patients (247, 248). CAR T cell therapy
for pediatric sarcomas has been centered on the development of a
CAR directed against GD-2, which is overexpressed on pediatric
sarcoma patient samples, with an especially high predominance
on osteosarcoma primary and metastatic lesions (249). However,
despite the efficacy of CAR therapy in treating hematological
malignancies, use of CAR T cell therapy in sarcomas has been
more challenging. This is partly due to the difficulty of T cell
homing, tumor penetration, and the presence of inhibitory cell
subsets in the microenvironment, including infiltrating TAMs
that inhibit T cell function.

To overcome such challenges, researchers have explored
methods of inhibiting infiltrating suppressor myeloid cells
(including TAMs and MDSCs) alongside CAR platforms. In
preclinical models, use of all-trans retinoic acid—which
differentiated infiltrating myeloid cells, lessening their
suppressor function—was found to significantly increase the
efficacy of GD-2 directed CAR T cells in pediatric sarcoma
models (249). Similar solid tumor models with high levels of
TAM or MDSC infiltration found that inhibition of CSF1R
increased the efficacy of adoptively transferred T cells (250). As
an alternative strategy to mitigate the T cell suppressive effects of
TAMs, some groups have engineered their CAR T cells to express
cytokines that will lead to TAM M1 repolarization, including IL-
12 and TL-18 (251, 252).

Interestingly, the idea of inhibiting TAMs has also been
evaluated using a CAR T cell directed against the TAMs
themselves. In preclinical models, CAR T cells directed against
folate receptor B (FRp), which is highly expressed by M2
macrophages, lead to cytolysis of M2 macrophages; however,
this has not yet been assessed in pediatric sarcomas (253).

Though unrelated to targeting TAMs in pediatric sarcoma, it
is notable that some groups are looking into harnessing the
infiltrative properties of macrophages by engineering CAR-
Macrophages (CAR-Ms). This therapy could be used to direct
phagocytic anti-tumor immunity against tumor antigen
expressing cells (e.g. human epidermal growth factor receptor
(HER2), mesothelin) or use alongside CAR T cell therapies to
improve T cell penetration into the sarcoma through ECM
breakdown (254, 255).

Given the rising interest in cellular therapy to treat
malignancies, targeting TAMs and their closely related MDSC
populations in the TME will become increasingly important.
Similar approaches to inhibiting TAMs in combination with
immunotherapy in development include use of bi- and tri-valent
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T cell engagers (BiTEs, TriTEs) to deplete CD206 and FRf
expressing TAMs, inhibition of CXCR2 alongside T cell
immunotherapy (e.g. nivolumab), or TAM repolarization (to
an M1 phenotype) using tyrosine kinase inhibitors (256)

Research on TAM-targeting CAR T cells, TAM repolarizing
agents or harnessing effector function of CAR-Ms is rapidly
evolving. Further work is required to study the potential use of
TAM inhibition in conjunction with immunotherapy in
sarcomas to further boost anti-tumor immunity.

CONCLUSIONS

It is evident there is remarkable growth in the field of
oncologic immunotherapy originating from overall improved
understanding of the interaction of cancer cells, TME, and
the host immune system. To enhance responses against
pediatric sarcomas, new immunotherapy targets and rational
combinations of existing immunotherapeutic agents are being
investigated. As one of the major components of the TME,
TAMs play an intricate role in the regulation of immune
suppression within the tumor microenvironment, augmenting
angiogenesis, and promoting tumor metastasis formation. All of
these are growing areas of research for potential targets in the
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Osteosarcoma is the most common primary bone malignancy in adolescents. Its high
propensity to metastasize is the leading cause for treatment failure and poor prognosis.
Although the research of osteosarcoma has greatly expanded in the past decades, the
knowledge and new therapy strategies targeting metastatic progression remain sparse. The
prognosis of patients with metastasis is still unsatisfactory. There is resonating urgency for a
thorough and deeper understanding of molecular mechanisms underlying osteosarcoma to
develop innovative therapies targeting metastasis. Toward the goal of elaborating the
characteristics and biological behavior of metastatic osteosarcoma, it is essential to
combine the diverse investigations that are performed at molecular, cellular, and animal
levels from basic research to clinical translation spanning chemical, physical sciences, and
biology. This review focuses on the metastatic process, regulatory networks involving key
molecules and signaling pathways, the role of microenvironment, osteoclast, angiogenesis,
metabolism, immunity, and noncoding RNAs in osteosarcoma metastasis. The aim of this
review is to provide an overview of current research advances, with the hope to discovery
druggable targets and promising therapy strategies for osteosarcoma metastasis and thus to
overcome this clinical impasse.

Keywords: osteosarcoma, metastasis, microenvironment, metabolism, noncoding RNAs

INTRODUCTION

Osteosarcoma (OS) is the most common primary malignant bone tumor in children and
adolescents and characterized by mesenchymal cells or osteogenic progenitor cells producing
osteoid and immature bone (1). The estimated incidence rate of OS is 2-4/million/year worldwide,
with first peak at age of 15-19 years (incidence: 8-11/million/year) and second minor peak at age
of >60 years (2, 3). OS most commonly occurs in the metaphysis of long extremity bone, such as
distal femur, proximal tibia, proximal femur, and proximal humerus, while it rarely arise in axial
skeleton and other sites. The 5-year survival rate has reached a plateau in OS patients with localized
disease ranging from 60%-70% since the introduction of systematic chemotherapy (4). However,
the survival rate of around 20% is still dismal in patients with metastasis (5-7). More importantly,
almost all patients are presumed to have subclinical micrometastatic lesions at diagnosis, whereas
only 15%-20% of newly diagnosed OS are successfully detected with metastasis (8-10).

The OS cells show a high propensity to disseminate to develop metastasis, which appears to be
the most important intrinsic factor for poor outcome of OS patients (5). OS can virtually metastasize
to any sites or organs, mostly to lungs and occasionally to bone or lymph nodes (6, 11). The
metastatic OS cells from the primary tumor undergo a series of critical steps to colonize and grow in
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the second site and finally progress into clinically detectable
lesions. The biological behavior of metastasis is quite different
from primary tumor with respect to cell cycle, differentiation,
karyotype, metabolism and surrounding microenvironment,
which is caused by differentially expressed genes, shift of
molecule profiles, and interaction with microenvironment (12,
13). In the last few decades, a lot of research has been carried out
to uncover potential mechanisms underlying OS metastasis and
has made encouraging progress. Under the unremitting efforts,
more and more biomarkers that are involved in metastasis and
prognosis have been discovered. Functional experiments in cells
and animal models further validate some remarkable genes and
signaling pathways as well as their regulatory patterns
responsible for metastasis (14-17). Based on these basic and
preclinical studies, many clinical trials have also been initiated to
identify novel therapeutic strategies against metastasis. Early
diagnosis of metastasis especially micrometastasis will
significantly innovate therapeutic modality and doubtlessly
improve the prognosis of patients.

In this review, we performed a thorough literature search on OS
metastasis and mainly discussed those studies that have been
validated in vivo. Our focus was primarily on the biological
behavior and underlying mechanisms of metastasis. We illustrated
the panorama of OS metastasis from various perspectives, such as
microenvironment, osteoclast, angiogenesis, metabolism, and
immunity. Also, the role of noncoding RNAs in OS metastasis
was also discussed, including microRNAs (miRNAs), long
noncoding RNAs (IncRNAs), and circular RNAs (circRNAs). The
aim of our study is to provide an overall insight into the cross-talk
regulatory network in metastasis and to identify core nodes as
potential targets for the development of novel therapies. Only
breakthroughs in the diagnosis and treatment of metastatic OS
can further improve the survival of patients.

PROCESS OF METASTASIS

The dissemination of cancer cells from the primary tumor to a
secondary site requires a set of multiple steps, and these
metastatic cells exhibit completely distinct characteristics from
primary tumor. The pulmonary metastasis process can be
divided into three stages, including escape of cancer cells from
primary tumor, transit within circulation system, and
colonization and establishment of metastatic lesions in lung.
Although a large number of tumor cells may gain the potential to
enter this metastatic cascade, there are only a few cells that can
survive to successfully form metastasis due to the limited
efficiency in each step of metastatic cascade (18, 19). Schematic
diagram of OS metastasis to the lung is shown in Figure 1.

Stage 1: Dissemination From the

Primary Tumor

At the first stage of metastasis, OS cells with an invasive phenotype
migrate away from primary tumor and then invade into
surrounding tissues. Such process of cancer invasion is critically
dependent on the destruction and degradation of basement
membrane and extracellular matrix (ECM), which is catalyzed

by pericellular and extracellular proteases, mainly by the matrix
metalloprotease (MMP) family. Remarkably, a series of studies
have suggested that many proteins and microRNAs can promote
OS metastasis via upregulating various MMPs, including MMP-9
(20, 21), MMP-13 (22, 23), membrane-associated MT1-MMP
(also called MMP14) (24), and MMP-16 (25). Cathepsin is
another proteolytic enzyme to be involved in OS metastasis (26).
Furthermore, some inhibitors targeting MMPs have been explored
to suppress OS aggressive behavior by blocking this stage, such as
tissue inhibitor of metalloproteinases (TIMPs) (27) and Nobiletin
(28). In addition, the interactions between tumor cells and
microenvironment such as endothelial cells (29) and
mesenchymal stem cells (MSCs) (30, 31) may promote
tumorigenicity, whereas interactions with primed dendritic cells
(32) and natural killer (NK) cells (33) have antitumor effects. For
instance, MSCs promote OS metastasis by the interaction of CCL5
from MSCs and SDF-1 from OS cells via autocrine/paracrine
communication (31). Tumor lysate-pulsed dendritic cells have
been studied in combination with other candidate strategies, such
as agonist antiglucocorticoid-induced tumor necrosis factor
receptor (anti-GITR) antibody (32), anti-cytotoxic T-lymphocyte
antigen-4 (anti-CTLA-4) antibody (33), and antitransforming
growth factor- (anti-TGF-B) antibody (34), to further improve
OS treatment via enhancing antitumor immunity. In addition, NK
cells can kill OS cells, including tumor-initiating cells, through the
interaction between natural killer group 2 member D (NKG2D)
receptor and its ligand (NKG2DL) (35). The significance of
osteoclast-mediated bone destruction and resorption has been
revealed throughout the OS development and progression (36).
Nevertheless, the exact role of osteoclast in OS metastasis remains
controversial and subject to further clarification. A more detailed
discussion would be presented in the subsequent part of
osteoclasts and metastasis in this review. Figure 1A depicts the
processes of OS cell invasion and migration at primary site.

Stage 2: Transit Within Circulation System

Firstly, OS cells need to intravasate into microvasculature such as
blood vasculature by crossing endothelial cells and basement
membrane and then travel within blood flow. The circulating
tumor cells arrest and eventually extravasate out from blood into
the target secondary organ. Several studies have investigated the
interactions between tumor cells and endothelia cells and
identified a few related molecules, including runt-related
transcription factor 2 (RUNX2), osteopontin (OPN),
urokinase-type plasminogen activator (uPAR), and formyl
peptide receptor type 1 (FPR1), all of which are further shown
to facilitate metastasis in vivo. In order to survive in blood
vessels, OS cells must acquire anoikis resistance property,
which is regulated by many genes (37) such as FASN and IDI.
Additionally, tumor cells also encounter with various physical
hemodynamic forces (e.g., fluid shear stress) during transit (38).
The time and intensity of circulating tumor cells exposure to
fluids will affect their fates either survival or apoptosis (39). The
development of bone adapts to mechanical load, suggesting that
OS cells might be sensitive to their surround physical stimuli (40,
41). Moreover, the changes in physical stimuli could not only
affect biological behaviors of OS cells but also influence their
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FIGURE 1 | Metastatic cascade of OS to the lung. (A) Stage 1: dissemination of metastatic OS cells from primary site. Cancer cells induce OB to secrete RNAKL,
which binds to OC, and lead to bone resorption. The increase of MMPs and cathepsins while decrease of TIMPs cause ECM degradation. Cancer cells secret SDF-
1 to recruit MSCs, which in turn promote tumor growth and metastasis by secreting CCL-5. NK cells kill cancer cell through the interaction between NKG2D
receptor and NKG2D ligands (NKG2DL). (B) Stage 2: transfer of OS cells in blood. The interaction between uPAR and FPR1 enhances invasion of cancer cell and
their entry into blood. RUNX2/OPN axis promotes adhesion of cancer cell to endothelia cell in lung. FASN and ID1 increase anoikis resistance in cancer cell by
upregulating p-ERK1/2 and Bcl-xL and by activating PISBK/AKT pathway, respectively. (C) Stage 3: colonization of OS cells in lung. The ER stress-initiated UPR
protects cancer cell from apoptosis by activating GRP78 and ATF6, as well as through NF-xB pathway. The mechanical restriction of circulating cancer cells within
lung microvasculature partly accounts for the propensity of lung metastasis. Tumor-secreted vesicles reach the lung in advance and direct cancer cell to transfer to
the lung. OS, osteosarcoma; OB, osteoblast; OC, osteoclast; RANK, receptor activator of NF-kB; RANKL, receptor activator of NF-xB ligand; MMPs, matrix
metalloproteinases; TIMPs, tissue inhibitor of metalloproteinases; ECM, extracellular matrix; SDF-1, stromal cell-derived factor-1; MSCs, mesenchymal stem cells;
CCL-5, C-C motif chemokine ligand 5; NKG2D, natural killer group 2 member D; uPAR, urokinase-type plasminogen activator; FPR1, formyl peptide receptor type 1;
RUNX2, runt-related transcription factor 2; OPN, osteopontin; FASN, fatty acid synthase; ID1, inhibitor of differentiation or DNA binding; ERK, extracellular signal-
regulated kinase; Bcl-xL, B-cell ymphoma-extra large; ER, endoplasmic reticulum; UPR, unfolded protein response; GRP78, glucose-regulated protein 78KD; ATF6,
activating transcription factor 6; IT-139, a novel small molecule that inhibit GRP78.
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response to chemotherapy and radiation therapy (42, 43). The
transfer of OS cells within vasculature is shown in Figure 1B.

Stage 3: Colonization and Establishment
of Metastasis in Lung

Under a poorly defined mechanism, the majority of circulating
tumor cells arrive and arrest in lung microvasculature and
subsequently extravasate into lung tissues, whereas only a
minority of tumor cells can survive and eventually generate
detectable metastasis (19, 44). Compared with primary site, the
microenvironment at the secondary site presents a lot of differences,
including oxygen tension, nutrition supply, and other
physiochemical features. Lung is a foreign microenvironment,
where tumor cells will undergo many challenges and face various
fates, including apoptosis or death (e.g., immune clearance),
dormancy, and proliferation into micrometastasis. In terms of
micrometastases, they also have several fates either entering into
angiogenic dormancy, or regression, or proliferation to form
vascularized macrometastatic lesions (45, 46).

A few studies have attempted to elucidate the potential
mechanisms by which OS cells conquer the selective pressures
to successfully survive and proliferate in lungs. The response of OS
cells to different stresses encountered in lungs is diverse.
Endoplasmic reticulum (ER) stress can alter environment in ER
lumen and disturb protein folding (47). The unfolded protein
response (UPR) and UPR-related signaling pathways are also
identified to dysregulated in OS (48, 49). Compared with low
metastatic counterparts, OS cells with high metastatic potential
express a higher level of ER chaperone protein HSPA5, whose
inhibition can reduce lung metastasis (50). The ER stress may even
partly account for the resistance of chemotherapy in OS (51).
Moreover, the mechanism remains poorly understood by which
OS cells preferentially metastasize to lungs. Based on current
research, the mechanical restriction of circulating tumor cells
within lung microvasculature might play a crucial role in lung
tropism (52, 53). Another possible explanation of lung tropism is
the notion of premetastatic niche (54). Extracellular vesicles,
specifically exosomes released from cancer and stromal cells
provide a favorable scenario for initiating organ-directed
metastasis in several cancers, including melanoma (55), gastric
cancer (56), pancreatic cancer (57), and cervical squamous cell
carcinoma (58). A few reviews have discussed the role of exosomes
in metastatic organotropism (59, 60), among which one
publication focused on bone sarcomas (61). Moreover, Hoshino
et al. revealed that tumor-derived exosomes could be uptaken by
organ-specific cells to prepare the premetastatic niche, which is
mediated by different exosomal integrins depending on the
metastatic organs (62). Although their results were mainly from
breast cancer, they also profiled the proteome of OS-derived
exosome. Recently, several research groups have demonstrated
that OS-derived exosomes enhance OS lung metastasis and some
circulating plasma exosomal biomarkers are detected to be
dysregulated in metastatic OS (63-66). Another study further
confirmed the preferential seeding of OS-secreted EVs in lung
tissue by fluorescence microscopy with lifetime imaging in vivo
(67). Thus, we speculate that exosomes derived from metastatic
OS cells may preferentially retain in lung to create a premetastatic

niche by interacting with resident cells, and thus attract OS cells to
migrate to lung and support their survival. More studies are
needed to investigate the biodistribution of OS-secreted
exosomes and whether molecules within exosomes direct OS
cells to lung. A brief description of OS lung metastasis is
presented in Figure 1C.

MOLECULAR MECHANISMS
AND PROMISING TARGETS

As mentioned above, each step of metastatic cascade is rate
limited and therefore the key nodes in these steps can serve as
potential targets for drug design. Some druggable targets have
been summarized in other reviews based on which step the drug
acts on (13, 68). Considering the clinical scenario that the
majority of patients already have micrometastasis, novel
therapy focusing on the later step of metastasis may be more
effective. Herein, we provide an overview of biology behavior and
regulatory networks of metastasis from various perspectives and
summarize current research advances and explore potential
targets. The data are extracted from articles, where the results
have been validated in animal experiments. Based on the
relevance and similarity among these data, we list the core
genes and involved signaling pathways or events in Table 1.
These genes serve as nodes to weave a biological regulatory
network of OS metastasis through related pathways, which will
continue to be extended and improved with further research.
Promising therapy targeting such hub genes or pathways may
open a new avenue to treat OS metastasis.

Microenvironment and Metastasis

Bone is a type of connective tissue with complex components,
including various cells, soluble factors, and extracellular matrix
(ECM). These components interact and influence with each
other, by which the bone tissue maintains homeostasis in
physiological conditions. The appropriate balance between
bone formation and destruction determines normal structure
of bone. Indeed, OS occurrence and metastatic initiation arise in
such a complex bone environment. Additionally, metastatic cells
also interact with surrounding microenvironment in each step of
metastatic process, primarily in lung. Therefore, study on the
interactions between microenvironment and metastatic cells will
expand our understanding of OS biology. Increasing evidence
has indicated that metastatic cells elicit and receive signals to and
from microenvironment, which lead to metastasis inhibition or
promotion. Figure 2 provides a brief overview of the interactions
between metastatic OS cells and microenvironment.

TP63 is a member of the well-known tumor suppressor gene
p53 family, and its splice variant ANTP63 is characterized by the
lack of N-terminal transactivation domain. Bid and colleagues
have shown that ANTP63 overexpression in OS cells increases
phosphorylation of signal transducer and activator of
transcription 3 (STAT3) by enhancing interleukin-6 (IL-6) and
interleukin-8 (IL-8) secretion (123). In addition, phosphorylation
of STATS3 can stabilize hypoxia-inducible factor 1-alpha (HIF1-o)
and induce vascular endothelial growth factor (VEGF) secretion.
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TABLE 1 | Summary of genes and signaling pathways involved in osteosarcoma metastasis.

Author Target gene Pro/ Downstream pathways or Author Target Pro/anti Downstream pathways or events
anti events gene
Renetal. (69) EZR Pro Lactate production, oxygen Han et al. (70) VEGF Pro Meta-analysis
consumptiont
Khanna et al. EZR Pro MAPK? Jiaetal (71) VEGF Pro Angiogenesist
(16)
Wan et al. (72) ITGB4 Pro Ezrint Gao et al. (73) VEGF Pro Angiogenesis?t
Renetal (74) PRKC Pro Ezrin Broadhead  PEDF Anti Angiogenesis|
et al. (75)

Lafleur et al. FAS Anti - Eketal (77) PEDF Anti Angiogenesis|
(76)
Gordon et al. FAS/FASLG Anti - Eketal (79) PEDF Anti ALP, pro-a1 collagen, osteocalcint
(78)
Dhupkar et al. ~ PDCD1 Pro M2 macrophages, STAT-3/ Ek etal. (81) PEDF Anti VEGF|
(80) ERK1/21
Lussier et al. PDCD1/CD274 Pro T-Cell immunity| Tang et al. CDH4 Pro c-Jun/UNK?t
82 83
Gvozdenovic CD44 Pro Hyaluronic acid?t Dass et al. JUN Pro Caspase-1/2/8]
et al. (84) (85)
Gvozdenovic CD44 Anti Merlint Dass et al. JUN Pro Chemosensitivity to doxorubicin
et al. (86) 87)
Xu et al. (88) CD47 Pro - Dassetal. JUN Pro Caspase-1/2/8]

(89)
Manara et al. CD99 Anti Caveolin-1t1 ¢c-Src| Sabile etal. CCNT7 Pro -
(90) @1
Adhikarietal.  CD117 Pro  CXCR41 Habel etal.  CCNT7 Pro VEGF, FGF2, PECAM, Ang, MMP-21 TSP-
92) 93) 1, SPARC|
He et al. (94) CD133, CD44 Pro - Habel etal.  CCNT7 Pro IGF1/IGF1RB, EMT?

(95)
Zhang et al. CD151 Pro  GSK-3B/B-catenin/MMP-91 Tuetal (97) IL6 Pro STAT3, PCNAt
(96)
Kularatne et al. CXCR4 Pro - Zhangetal. IL6 Pro JAK/STATS, MAPK/ERK1/21
(98) (99)
Neklyudova cxcLi12 Pro  CXCR41 Itoh et al. TET2 Pro IL-6, MEK/ERK1/2/HIF-10, ICAM-11
et al. (100) (101)
Dang et al. CXCL5/CXCR2 Pro - Wang etal. IL17A/ Pro VEGF, MMP-9, CXCR4, STAT31
(102) (103) IL17RA
Duetal (104) IL8 Pro CXCR1/AKT?T Ségaliny et al.  1L34 Pro Angiogenesis, M2 macrophages?t

(105)
Brennecke CXCR4/CXCL12 Pro AKT, ERK?t Akiyama et al. RANK-Fc Anti RANK/RANKL, ERK] anoikist
et al. (106) (107)
Zhang et al. VEGF Pro CXCR41 Akiyama et al. RANK-Fc Anti RANKL, TRAP, osteoclasts|
(108) (109)
Surmenian CXCR7/CXCL12 Pro - Lamoureux  RANK-Fc Anti RANK; osteolysis|
etal. (110) etal (111)
Nigris et al. YY1 Pro  VEGF/CXCR41 Picarda et al. TNFSF10 Anti Osteolysis| caspase-81
(112) (113)
Gozo et al. FOXc2 Pro CXCR41 Cao et al. SP7 Anti Osteolysis|
(114) (115)
Brennecke CXCR7 Pro  CXCL12/CXCR4 Lamora etal. SMAD7 Anti TGF-B/Smad, TRRI, RANKL]
etal. (116) (117)
Perissinotto CXCR4/CXCL12 Pro MMP-9t Munoz et al.  ACP5 Anti Osteoclastst
etal. (118) (119)
Li et al. (120) DNMT1 Pro  CXCL12/CXCR4, cytotoxic T- Callejaetal. ANTP63cc  Pro miR-527/665/198] SMAD4, TBRII

cell homingl (54) (TGFBR2), KSRP (KHSRP)t
Kimura et al. ITGB1 Pro - Gross etal.  ANTPG63 Pro IL-6, CXCL81
97) (121)
Gvozdenovic TG Pro Anoikis| Hippo pathwayt Bid et al. (123) ANTP63 Pro IL-6/8, STAT-3, HIF-1a, VEGFT
etal. (122)
Liet al. (124) NFKB Pro B1 integrint Lietal (125) EDNRA Pro MMP-21
Pourebrahim TP53 Anti Ets2, snoRNAs| Zhang etal. SALL4 Pro Wnt/B-catenint
et al. (126) (127)
Zhang et al. TP53 Anti ONZIN/CXCL5/MAPK/ERK| Yong etal. LDOCT Anti Wntbal
(128) (129)
(Continued)
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TABLE 1 | Continued

Author Target gene Pro/ Downstream pathways or Author Target Pro/anti Downstream pathways or events
anti events gene
Luther et al. IGFBP5 Anti  C-terminal domain Wang etal. MNATT Pro AKT11
(130) (131)
Suetal (132) IGFBP5 Anti - Zengetal. ATF4 Pro MTA1/HDAC11
(133)
Wang et al. EFEMP1 Pro  Wnt/B-catenin, EMTt Luetal (135) IRX1 Pro CXCL14/NF-xB1
(134)
Zhang et al. EFEMP1 Pro PIBK/AKT/mTOR, EMT? Manara et al. ALP Anti MMP-9|
(136) (137)
Zhang et al. S100A4 Pro MMP-91 Lietal (139) BTG2 Anti PIBK/AKT
(138)
Fujwaraetal.  S700A4 Pro - Chenetal. SLC25A22 Pro AKT/FAKt PTENJ
(140) (141)
Qinetal. (142)  TRIM2 Pro  PIBK/PKB? Chienetal. NAAT0 Pro MMP-21
(143)
Chen et al. TRIM6E6 Pro  TGF-B, EMT? Lietal (145) CDKN1B Pro -
(144)
Cao et al. (146) WSBT1 Pro Rac1t RhoGDI2] Munoz etal. PLAU Pro uPAR?T
(147)
Fukaya et al. PISK/AKT Pro MMP-2/91 Shi et al. (149) CRYAB Pro ERK, MMP-9t
(148)
Liuetal (150) AREG Pro ICAM-11 Lvetal (1561) EzH2 Pro H3K27me31 TSSC3|
Guo et al. (152) TGFBI Pro o2B1 integrin, PIBK/AKT? Zhang et al. USP22 Pro PISK/AKT, EMT?1
(128)
Baglio et al. TGFB Pro IL-6, STAT31 Ren et al. MIG7 Pro Vasculogenic mimicryt
(153) (154)
Liuetal (155) BMI1 Pro NF-kB, MMP-91 Han et al. DNMT3A Pro APCDD1| Wnt/B-catenin, EMT?
(156)
Naggar et al. HACET Anti RAC1, ROS| Yue et al. MAPK7 Pro Slug/MMP-91
(157) (158)
Sunetal. (159) ACTL6A Pro EMT?T Contaldo et al. IRS1 Pro -
(160)
Zhao et al. SLC16A1 Pro NF-xB1t Levings etal. POUS5F1 Pro -
(161) (162)
Wang et al. MTDH Pro  NF-xB/EFEMP1/MMP-21 Arlt et al. (164) FSCNT Pro MMP-91
(163)
Zandueta et al. MGP Pro MMPs, TGF-B/Smad2/31 Long et al. ALDOA Pro MMP-21
(165) (166)
Xuetal (167)  CEP55 Pro AKT, CCND1, FN11 Ma et al. (168) UBD Pro HOXB91
Ren et al. (169) PHLDAT Pro ERK1/2, JNK, p381 Niinaka et al.  AMF/GPI Pro vimentin, EMTt E-cadherin]
(170)
Shintani et al. DCN Anti - Tsuruetal. HEY? Pro MMP-91
(303) (20)
Yuetal (171)  MED19 Pro  Cyclin D1/B1, Ki67, PCNA?T Zhang et al.  P2RX7 Pro PISK/AKT/GSK3p/B-catenin, mTOR/HIF1 o/
caspase-3, PARP| (172) VEGF?
Hou et al. (173) CCNZ2 Pro integrin/FAK/PI3K/AKT/NF-xB, Zhao et al. SPARCL1 Anti LRP5/6/Wnt/B-catenin, FZDRs, CXCL5,
VCAM-1, avB31 (174) macrophagest
McManus et al. HES4 Pro - Dai et al. (176) RANBP9- Anti AKT] anoikist
(175) PHLDA2
Zhang et al. NOTCH Pro HES11 Brun et al. FHL2 Pro Wnt/B-catenint
(177) (178)
Hughes et al. NOTCH Pro Hes1t Weekes et al. Fos/AP-1 Pro FGFR1, MAPK, FRS20.t
(179) (70)
Cheng et al. CUL1 Pro MMP-91 Zhang etal.  SKP2 Pro -
(180) (181)
Morrow et al. Metastatic variant Pro BET, AP-1, coagulation factor lll/ Zhang etal. ~ SIRTT Pro -
(182) enhancer loci tissue factor (F3)1 (183)
Zhang et al. COPS3 Pro Raf-1, Beclin1, MEK/ERK, RSK,  Lvetal. (185) PHLDA2 Anti Wnt/B-catenin/Snail/TCF-4, CD44, MMP-7,
(184) EMT, LC3-l /lit LRP5, EMT] GSK-3B1
Techavichit SFRP2 Pro - Zhao et al. PHLDA2 Anti Src/PIBK/AKT/mTOR|
et al. (186) (187) ATG5, autophagy?t
Maetal. (188) CLU Anti  Chemoresistance] Jinetal (189) PRKDC Pro CyclinD1, PCNA, Bcl-21 Bax|

(Continued)
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TABLE 1 | Continued

Author Target gene Pro/ Downstream pathways or Author Target Pro/anti Downstream pathways or events
anti events gene

Hou et al. (190) TGFA/EGFR Pro PIBK/AKT/NF-KB, ICAM-11 Tiekenetal. F3 Pro IL-8, CXCL-1, SNAIL, MMP-21
(191)

Chang et al. SPON1 Pro Fak, Src, MMP-91 Yuetal. (193) MAD2 Pro -

(192)

Naggar et al. YBX1 Pro HIFt ot Rubinetal.  WIF1 Anti Wnt|

(194) (195)

Huetal. (196)  IDH1 Anti - Cantiani et al. CAV1 Anti c-Src, MET]
(197)

Sévere et al. CBL Anti  RTK, EGFR, PDGFRo

(198)

Studies using animal models of osteosarcoma metastasis are included.
Pro, the target gene promotes metastasis; anti, the target gene inhibits metastasis; “1” upregulation; “|” downregulation.
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FIGURE 2 | Schematic representation of signaling pathways within microenvironment underlying OS metastasis. Aberrant overexpression of ANp63 in cancer cell
directly drives feed-forward amplification of IL-6 and IL-8 production by the interactions between cancer cell and both primary bronchial epithelial cell and bronchial
smooth muscle cell. ANpB3 overexpression leads to elevated phosphorylation of STAT-3, which further activates HIF-10/VEGF axis. High expression of ANp63
promotes cancer cell survival by inhibiting Bcl-2 and p73-depedent apoptosis. In addition, ANp63 represses miR-527 and miR-665, leading to the upregulation of
two TGF-B effectors, Smad4 and TBRIl, which inhibits anti-metastasis miR-198 by suppressing its regulatory factor, KSRP. FGF signaling initiates and FN signaling
sustains fibrotic reprogramming. Nintedanib targets the pan FGFR-FN axis to inhibit OS lung metastasis. Fas-negative OS cells are selected during metastasis by
evading elimination in lung where Fas ligand (FasL) is constitutively expressed. Gemcitabine appears to be a promising agent by upregulating Fas expression. EVs
secreted by OS cells selectively incorporate a membrane-associated form of TGF-B and induce IL-6 production by MSCs, which in turn promotes OS progression.
IL-6, interleukin-6; IL-8, interleukin-8; STAT-3, signal transducer and activator of transcription 3; HIF-1a, hypoxia-inducible factor 1o; VEGF, vascular endothelial
growth factor; TGF-B, tumor growth factor B; FGF, fibroblast growth factor; FN, fibronectin; EVs, extracellular vesicle.

Combined with clinical data, these results reveal a prometastatic =~ (TGFf)-rich microenvironment by upregulation of Smad4 and
role of ANTP63 in OS. Furthermore, the suppression of above  TPRII via suppressing miRNA-527/665 (120). In addition, TGF-f3
cytokine/chemokine signaling pathways can reduce OS metastasis. ~ expression on the surface of extracellular vesicles (EVs), derived
In a mouse model, the inhibitions of IL-6 and C-X-C motif = from OS cells, can induce the IL-6 secretion from mesenchymal
chemokine 8 (CXCLS8, also called IL-8) significantly prolong stem cells (MSCs), which in turn facilitated proliferation of
survival by decreasing their deaths from metastasis (121).  metastatic cells by activating STAT3. The administration of anti-
Moreover, the combination of inhibitors against IL-6 and  IL-6 antibody disturbs this cross-talk signaling to reduce
CXCLS8 achieves an intensive antimetastatic efficiency whereas  metastasis in mice (153). A research group recently has reported
each inhibitor alone only shows a modest effect. Another  that myofibroblastic reprogramming of OS cells contribute to the
laboratory has reported that the metastatic OS cells expressing  formation of lung metastasis. This fibrotic reprogramming could
ANTP63¢c disseminate in a transforming growth factor beta  be initiated by the activation of fibroblast growth factor (FGF)
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signaling and sustained by the resultant fibronectin (FN)
deposition. They also demonstrated the efficacy of nintedanib in
disrupting lung metastasis, but not in primary bone lesion, by
blocking fibrotic reprogramming through inhibiting pan FGFR-
FN axis (199).

Kleinerman and colleagues have indicated a noteworthy
connection between OS cells and resident cells within lung,
that is, the metastatic cells expressing Fas will be eliminated by
binding to ligand (FasL), which is consistently expressed in lung
(76). Under such selective pressure, only those Fas-negative OS
cells or cells with nonfunctional Fas signaling can evade this
defense mechanism and survive in lung (200). Thus, it is feasible
to find agents that can induce Fas expression on OS cells as an
alternative therapeutic approach against lung metastasis. This
research group has identified two agents, chemotherapeutic
agent gemcitabine and histone deacetylase inhibitor entinostat,
both of which induce the regression of lung metastasis in wild-
type mice by upregulating Fas expression (201, 202). However,
such therapeutic efficacy was not observed in FasL-deficient mice
since a FasL+ lung microenvironment is a prerequisite for this
treatment (78, 203, 204). Moreover, another study confirmed this
result again in a canine model with lung metastasis (205). These
findings suggest that incorporating lung microenvironment as
part of the therapy strategy may benefit patients with established
lung metastasis. As an important factor in microenvironment,
EVs like tumor-derived exosomes contain various components
(e.g., proteins and nucleic acids) and play an essential role in
intercellular communication and metastatic progression in a
variety of cancers (206). Notably, the expression profiles of
EVs from OS samples with low metastatic potential are
significantly distinguished from that in high metastatic
potential samples by transcriptome analysis (207). A study
further indicated that culture medium supplemented with
exosomes would change secretome of OS cells and affect their
aggressive properties (208). Interestingly, proteomic analysis of the
EVs derived from highly metastatic OS cells shows the enrichment
of metastasis-related proteins. The EVs from highly metastatic
clonal variants of OS can even be internalized into low metastatic
cells and thereby endow them with metastatic ability through
horizontal phenotypic transfer (67). Also, an in vivo metastatic
model further confirmed the potential of OS-derived EVs to
promote metastasis (65). The exosomes released by OS cells,
carrying programmed death-ligand 1 (PD-L1) and N-cadherin,
could also stimulate pulmonary metastasis (63), and a recent
study found that the plasma exosomal sentrin SUMO-specific
protease 1 (SENP1) level is closely related to pulmonary
metastasis in OS patients (66). As such, OS cells preferentially
migrate and localize to lung directed by the EV's they have secreted,
which may partly account for lung tropism of metastasis. The role of
cancer-derived exosomes in cancer development and progression
was systematically discussed in a review by Kok et al., mainly
elaborating on the trafficking of enriched genetic signals carried by
exosomal cargo in fostering cancer progression in several tumor
types, including OS (209). In addition to exosomes derived from the
tumor itself, exosomes from other cells such as bone marrow
mesenchymal stem cells (210), adipose-derived mesenchymal

stem cells (211) and tumor-associated macrophages can also affect
metastasis of osteosarcoma (212, 213). OS cells and non-OS cells in
tumor microenvironment could influence themselves or each other
by releasing EVs through autocrine/paracrine pathways, shaping
tumor microenvironment, modulating cell biological behaviors,
especially the aggressiveness of OS cells. The secreted CXCLs
within microenvironment selectively recruit different types of cells
through binding to their transmembrane receptors. Tumor cells and
leukocytes expressing CXCRs migrate following CXCL gradient
(214). The CXCL/CXCR axis plays an essential role in leukocyte
trafficking, immune homeostasis maintenance like T-cell homing,
directional migration of tumor cells. It is well documented that the
binding of CXCL12 (also known as SDF-1) to its receptor like
CXCR4 or CXCR7 remarkably promotes tumor progression
including OS (100, 118, 215). In primary bone site, OS
epigenetically downregulates CXCL12 expression by DNMT1,
impairs cytotoxic T-cell homing to the tumor site and this
chemokine gradient of CXCL12 drives the metastasis of OS cells
to the lung (Figure 3A), where CXCL12 is highly expressed. The
constitutive expression of CXCL12 in lung may largely determine
lung as the main site of OS metastasis (Figure 3B). In addition to
CXCR4, CXCR?7 is another receptor for CXCL12 and also
participate in OS lung metastasis (110). The coexpression of
CXCR7 and CXCR4 on OS cells could enhance their metastatic
ability, since a chemokine gradient of CXCL12 between bone and
lung is produced through CXCR7-mediated CXCL12 scavenging in
primary bone site (116).Moreover, osteoprotegerin could induce
SDEF-1 secretion from endothelial cells, which further promotes OS
development by increasing neovascularization via SDF-1/CXCR4
axis (216). Nigris et al. indicated that transcriptional repressor Yin
Yang 1 protein (YY1) enhances metastatic potential of OS cells by
activating VEGF/CXCR4 axis (112). Another study also suggested
that VEGF secreted from MSCs promotes CXCR4-mediated
metastasis (108). In addition, IL-8 produced by MSCs increases
anoikis resistance and metastasis of OS cells by regulating CXCR1/
Akt signaling pathway (104). Gozo and colleagues has
demonstrated that forkhead box protein C2 (FOXC2) maintains
OS cells in a stem-like state and promotes metastasis by increasing
CXCR4 (114). More importantly, the inhibition of CXCR4 by its
antibody (98, 106) or inhibitor (like AMD300) (217) can
successfully reduce metastasis. Due to the prominent role of
CXCL/CXCR axis in metastasis and its close association with
angiogenesis, anoikis, and immune response, novel therapy
targeting this axis might be promising for treating metastasis.

Osteoclasts and Metastasis

The progression of bone tumor leads to osteolysis (218), which in
turn promotes the dissemination of tumor cells and thus forms
by a vicious cycle. Breaking this vicious cycle between osteoclasts
and tumor cells may be one of the promising ways to treat OS
metastasis. Several studies have used RANK-Fc to perturb
TNFRSF11A/TNFSF11 (also called RANK/RANKL) axis and
successfully reduced metastasis by inducing anoikis and
apoptosis of OS cells (107, 109, 111). In addition, other agents
that can restrict bone resorption are also expected to become
potential candidates to inhibit metastasis, such as inhibitors
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Osteoclast

against transcription factor Sp7, TNFSF10 and TGF-B/Smad
signaling. Anti-osteoclast drug like zoledronic acid could be
synergistically used to enhance the therapy efficacy for OS
progression (219). One publication has discussed the prospects
of novel therapeutic strategy targeting osteoclast activity for OS
(220). However, Munoz et al. suggested the tendency of mutual
restrain between metastatic OS cells and osteoclasts and that
metastasis-competent OS cells induce the loss of ACP5+
osteoclasts, which in turn facilitate metastasis (119). Notably,
EVs derived from OS could suppress osteoclastogenesis and
further enhance its metastasis (65). An in vitro study was
performed to directly explore the reciprocal modulation
between OS and osteoclastic cells by a co-culture system (221).
More studies are needed to further clarify the exact role of
osteoclast in OS metastasis. The interaction between osteoclasts
and OS cells was displayed in Figure 3C.

Angiogenesis and Metastasis

Angiogenesis is an essential component for tumor growth and
progression by supplying adequate blood and nutrients (75, 222).
Additionally, these new blood vessels provide the principal route
by which cancer cells exit the primary site and enter circulation
(223). Angiogenesis is also required for tumor colonization at the
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FIGURE 3 | The role of osteoclast and CXCR/CXCL axis in OS metastasis. (A) Highly expressed CXCL12. The CXCR4/CXCL12 (SDF-1) interaction is critical for OS
metastasis in the lung, which is further strengthened by MSC via secreting VEGF. MSC-derived IL-8 induces OS cell anoikis resistance by activating CXCR1/Akt
signaling. Another receptor CXCR7 expressed on OS cells promotes lung metastasis and enhances the malignancy activity of CXCR4. (B) RANK-Fc binds to RANK
as a potent RANKL antagonist to inhibit osteoclast formation and activity, which can reduce OS metastasis, partly by suppressing ERK. Controversially, metastasis-
competent OS cells induce loss of ACP5" osteoclasts, which in turn enhances metastasis. Herein, we used dotted lines to indicate this contradiction. VEGF exhibits
prometastatic effects on OS cells while PEDF shows the opposite by regulating angiogenesis. (C) In primary bone site, OS epigenetically downregulates CXCL12
expression by DNMT1, impairs cytotoxic T-cell homing to the tumor site, and this chemokine gradient of CXCL12 drives the metastasis of OS cells to the lung.
ACP5/TRAP, osteoclast-specific tartrate-resistant acid phosphatase 5; PEDF, pigment epithelium-derived factor; YY1, Yin Yang 1 protein; CXCL12, C-X-C motif
chemokine 12; DNMT1, DNA methyltransferase 1; CXCR4, chemokine receptor 4; AMD3100, CXCR4 antagonist.

site of metastasis. In OS metastasis, intensive investigation has
explored the role of angiogenesis and interaction between
proangiogenic and antiangiogenic factors, in order to develop
potential optimum targets for antiangiogenic therapy
(Figure 3A). A meta-analysis including nine articles revealed
that VEGF is positively associated with tumor metastasis and a
higher tumor grade (70). Two publications also suggested that
angiopoietin-like protein 2 and YY1 accelerate metastasis via
VEGF-mediated angiogenesis (112, 224). Furthermore, VEGF
knockdown (73) restricts OS metastasis. Also, the blockade of
VEGF receptor 2 (VEGFR2) by anlotinib, a tyrosine kinase
inhibitor, results in metastasis suppression in a preclinical
study (225). In contrast to VEGF-related angiogenesis, pigment
epithelium-derived factor (PEDF) or PEDF-derived synthetic
peptides both exhibited antimetastasis activity by inhibiting
angiogenesis (77, 79, 81, 226). Antiangiogenesis therapy seems
to be an appealing and attractive alternative strategy to manage
OS metastasis. However, the safety and efficacy of antiangiogenic
therapy has not been confirmed in clinical trials, more work is
needed to achieve clinical transformation of this treatment.
Current research progress and application limitation in
antiangiogenesis therapy for OS can refer to other reviews
(227, 228).
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Metabolism and Metastasis

The metabolic program of primary tumor cells is quite different
from that of metastatic cells in many ways such as nutritional
availability, energy demand, oxygenation level, metabolites, and
metabolic pathways, all of which participate in tumor metastasis
(229). An advanced metabolomics has shed light on the study of
biochemical status and reprogrammed metabolism during
metastasis. Metabolomics covers a wide range of metabolites,
mainly including sugars, amino acids, and fatty acids. Giang et al.
have observed the Warburg effect in several human OS cell lines
(230), a common phenomenon of aerobic glycolysis in cancer
cells that means pyruvate is transformed into lactic acid even in
the presence of oxygen (231). Further study in mice by Hua and
colleagues found the dynamic metabolic reprogramming
throughout tumor occurrence and progression (232). They
identified a number of differentially expressed metabolic
biomarkers in serum prior and postmetastasis. Their results
suggested the metabolic reprogramming in OS metastasis,
characterized by lowered carbohydrate and amino acid
metabolism, while an elevated lipid metabolism. Moreover, the
serum metabolic profile of lung metastasis is distinct from that of
primary tumor. Mice developing lung metastasis have a higher
level of lipid metabolites in serum compared with mice without
metastasis (232). Consistently, a global analysis of lipidomic
reveals the alteration of lipid profiles in metastatic OS cells
(233). Previous studies using synvinolin (inhibitor of de novo
cholesterol synthesis) observed metastasis reduction, which
further supported a critical role of lipid metabolism in tumor
metastasis (234, 235). The inositol pathway is significantly
downregulated in highly metastatic OS cells (236). Functional
study both in ex vivo lung culture and in vivo mouse model has
indicated that the administration of inositol hexaphosphate,
which will be converted to inositol once entering cells, can
reduce lung metastasis by suppressing MAPK and PI3K
signaling pathways.

HIF1-0. expression is positively associated with metastasis
while negatively with survival. Naggar et al. has shown that Y-
box-binding protein 1 (YB-1) facilitates metastasis by direct
translational activation of epithelial-to-mesenchymal transition
(EMT) and HIF1-a, which then induces CXCR4 expression
(194). Functionally, HIF1-o. enhances invasion of OS cells in
hypoxia via increasing VEGF-A (237). Another pathway, HIF1-
0/CXCR4 is also proven to facilitate metastasis in vitro and in
vivo (238). Additionally, HIF-1o binds to AP-1-binding motif
within Cyr61 (also called CCN1) promoter and induces Cyr61
expression, which plays a prometastatic role in human
melanoma cells under hypoxia (239). Hypoxia is one of the
prominent features of many malignant tumors and also provides
an opportunity to develop agents that target hypoxic region. For
instance, hypoxia-activated prodrug TH-302 can reduce OS
metastasis as a single agent or in combination with
chemotherapy (240). The high expression of Cyr61 indicates
poor survival in OS patients (91) and promotes metastasis via
activating PI-3K/Akt/GSK3PB, IGF1/IGFR signaling pathways,
facilitating angiogenesis characterized by an increase in VEGEF,
FGF2, PECAM, and a decrease in TSP-1 and SPARC (93) and

promoting EMT-like process (95). Of note, WW domain
containing oxidoreductase (WWOX) as tumor suppressor has
been revealed to maintain mitochondrial respiration and
attenuate Warburg effect by inhibiting HIF1-o (241) and c-Jun
(242) by physical interaction with them. Recently, a research
group further found that WWOX inhibits OS metastasis in vitro
and in vivo through downregulation of RUNX2 (243). The
suppression of c-Jun activity can inhibit metastasis by increasing
apoptosis (85, 89) and chemosensitivity in OS cells (87). Tang and
colleagues demonstrated that cadherin-4 (CDH4) overexpression
would activate c-Jun via the JNK pathway (83). In addition to c-
Jun, proteins from several families like c-Fos, ATF, and MAF, can
form transcriptional complex AP-1, and their activation may be
one of the mechanisms underlying metastasis (244). Leaner et al.
have shown a higher activity of AP-1 in highly metastatic OS cells,
compared with low metastatic counterparts (245). In terms of OS,
AP-1 promotes metastasis by upregulating podoplanin and TGF-f3
(246). Another study also reported that FGFRI1 silence, a
downstream target of c-Fos/AP-1 complex, could significantly
reduce lung metastasis (247). The growth and progression of
malignant tumors largely rely on glycolysis for energy, resulting
in an acidic tumor microenvironment, which may in turn affect
the biological behaviors of tumor cells. Several studies have
investigated how OS cells adapt to acidic microenvironment.
Brief exposure of OS cells to acidic condition results in cell
death, whereas prolonged exposure reverses cell death, and even
fosters tumor invasiveness (40). The adaption of OS cells to
acidosis leads to a metabolic reprogramming with epigenetic
stability (248). The underlying mechanism has been further
explored, by which acid microenvironment activates a stress-
regulated switch to support cell survive. Studies found that cIAP
proteins and NF-kB pathway are activated in OS cells in response
to acid tumor microenvironment (249, 250). Metabolism-related
regulatory networks are shown in Figure 4.

As mentioned above, redox stress is a metabolic challenge in
lung microenvironment for tumor cells. Studies shown that the
excess reactive oxidative species (251, 252) and reactive nitrogen
species (253, 254), both impair mitochondrial function. In order
to overcome such oxidative pressures, metastatic OS cells trigger
their antioxidant response by upregulating redox-related
enzymes or glutathione-related metabolic pathways (255, 256).
However, the previous mentioned study by Hua et al. reported
the contradictory result that glutathione pathway is suppressed at
the metastasis phase (232). More studies are urgently needed to
further elucidate the exact role of metabolism especially glucose
metabolism in tumor cells during dynamic metastatic process.
Thereby, the exploration of metabolism reprogramming and
metabolic vulnerability may provide novel targets for
treating metastasis.

Immunity and Metastasis

It is well known that immune system both innate and adaptive
immunity plays a key role in tumorigenesis and progression, and
even to a large extent determines the fate of tumor cells. With the
advance in basic and preclinical research, increasing immune-
based therapies are being approved for clinical use in various
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FIGURE 4 | Metabolic reprogramming during OS metastasis. MPT promotes Warburg effect in OS cells by suppressing mitochondrial function. The serum metabolic
profile of lung metastasis shows lowered carbohydrate and amino acid metabolism but an elevated lipid metabolism. YB-1 contributes to metastasis by translational
activation of EMT and HIF-1a, which then induces CXCR4 expression. Cyr61 enhances the metastatic potential of OS cells through multiple signaling pathways,
including PI-3K/Akt/GSK3p, IGF1/IGFR, and angiogenesis-associated signaling (increased VEGF, FGF2, PECAM and reduced TSP-1, SPARC). WWOX maintains
mitochondrial respiration and inhibits Warburg effect by physical interaction with HIF-10.. WWOX also suppresses c-Jun activity by physical association while CDH4
overexpression activates c-Jun via the JNK pathway. AP-1 is a transcriptional complex, mainly composed of c-Jun and c-Fos, which promotes metastatic potential
by upregulating several downstream effectors, including FGFR1, podoplanin, and TGFp. The dotted lines indicate the mechanistic study is performed in melanoma
cells, that is, HIF-1a. interacts with AP-1, which then binds to AP-1-binding motif within the Cyr61 promoter and induces Cyr61 expression. MPT, mitochondrial
permeability transition; YB-1, Y-box binding protein 1; EMT, epithelial-to-mesenchymal transition; Cyr61, cysteine-rich protein 61; IGF-1, insulin-like growth factor 1;
FGF2, fibroblast growth factor 2; PECAM, platelet endothelial cell adhesion molecule; TSP-1, thrombospondin-1; SPARC, secreted protein acidic and rich in cysteine;
WWOX, WW domain-containing oxidoreductase; CDH4, cadherin-4; AP-1, activating protein-1; FGFR1, fibroblast growth factor receptor 1.

cancers, which yield encouraging outcomes in those patients who
are resistant to conventional treatment. Nevertheless, the
application of immunotherapy in metastatic OS is far from
satisfactory to date. Recently, a series of studies identified several
immune cells, including innate immunocytes (e.g., macrophages
and dendritic cells) (257-259) and adaptive immunocytes (e.g., T
lymphocytes) (260), all of which putatively participate in immune
response during OS metastatic progression (Figure 5). The
number, function, state of immune cells, and their interactions
with each other collectively determine whether they promote or
inhibit metastasis. Researchers have also recognized some
immunocytes as diagnostic or prognostic biomarkers. For
instance, the increase of M2-polarized tumor-associated
macrophages (TAMs) maintains OS stemness and metastatic
property (261). In addition, TAMs activated by mifamurtide
(262) or M2-type macrophages suppressed by all-trans retinoic
acid (ATRA) (263, 264) both can inhibit tumorigenicity and
progression of OS cells. However, the inconsistent results among
studies are available, which require more research to further
elucidate the dynamic and complex role of TAMs in OS. In
addition to TAMs, tumor-infiltrating lymphocytes (TILs) within
OS microenvironment also affect OS progression (261, 265). The
increased CD8" TILs as well as the high ratio of CD8*/FOXP3"
TILs both predict a better prognosis in OS patients (266, 267).
However, the higher density of TILs is found to be within
metastatic sites compared with primary tumor, which
constitutes a special immune niche (82, 267). It should be noted
that the interaction between PD-L1 (expressed in metastatic OS
cells) and PD-1 (expressed in tumor-infiltrating cytotoxic T
lymphocytes) limits antitumor function of T cells and thus

promotes OS metastasis by evading immune surveillance. The
dynamic and intricate regulation of immune system seems to be
decisive for metastasis with respect to synthesis of immune factors,
spatiotemporal expression of surface markers and phenotypic
transition of immunocytes, and their interactions with
surrounding compositions. With increasing understanding of
immunomodulatory mechanism underlying OS metastasis,
researchers are constantly exploring the key immune
checkpoints to develop potential immunotherapy strategies for
OS with the aim of improving prognosis. A recent review has
discussed the mechanisms and status of immunotherapy for
OS (268).

NONCODING RNA

Noncoding RNAs are a large group of RNAs characterized by the
lack of ability to encode proteins, which can be divided into
regulatory and housekeeping noncoding RNAs (269). Here, we
focused on the role of the former in OS metastasis, including
microRNAs (miRNAs), long noncoding RNAs (IncRNAs), and
circular RNAs (circRNAs). We further outlined the biological
function of these noncoding RNAs in OS metastasis and the
underlying molecular mechanism. Table 2 summarizes the
noncoding RNAs that have been validated in vivo.

MicroRNA

MiRNAs contain 18-25 bases and most of them fell within 21-23
bases. Typically, miRNAs bind to 3’untranslated region (3'UTR)
of mRNAs by complementarily pairing to destabilize mRNAs or
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FIGURE 5 | Tumor immune microenvironment characteristics within OS metastasis. The imbalance of M1 (INOS*)/M2 (CD163*)-polarized TAMs in favor of M2
subtype is observed in metastatic OS. ATRA suppresses IL-13-induced secretion of MMP12 from M2-polarized macrophages and also weakens cancer stemness
by preventing M2 polarization of TAMs in OS. The interaction between PD-L1 (expressed in metastatic OS cells) and PD-1 (expressed in tumor-infiltrating CTLs) limits
antitumor function of T cells and thus promotes OS metastasis by evading immune surveillance. TAMs, tumor-associated macrophages; ATRA, all-trans retinoic acid;
PD-L1, programmed death ligand 1; PD-1, programmed death receptor-1; CTLs, cytotoxic T lymphocytes.

block translation and thus reduce their expressions (349-351). A
single miRNA can target multiple mRNAs and vice versa, one
mRNA can be regulated by various miRNAs. Thereby, miRNAs
may indirectly affect various biological processes such as
proliferation, differentiation, apoptosis, and angiogenesis. The
unique signatures of miRNA expression profile have been
studied in OS metastasis as diagnostic and/or prognostic
biomarkers. More importantly, an enormous growing body of
studies have explored potential mechanisms, by which miRNAs
participate in OS metastasis.

A minority of the miRNAs that we retrieved from literature
have been demonstrated for their effects on OS metastasis in vivo.
Also, only few miRNAs show prometastatic activity in OS, while
the majority of miRNAs inhibit metastasis. A study reported that
miR-195 suppressed metastatic potential by targeting FASN
(352). However, other studies found a high level of miR-195 in
serum from OS patients (353, 354). Thus, a single miRNA might
play a dual role in different stages of OS progression or the
seemingly contradictory results are probably caused by small
number of participants. Further studies are needed to confirm
the exact function of such miRNAs like miR-195. Whether
miRNAs promote or inhibit metastasis depends on proteins
they target. Intriguingly, miR-27a* is the first passenger
miRNA strand and shows prometastatic activity in OS cells,
which is encoded by MIR27 and directly connects with
CBFA2T3, the same as miR-27a (355). Furthermore, the
injection of OS cells expressing miR-27a to mice can generate
metastatic nodules within lung and bone in vivo (356, 357). In
turn, miRNAs are also regulated by metastasis-associated genes
such as MYC, TP53, and TGFBI. The epigenetic modulation
affects the miRNA expression as well. One research team found

that apurinic/apyrimidinic endodeoxyribonuclease 1 (APEXI)
participated in multiple biological processes of OS by shifting
miRNA expression profiles (358). Some drugs used to treat OS-
like epirubicin (359) and diallyltrisulfide (360) can also alter
miRNA expression profiles.

Unfortunately, miRNA-mediated therapy still remains the
first phase of clinical trial at best despite so much basic and
preclinical research. The main issue needed to be solved is how to
deliver miRNAs efficiently and precisely to the sites of interest.
Current methods generally show the following deficiencies,
including low transfection efficiency, rapid degradation, and
abnormal accumulation in nonspecific tissues and organs.
Using hyaluronic acid-associated liposomes as carrier may
accelerate the entry of miRNAs into cells and prevent them
from degradation (361). An alternative approach is to apply viral
vectors with hairpin molecules that will be processed into mature
miRNAs (362).

Long Noncoding RNA

LncRNAs are a large group of noncoding RNAs with more than
200 nucleotides and emerging evidence demonstrates its crucial
role in multiple biological processes, particularly in
tumorigenesis (363, 364). Briefly, IncRNAs in nucleus can
regulate gene expression both at genetic and epigenetic levels
by affecting transcription factors and chromatin-modifying
complexes to bind specific gene loci. In cytoplasm, IncRNAs
modulate the stability and translation activity of mRNAs either
directly or indirectly. The majority of IncRNAs included in our
study compete with miRNAs to bind target mRNAs as sponges.
Recently, IncRNAs have engaged much attention in the field of
tumor aggressiveness, including migration, invasion, and
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TABLE 2 | Summary of noncoding RNAs involved in osteosarcoma metastasis.

Author Noncoding RNA Pro/anti Related genes or pathways
microRNA

Gao et al. (270) miR-17 Pro PTENL

Ding et al. (271) miR-18a Anti MED27, Akt

Sun et al. (272) miR-19 Pro SOCS6|; JAK2/STAT31
Xin et al. (273) miR-22 Anti ACLY, lipogenesis|

He et al. (274) miR-23a Anti RUNX2, CXCL12]

Chen et al. (275) miR-25 Anti SOX4, EMT|

Lu et al. (276) miR-26a Anti Jagged1/Notch, ALDH, stemness|
Zhang et al. (277) miR-30a Anti RUNX2]

Tao et al. (278) miR-30a-5p Anti FOXD1]

Zhao et al. (279) miR-34a Anti SIRT1, c-MET, CDKBJ

Liu et al. (280) miR-92a Anti Notch1]

Yu et al. (281) miR-124 Anti TGF-B/Akt/GSK-3B/SNAIL-1]
Liu et al. (282) miR-125b Anti STAT3l]

Bao et al. (283) miR-134 Anti -

Liet al. (284) miR-137 Anti FXYD6|

Shi et al. (285) miR-139-5p Anti DNMT1}

Gu et al. (286) miR-140 Anti -

Xiao et al. (287) miR-140 Anti HDAC4]

Wang et al. (288) miR-144 Anti ROCK1, ROCK2|

Liet al. (289) miR-145 Anti CDK®6|

Yang et al. (290) miR-148a Anti ROCK1|

Zhou et al. (291) miR-154 Anti Wntbal

Jiang et al. (292) miR-181a Pro PTEN|

Zhang et al. (293) miR-186-5p Anti FOXK1, EMT|

Pan et al. (294) miR-188 Anti SOX4|

Pu et al. (295) miR-193a-3p; miR-193a-5p Anti Rab27B, SRR|

Li et al. (296) miR-204-5p Anti EBF2|

Jiang et al. (297) miR-208b Anti ROR2|

Liu et al. (298) miR-210 Pro -

Luo et al. (299) miR-212 Anti SOX4|

Xu et al. (300) miR-214 Pro LZTS1)

Sun et al. (301) miR-217 Anti -

Jiang et al. (302) miR-329 Anti Rab10J)

He et al. (303) miR-363 Anti PDZD2, EMT]

Xu et al. (304) miR-372-3p Anti FXYD6|

Li et al. (305) miR-379 Anti PDK1]

Zhao et al. (306) miR-410 Anti VEGF|

Yang et al. (307) miR-425-5p Anti MALAT1, TUG1, Wnt/B-catenin|
Yuan et al. (308) miR-451 Anti -

Yuan et al. (309) miR-494 Anti CDK61l

Qietal. (310) miR-496 Anti elF4E]

Pang et al. (311) miR-497 Anti -

Cai et al. (312) miR-590-5p Anti KLF5]

Liu et al. (313) miR-598 Anti -

Ma et al. (314) miR-603 Pro BRCC2|

Wang et al. (315) miR-643 Anti ZEB1]

Zhang et al. (316) miR-663a Anti ZBTB7Al; LncRNA GAS51
Liu et al. (317) miR-873 Anti HOXA9, Wnt/B—catenin|
Tanushree et al. (318) miR-874 Anti CCNE1]

Zhong et al. (319) miR-1270 Anti -

Yuan et al. (320) miR—-1908 Anti PTENL

Long noncoding RNA

Shi et al. (321) AFAP1-AS1 Pro RhoC/ROCK1/p38MAPK/Twist11
Li et al. (322) AFAP1-AS1 Pro miR-4695-5p| TCF4-Wnt/pB—catenint
Lu et al. (323) CASC2 Anti -

Zhao et al. (324) EPIC1 Anti MEF2D]

Zhu et al. (325) FOXF1-AS1 Pro FOXF1/MMP2/91

Sun et al. (326) FGFR3-AS1 Pro FGFR31

Ren et al. (327) FOXD2-AST Pro EZH2, p21}

Ye et al. (328) GAS5 Anti miR-221, EMT]; ARHI1

Qu et al. (329) HOXD-ASH Pro STAT3, MMP21

Wang et al. (330) HOTAIR Pro MMP2/9t

(Continued)

Frontiers in Oncology | www.frontiersin.org

55

December 2021 | Volume 11 | Article 780264


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

Sheng et al.

Metastasis of Osteosarcoma

TABLE 2 | Continued

Author Noncoding RNA Pro/anti Related genes or pathways

Gu et al. (331) LINC00858 Pro miR-139]; CDK141

Zhang et al. (332) LINCO1116 Pro miR-520a-3pl; IL6R, JAK/STATT

Han et al. (333) LUCAT1 Pro miR-200c; ABCB11

Chen et al. (334) MALATA Pro miR-129-5p|; RET-PI3K/Akt, stemnesst
Dong et al. (335) Mal. AT1 Pro p85a, PIBK/Akt, MMP9, PCNAt

Duan et al. (336) MALAT1 Pro miR-34al; cyclin D11

Li et al. (337) miR210HG Pro miR-503(; EMT, N-cadherin, vimentint
Hu et al. (338) NEAT1 Pro miR-34c]

Ye et al. (339) NNT-AS1 Pro -

Zhu et al. (340) ODRUL Pro miR-3182(; MMP21

Wang et al. (341) SNHG1 Pro miR-326]; NOB1

Jiang et al. (342) SNHGH1 Pro miR-5771; WNT2B/Wnt/B-catenin, EMT?1
Deng et al. (343) SNHG7 Pro miR-34al; TGF-B, SMAD4, EMT1

Yang et al. (344) TP73-AST Pro miR-142|; Rac11

Wang et al. (345) TUG1 Pro miR-153

Yang et al. (346) XIST Pro miR-195-5pl; YAPt

Zhang et al. (347) XIST Anti® miR-21-5p, EMT]; PDCD41

Circular RNAs

Liu et al. (348) CircFATA Pro miR-3751; YAP 11

Studiies using animal models of osteosarcoma metastasis are included.

Pro, the target gene promotes metastasis; anti, the target gene inhibits metastasis; “1” upregulation; “|” downregulation.

aThe results in this article is contrary to that of the previous one.

metastasis. Unlike miRNAs, most of IncRNAs involved in OS are
positively associated with metastatic property. We outlined those
IncRNAs that have been widely studied in OS metastasis and
confirmed in vivo.

Metastasis-associated lung adenocarcinoma transcript 1
(MALAT1), also named noncoding nuclear-enriched abundant
transcript 2 (NEAT2), is located in chromosome 11q13 with a
length of 8.7kb (365). The MALAT1 overexpression is closely
correlated with advanced clinical stage and distant metastasis in
OS patients (366). Furthermore, a meta-analysis confirmed the
predictive value of MALAT1 for metastasis and poor prognosis in
six different types of cancer, including OS (367). Consistent with
this result, another meta-analysis only including OS also showed
MALAT1 as a valuable biomarker for prognosis (368). MALAT1
knockdown inhibits OS metastasis in vitro and in vivo by affecting
various downstream pathways, such as downregulation of PI3K/
Akt/MMP-9 signaling pathway (334, 335) and upregulation of E-
cadherin and several miRNAs (336, 369). Also, high dose of 173-
estradiol inhibits metastatic potential of OS cells by suppressing
MALAT1 while low dose presents the opposite effect (370, 371). It
is noteworthy that the most widely studied IncRNAs is the large
family of small nucleolar RNA host gene (SNHG), of which all
members are considered to promote OS progression and
metastasis by sponging various miRNAs. SNHGI, for example,
activates Nin one binding protein (NOB1) by sponging miRNA-
326 and thus promotes migration/invasion in OS cells and
metastasis in murine models (341). Consistently, additional
research further shows that SNHGI is positively related to
advanced clinical stage, distant metastasis, and poor survival of
OS patients. In addition, SNHG1 facilitates cell proliferation,
migration, and invasion via activating PI3K/AKT and Wnt/p-
catenin pathways by sequestrating various miRNAs (341, 342,
372). Besides, SNHG12 promotes metastasis by increasing
angiomotin (373), Notch2 (374) and IGF1R (375) through

sponging miRNA-195-5p. There are two research groups that
independently demonstrated the role of IncRNA DANCR in OS
progression and possible underlying mechanisms. As a
competitive endogenous IncRNA, DANCR either increases rho-
associated protein kinase 1 (ROCK1) through decoying miRNA-
335-5p and miRNA-1972 (376), or enhances AXL/PI3K/Akt
signaling pathway by sponging miRNA-33a-5p (377), and
thereby promotes OS metastasis.

Circular RNA

CircRNAs are a newly identified class of endogenous noncoding
RNAs characterized by closed-loop structures. Unlike typical
linear RNA, circRNAs do not contain 5'-3’ polarity or
polyadenylated tail and is thus resistant to enzyme degradation
(378, 379). Similar to IncRNAs, circRNAs can competitively bind
miRNAs as sponges to indirectly regulate gene expression.
Currently, increasing evidence indicates that circRNAs have an
important role in many biological behaviors and diseases,
particularly in tumorigenesis and tumor progression. The
dysregulation of some circRNAs has also been identified in OS
metastatic process (380). Almost all circRNAs, like IncRNAs, act
as sponges of miRNAs to disinhibit specific prometastatic
pathways that normally are inhibited by miRNAs in OS.
However, it is not always the case. It has been reported that low
expression of circ-HIPK3 is observed in OS cell lines, tissues, and
plasm and associated with lung metastasis (381). Overexpression
of circ-HIPK3 can inhibit proliferation, migration, and invasion in
OS cells. These findings indicate that circ-HIPK3 may have great
value in clinical practice as a tumor suppressor. Intriguingly, circ-
HIPK3 plays the opposite role in tumor occurrence and
progression in other tumors, which strongly suggests that
whether a single circRNA acts as an oncogene or a tumor
suppressor gene depends on tumor types and which miRNA it
sponges (382-386). In addition, circRNAs hsa_circ_0002052 and
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circ-ITCH are also found to be downregulated in OS cell lines and
tissues. Functional studies further confirm that their
overexpression can suppress OS cell progressiveness by
inhibiting Wnt/B-catenin pathway via targeting miRNA-1205/
APC2 axis (387), and by suppressing PTEN/PI3K/AKT and Spl
pathways via sponging miRNA-22 (388), respectively. So far, the
knowledge and research on circRNAs in OS metastasis are much
less than that of miRNAs or IncRNAs. Nevertheless, the special
annular structure gives circRNAs unique advantages with stronger
stability and higher abundance.

In addition to tumor tissues, collecting noncoding RNAs from
blood is convenientin clinical practice. Notably, a number of studies
have reported that exosomes could carry noncoding RNAs (212,
213) and even transport them into OS cells (210), thus foster OS
metastasis. With the deeper understanding of the relationship
between noncoding RNAs and clinicalpathological characteristics,
noncoding RNAs will help early diagnosis of metastasis, monitoring
of treatment, and prediction of prognosis in OS patients. Although
there is no therapy targeting noncoding RNAs used for OS yet,
further research will make significant progress to develop novel
therapeutic strategies and improve outcomes for OS patients
with metastasis.

DISCUSSION

In conclusion, metastasis is the most important factor resulting
in treatment failure and the leading cause of death in OS patients.
The 5-year survival rate for patients with metastasis remains only
about 20% despite the use of aggressive surgery and intensive
chemotherapy. Approximately 20% of patients present
detectable metastasis at their first visit to hospital. However,
almost all patients with localized disease are assumed to have
micrometastasis already and nearly half of them will progress to
clinical metastasis.

Although there have been great advances in the research of OS
metastasis in the past few decades, the underlying mechanism is not
yet clearly elucidated. Generally, the formation of new blood vessels
by endothelial cells is a prerequisite for both primary and metastatic
tumor growth. For OS, publications suggested that OS cell could
facilitate endothelial cell proliferation (389) and several reagents
have been tested to suppress angiogenesis of endothelial cells by
directly acting on OS cells (390, 391). Although seemingly
inconsistent with tumor angiogenesis, OS cells induce contact-
dependent endothelial apoptosis, which may contribute to tumor
invasion across vascular barrier during metastasis (29). Therefore,
the role of endothelial cells and the interaction between them and
OS cells are complex, perhaps playing a dual role, or changing
dynamically with the stage and site of OS metastasis.

Lung is the most common site of OS metastasis; however, the
underlying mechanism of this apparent organotropism remains
to be elucidated. Recently, research found that secreted
extracellular vesicles, specifically exosomes, would prepopulate
in a particular organ, making it more suitable for tumor
metastasis. Metastatic organotropism is one of the prominent
characteristics of OS, and more investigations are necessary to

reveal the potential mechanisms. In addition, novel therapy
targeting those molecules that direct OS cells to lung may yield
encouraging outcomes in OS patients. Also, immunotherapy has
occupied an important position in the field of tumor therapy.
However, no immunotherapy has made a breakthrough in
metastatic osteosarcoma so far. The role of immune system in
OS development and progression may differ from other tumors.
Efforts should be made to explore the unique immune niche of OS
metastasis, supporting performance of clinical transformation. In
addition to external environmental and genetic factors, physical
stimuli and modulation significantly influence OS metastatic
process. The interaction of metastatic OS cells with their
microenvironment, where they encounter dynamic mechanical
forces, definitely affects OS cell invasiveness and to some extent
determines the preferred metastatic site. However, it is not fully
understood how OS cells specifically respond and adapt to their
mechanical surroundings. Besides, the substrate stiffness and fluid
flow shear stress may also modify the response of OS to therapy.
Thus, the research on the fluid flow and/or substrate pressure
can provide a novel consideration for developing anti-
metastasis therapy.

Herein, we summarize the key regulatory molecules, signaling
pathways, and dysregulated noncoding RNAs during metastatic
process and hope to reveal potential druggable targets. The
innovative technologies have ushered OS metastasis research into
new era, such as multi-omics, liquid biopsy, tissue engineering,
bioluminescent imaging, and so on. The OS research community
should create biological banks and online databases to store and
share precious specimens and relevant research results.
Bioinformatics is an effective approach to reanalyze the raw data
and explore the most valuable information. Moreover, there is a
complex regulatory network between microenvironment,
angiogenesis, osteoclast, metabolism, immunity, drug resistance,
and OS metastasis. Based on emerging technologies and methods, it
is expected to depict this network and expand our understanding of
metastasis biology.

The standard drug development platform and evaluation
system are necessary for clinical translation of promising drugs
specifically in rare diseases like OS. As such, it is essential to
establish various cell lines and biological models including
animal models and bioengineering models that will facilitate
research on metastasis. The models especially canine model that
faithfully recapitulate metastasis development as in humans are
prerequisites for clinical trials of candidate drugs. In addition, we
should pay more attention to the effect of drugs on
micrometastasis since some drugs uniquely reduce subclinical
lesions (392-394). The novel drug delivery strategy and routes
may allow conventional drugs to achieve unexpected efficiency
while decreasing systemic toxicity (395-397).

The early diagnosis of metastasis and detection of circulating
OS cells or micrometastasis will be the hotspots of future research
and lead to breakthrough in improving survival of metastatic
patients. A sensitive immunomagnetic detection assay has been
successfully used to detect micrometastases from bone marrow
and peripheral blood (398, 399). Molecular imaging with specific
molecular probes are also attempted to track OS cells, such as
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CXCR4-targeted near-infrared fluorescence imaging (400) and
ssDNA aptamer LP-16 targeting metastatic OS cells (401), which
both allow detection of OS microlesions.

Drug therapy may be the only option to completely eliminate
micrometastasis or inoperable lesions. The increasing studies have
identified more and more biomarkers that are of predictive value for
metastasis and prognosis in OS patients. However, individualized
comprehensive molecular profiling of OS patients has not
significantly changed the therapeutic prospects of advanced
osteosarcoma. Therefore, more work is needed to better classify
patients and further propel personalized management for specific
patients. In short, only overcoming metastasis can effectively
improve the survival of patients with osteosarcoma.
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Sarcomas are rare, heterogeneous mesenchymal neoplasms with various subtypes, each
exhibiting unique genetic characteristics. Although studies have been conducted to
improve the treatment for sarcomas, the specific development from normal somatic
cells to sarcoma cells is still unclear and needs further research. The diagnosis of
sarcomas depends heavily on the pathological examination, which is yet a difficult work
and requires expert analysis. Advanced treatment like precise medicine optimizes the
efficacy of treatment and the prognosis of sarcoma patients, yet, in sarcomas, more
studies should be done to put such methods in clinical practice. The revolution of
advanced technology has pushed the multi-omics approach to the front, and more
could be leamnt in sarcomas with such methods. Multi-omics combines the character of
each omics technigues, analyzes the mechanism of tumor cells from different levels, which
makes up for the shortage of single-omics, and gives us an integrated picture of
bioactivities inside tumor cells. Multi-omics research of sarcomas has reached
appreciable progress in recent years, leading to a better understanding of the mutation,
proliferation, and metastasis of sarcomas. With the help of multi-omics approach, novel
biomarkers were found, with promising effects in improving the process of diagnosis,
prognosis anticipation, and treatment decision. By analyzing large amounts of biological

features, subtype clustering could be done in a better precision, which may be useful in
the clinical procedure. In this review, we summarized recent discoveries using multi-omics
approach in sarcomas, discussed their merits and challenges, and concluded with future
perspectives of the sarcoma research.

Zou Z, Sun W, Xu'Y, Liu W, Zhong J,
Lin X and Chen Y (2022) Application of
Multi-Omics Approach in Sarcomas: A
Tool for Studying Mechanism,
Biomarkers, and Therapeutic Targets.
Front. Oncol. 12:946022.
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Multi-omics Approach in Sarcomas

INTRODUCTION

Sarcomas are rare malignancies with various subtypes, including
more than 70 subtypes of soft tissue sarcomas (STS) and bone
sarcomas (1). They are mesenchymal neoplasms with high level of
heterogeneity, about 75% of which arise from soft tissue, 15% consist
of gastrointestinal stromal tumors, and approximately 10% develop
from bones (2). Although STS consists less than 1% of malignant
tumor cases in the US (3), the sarcomas account for 15% of the
childhood malignancies (4), manifesting the necessity of sarcoma
research. The standard treatment for regional STS is surgery.
Meanwhile, chemotherapy and radiotherapy serve as neoadjuvant
or adjuvant treatment. When it comes to metastasis, chemotherapy
may be the appropriate choice for palliative treatment (5). However,
current treatments that use the same principle for all sarcoma
subtypes have not taken the genetic differences into consideration.
Novel therapies like immunotherapy and target therapy gradually
come into play, focusing on the discrepancies that define each unique
malignancy. Still, most of these precise therapies remain experimental
attempts because of the shortage of studies, pointing out the
significance of basic analysis for sarcomas.

There are plenty of omics studies of sarcomas, improving our
understanding for the mechanism of the sarcomas from different
angles. Each type of omics data provides information of the
disease, assisting us in finding markers and exploring the
biological pathways unique to the disease. For example,
prognostic signatures using transcriptomic biomarkers have
been established, including Complexity INdex in SARComas
(CINSARC) (6), Genomic Grade Index (GGI) (7), and hypoxia-
associated signatures (8). Three major situations—the limited
effect of loci discovered, the influence from both coding region of
genes and gene regulation, and the involvement of environment
and genetic background—have made the power of single omics
research unable to elucidate the whole picture of the disease
development (9). This highlighted the importance of multi-
omics approach in sarcoma.

The multi-omics strategies, combining genomics, epigenomics,
transcriptomics, proteomics, and metabolomics, is an advanced
research method in bioinformatics analysis, which provide us with
detailed information for studies and better accuracy. Multi-omics
provides a greater understanding of information of one disease,
pointing out the direction for the discovery of the cause, the
consequence, and the related interaction of the malignancy.

In this review, we provided an overview of multi-omics
research for sarcomas in recent years, focusing on their
approaches and results, thus discussing the significance of
applying multi-omics approaches and providing insights into
future perspectives of sarcoma research.

ACHIEVEMENT WITH MULTI-OMICS
APPROACH

Mechanism and Diagnosis
Precise diagnosis of sarcoma is not easy, considering its large
number of subtypes and relatively small number of cases studied.

Multi-omics provide a new aspect to dig deep into the mysterious
field, and there have already been various multi-omics studies
discovering details of tumorigenesis mechanism that is possibly
capable of assisting the diagnosis. The results, the sarcoma
subtypes, and the omics techniques applied in each study are
summarized in Table 1.

Osteosarcoma (OS) lacks a sensitive and specific diagnostic
marker, and most patients started their treatment in late stages.
Integrating transcriptomic and proteomic data of OS cells, 13
biomarkers were chosen, in which POLR3F has most potential to
be the diagnostic biomarker for early stages of OS (10). Another
OS research integrated transcriptome and metabolome profiles
and compared the difference between patients with OS and
healthy individuals. Specific genes and metabolites were chosen
on the basis of a set of criteria. After the pathway enrichment
analysis, the glycolysis/gluconeogenesis pathway was found to be
served as the only common pathway enriched in both omics.
Finally, four genes (ENOI, TPII, PKGI, and LDHC) and two
metabolites (lactate and pyruvate) were chosen to form a
signature as the predictive method for OS (11). Rearrangement
of TP53, RBI1, and CDKN2A was revealed in another study of OS,
and a fusion of PMP22 and ELOVL5 was newly discovered. The
involvement of non-homologous end-joining and
microhomology-mediated end-joining DNA repair was
confirmed by genomics. The lack of genomic evidence for 17
fusion transcripts, which were detected in the research, suggests a
complex mechanism in trans-slicing. Most importantly, it was
conformed that TP53 rearrangement is the leading condition of
inactivation of p53 in OS, the frequency of which is much higher
in this study than previous statistics (12).

Desmoplastic small round cell tumor (DSRCT) is an
aggressive malignancy that occurs mostly in male aged 15 to
35 years, and a EWSRI-WT1 fusion gene could be found in most
cases (27). The upregulation of WT1 was confirmed in a study
using RNA-seq, as well as other neural differentiation-related
gene such as G/B2, GAL, GALP, and ASCL1. Meanwhile, the SNP
arrays showed extensive copy number changes, the most
frequent being gain of chromosome arm 1/1q and 5/5p and
loss of 6/6q or 16/16q (13). The mechanism underneath needs
further exploration.

Early mutations in TP53 seem to exist in most
leiomyosarcomas (LMS) cases, whereas other mutations
including ATRX deletions and Wnt/B-catenin alternations
determine the genetic diversity of LMS (14). In another study,
inactivation of TP53 and RBI appears to be a universal
phenomenon, together with vast number of copy number
variations (CNVs), mutational heterogeneity, and whole-
genome duplication. Alternation of telomere maintenance
genes like ATRX, RBL2, and SP100 is observed as well (15).

A multi-omics study of undifferentiated pleomorphic
sarcoma (UPS) of bone revealed recurrent mutations in TP53
and histone chromatin remodeling genes. Eight somatic fusions
were identified, including CLTC-VMPI and FARPI-STK24 that
were previously observed in multiple tumors. High expression of
FGF23 was revealed, which may serve as a biomarker of this
subtype of sarcoma (16).
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TABLE 1 | Major results, sarcoma subtypes, and omics technologies of the multi-omics studies described in this review.

Tumor Omics Major Results Ref.
0s Transcriptomics  POLR3F is a potential biomarker of OS. (10)
and proteomics
0s Transcriptomics  Four genes (ENOT, TPI1, PKG1, and LDHC) and two metabolites (lactate and pyruvate) form a signature of early detection. (11)
and
metabolomics
os Genomics and  TP53 rearrangements are the major mechanism of p53 inactivation in osteosarcoma that, with active micronomology-mediated break-  (12)
transcriptomics  induced replication and end-joining repair, contributes to the exceptional chromosomal instability in OS.
DSRCT Genomics and  The most common imbalances were gain of chromosomes/chromosome arms 1/1q and 5/5p and loss of 6/6g and 16/16q. GJB2 (13)
transcriptomics  and GAL that showed higher expression in DSRCT compared with control tumors might be worthwhile to investigate as diagnostic
markers at protein level.
LMS Genomics and  Early mutations in TP53 seem to exist in most LMS cases, whereas other mutations including ATRX deletions and Wnt/B-catenin (14)
transcriptomics  alternations determine the genetic diversity of LMS.
LMS Genomics and LMS are characterized by inactivation of TP53 and RB1, with recurrent alterations in telomere maintenance genes such as ATRX, (15)
transcriptomics  RBL2, and SP100, and commonly display hallmarks of “BRCAness”.
UPSb  Genomics and  Recurrent somatic mutations in TP53, recurrent mutations in histone chromatin remodeling genes, including H3F3A, ATRX, and (16)
transcriptomics  DOT1L, were identified in UPSb. FGF23 can be a potential molecular biomarker for UPSb.
MIFS Genomics and  The most common genomic rearrangements were breakpoints in or around the OGA, NPM3, and FGF8 genes in chromosome band ~ (17)
transcriptomics 10924 and loss of 1p11-p21 and 10g26-gter. A breakpoint in or near TGFBR3 in chromosome 1 was found. Amplification and
overexpression of VGLL3 was a consistent feature in MIFS and MIFS-like tumors.
DPFT  Genomics and  There is an age-associated differences in the origin of the COL1A7-PDGFB fusion and mostly arise after DNA synthesis. (18)
transcriptomics  Transcriptionally upregulated genes in the amplified regions of chromosomes 17 and 22 were found, including TBX2, PRKCA, MSI2,
SOX9, SOX10, and PRAME.
BCS Genomics and  There is significant dysregulation of gene expression of epigenetic remodeling agents including key members of the PRC, Sin8A/3b, (19)
transcriptomics  NuRD, and NcoR/SMRT complexes and the DNA methyltransferases DNMT1, DNMT3a, and DNMT3b.
OFS Genomics and  RNASeq confirmed expressed mutations of DICERT and NF1. Amplification of MYC and deletion of TP53 were found in CNV results.  (20)
transcriptomics
UESL  Genomics and Recurrent breakpoints and overexpression of the chromosome 19 microRNA cluster were observed, together with a TP53 mutation (21)
transcriptomics  or copy number loss.
HS Genomics and  The PI3K pathway gene PIK3R6 on chromosome 5 and upregulation of TNFIAPE in chromosome 19 were observed strongly (22)
transcriptomics  associated to histiocytic sarcoma in dogs.
LMS Genomics and  The promoter regions of NPAS4 and PITX1 genes were selected as the candidate methylation marker loci to distinguish uterine (23)
transcriptomics  leiomyosarcoma and leiomyoma.
LPS Genomics and  Dedifferentiated LPS had higher numbers of somatic copy number losses, amplifications involving Chr 12g, and fusion transcripts than  (24)
transcriptomics  well-differentiated LPS. HMGA2 and CPM rearrangements occur more frequently in dedifferentiated components.
LPS, Genomics and  Upregulation of gene expression and gene copy number amplification of MDMZ2 and CDK4 were identified in LMS but not DDLPS. (25)
LMS transcriptomics  Upregulation of tumor related genes is favored in DDLPS, whereas loss of suppressor function is favored in LMS.
STS Genomics and ~ More frequent CDKN2A and CDKNZ2B losses in post-radiation than in sporadic sarcomas. Recurrent MYC amplifications and KDR (26)
transcriptomics  variants were detected in post-radiation angiosarcomas.

OS, osteosarcoma; DSRCT, desmoplastic small round cell tumor; LMS, leiomyosarcoma; UPSb, undifferentiated pleomorphic sarcoma of bone; MIFS, Myxoinflammatory fibroblastic
sarcoma; DPFT, dermatofibrosarcoma protuberans family of tumors; BCS, BCOR-CCNB3 sarcoma; OFS, ovarian fibrosarcoma; UESL, undifferentiated embryonal sarcoma of the liver;

HS, histiocytic sarcoma; LPS, liposarcoma; STS, soft tissue sarcoma.

Myxoinflammatory fibroblastic sarcoma usually has the feature
of translocation t(1;10) (p22-31;q24-25). However, this does not
result in an expressed fusion gene; instead, the concomitant
hemizygous loss of genes from proximal 1p and transcriptional
deregulation of the FGF8 gene in 10q24 may be the reason for the
biological process within the cells. In addition, regional loss of distal
10q and 3p and amplification of VGLL3 showed a high frequency,
which may promote the development of this disease (17).

Dermatofibrosarcoma protuberans is a rare sarcoma with a
high local recurrent risk and a low metastasis rate. Research on
the dermatofibrosarcoma protuberans family of tumors regarded
the COLIAI-PDGFB fusion with a der(22)t(17;22) or ring
chromosome as an age-related feature, and RNASeq identified
regions with higher expression, validating former discovery of
amplified genes on chromosome 17 and 22. These regions may
also serve as therapeutic target point in the future (18).

BCOR-CCNB3 sarcomas, characterized with a BCOR and
CCNB3 fusion gene, are round cell undifferentiated sarcomas

that share morphologic and immunohistochemical features with
Ewing sarcoma (ES). A multi-omics research was conducted for
one male patient diagnosed with BCOR-CCNB3 sarcoma of the
kidney. The mutation rate was relatively low, and no significant
fusion was found besides BCOR-CCNB3. Differentiated gene
expression analysis revealed multiple genes encoding key players
of the PRC2, PRC4, NuRD, NCoR, and mSIN3A epi-genetic
remodeling complexes, but few DNA methylation changes are
correlated to changes in gene expression, suggesting the
significant epigenomic dysregulation a consequence rather than
a leading cause of tumorigenesis. Numerous changes in miRNA
were observed, many of which have known relation with
tumorigenesis (19).

Another case study focused on ovarian fibrosarcoma, a rare
and aggressive type of sarcoma. The malignancy happened in a
9-year-old girl was diagnosed through morphology. The exome
sequencing of both tumor and normal cells of the patient
presented a low rate of mutations; when validated by RNASeq,
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expressed mutations discovered in previous studies were
conformed, which are DICERI and NFI1. Amplification of
MYC and deletion of TP53 were found in CNV results, which
are commonly discovered in similar neoplasms (20).

Undifferentiated embryonal sarcoma of the liver exhibits
recurrent breakpoints affecting the chromosome 19 microRNA
cluster. Overexpression of this region was observed in these
cases, together with a TP53 mutation or copy number loss (21).

A multi-omics research on histiocytic sarcoma exhibits a
special approach of tumor analysis. The study used flat-coated
retrievers that frequently develop a disease of the similar
histological and clinical features to histiocytic sarcoma. The
PI3K pathway gene PIK3R6 on canine chromosome 5 was
observed strongly associated to histiocytic sarcoma in dogs,
and upregulation of TNFIAP6 in chromosome 19 is considered
a risk factor as well (22). The research also shows the potential of
dog breeds as excellent subjects for omics analysis, for they have
perfect hereditary consistency after years of artificial selection.

Differential diagnosis is crucial for various malignancies,
determining the subsequent treatment plans, and multi-omics
approach surely casts a new aspect into this field. In an integrated
study of genomics, epigenomics, and transcriptomics, Tomoko et al.
compared the differences between leiomyoma and LMS in uterine, as
a complement to histopathological diagnosis. Extensive
chromosomal abnormalities were found in LMS, and eventually
the promoter regions of NPAS4 and PITX1 genes were selected as the
candidate methylation marker loci (23). Dedifferentiated
liposarcoma (DDLPS) and well-differentiated liposarcoma are two
types of sarcomas, the former frequently progresses to the latter. A
study revealed higher copy number loss (CNL), amplification in 12g,
and fusion transcripts in DDLPS. There were more rearrangements
of HMGA2 and CPM in DDLPS, which may influence the
differentiation state of the LPS and need further study to explore
(24). Another research focused on the difference between LMS and
DDLPS. Through the bioinformatic analysis, amplification of
regions encoding MDM?2, CDK4, and HMGA2 was significant in
DDLPS, whereas mutations in TP53, ATRX, PTEN, and RBI
appeared only in LMS. In addition, the microenvironment analysis
showed more endothelial cells and fibroblasts in DDLPS than LMS
(25). A comparison between post-radiation and sporadic sarcomas
was conducted using genomic and transcriptomic strategies. Higher
frequency of CDKN2A and CDKN2B was found in post-radiation
sarcomas than the sporadic ones. Moreover, a high frequency of
MYC amplification and 8% of KDR variants was found in
accordance with previous research (26).

Subtypes Clustering
Considering the vast amount of genomic data for malignancies,
there are plenty of genetic differences among patients bearing the
same type of sarcoma, sometimes making it possible for us to
divide them into different subtypes with their respective clinical
features and prognosis. Research showed that LMS subtype
appeared in an early period of tumor and retained thereafter
(14), enhancing the importance of subtype differentiation in
malignancies of all stages.

Chondrosarcoma (CS) was divided into six molecular
subtypes in a multi-omics research. Integrating DNA, mRNA,

and microRNA data, three molecular features were found to
influence the clinical outcome: a high mitotic state, regional
14932 loss of expression, and IDH mutations, leading to
genome-wide DNA methylation (28).

LMS are tumors with heterogeneous types, resulting in
various prognosis. An analysis of 70 genomes and 130
transcriptomes of LMS observed three expression subtypes.
Alternation of muscle related genes, including DMD and
MYOCD, behaved differently in three subtypes, and deletions
of the dystrophin gene may suggest an inferior outcome.
Importantly, LMS molecular subtyping can be used to reveal
its originating tissue, which may help adjust the treatment (14).

Rhabdomyosarcoma (RMS) was divided into two subtypes
based on the existence of PAX3/7 gene fusion. Mutation rates of
somatic genes were relatively low in these tumors, especially for
those with a PAX3/7 fusion. As for the fusion negative ones, RAS
mutation was activated in a large proportion, whereas, in a small
part of them, the BCOR mutation was newly found (29). The
subtypes were divided more precisely in another study. Al and
A2 subtypes, with alveolar histology and PAX3/7 fusion,
presented a worse prognosis. E1 and E2 has frequent CNVs
and FGFR4/RAS/AKT pathway mutations and PTEN mutations/
methylation, whereas E2 processes an extra p53 inactivation and
a worse prognosis than E1 (30).

In a comprehensive analysis of sarcomas using RNASeq,
CNV, and methylation data, four molecular subtypes (iC1, iC2,
iC3, and iC4) with different clinical outcomes were identified, in
which iC2 has the worst prognosis and iC4 has an enhanced
immune state (31). Another research using The Cancer Genome
Atlas (TCGA) database focused on six major types of sarcomas:
DDLPS, LMS, UPS, myxofibrosarcoma (MFS), malignant
peripheral nerve sheath tumor, and synovial sarcoma. The
analysis defined three subtypes of DDLPS, uterine LMS, two
subtypes of soft tissue LMS, and merged UPS and MFS as one
subtype, whereas others have insufficient samples for further
clustering. In addition, the pan-sarcoma analysis of omics data
revealed frequent copy number alternations but few somatic
mutations (TP53, ATRX, and RBI) in sarcoma, compared with
other malignancies. The immune microenvironment analysis
suggested its differential influence on different types of
sarcomas (32).

Prognostic Biomarkers

Prognosis is a vital variable in patients bearing the same type of
sarcoma, yet we lack the powerful tool to anticipate the result.
Multi-omics strategies unravel the inner differences between
sarcoma cases, thus could partially reveal the possible outcome
of them.

OS occur mostly in children and adolescents, which makes it
important to identify the prognosis. Up to 25% of the OS cases
resulted in metastasis, with pulmonary system being the major
site (6). For patients with OS that had lung metastasis, molecules
in MAPK signaling pathway and in the PI3K regulatory pathway
were abnormally enriched (33). The urokinase plasminogen
activator (uPA) is a serine proteinase known to involve in the
metastasis of numerous solid tumors. The relationship between
lung metastasis and uPA was studied in an integrated analysis
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using transcriptomic, proteomic, and secretomic analysis. The
uPA/uPAR system regulated through autocrine and paracrine
paths was found to be associated with metastatic behavior in OS
and could activate other signaling pathways such as MAPK,
which also promote the tumor metastasis. This makes activation
of the uPA/uPAR axis a potential diagnostic marker for the
conversion of OS cells from a non-metastatic to a metastatic
phenotype, meanwhile indicating potential drug target for the
prevention of metastasis (34). Another research of OS analyzed
the genomic and transcriptomic information in cases with
different overall survival. Integration of variation and survival
data revealed six genes (MYC, CHIC2, CCDC152, LYL1, GPRI142,
and MMP27) to be the candidates for risk anticipation, and a risk
score formulation was established to quantitively calculate the
prognosis (35).

STS appears in various genetic forms, yet similarity could still be
found in malignancies with unappreciable outcomes, which may
serve as prognostic markers. Ribonucleotide reductase subunit M2
(RRM2) highly expresses in STS, and patients who possessed
increased RRM2 level had worse overall survival. Overexpression
of RRM2 induces proliferation, migration, invasion, and colony
formation, whereas silencing of RRM2 arrests the cell cycle at GO/
G1 phaseand induces apoptosis (36). The result suggests that RRM2
could be a potential prognostic marker and a promising therapeutic
target in STS. In another research, CNV of RNA regulatory genes
were widely observed in STS patients, and there are possible
relations between CNV and overall survival of patients. CNL of
METTL4 was associated with worse overall survival in both LMS
and DDLPS. A low infiltration fraction of resting mast cells, which
was found related to poor overall survival, was discovered in patient
with LMS with CNL of METTL4. Facts above define CNL of
METTLA as a potential prognostic marker for STS (37).

UPS is a subtype of STS with a commonly poor outcome, yet
no biomarker is used at present to estimate the prognosis. Using
two sets of transcriptomic data, high mRNA level of adenosine
monophosphate deaminase 2 (AMPD2) was found correlated to
a worse outcome. After comparing to CNV information, it was
confirmed that CNVs promote AMPD2 expression in UPS.
Together with the finding that AMPD2 may promote tumor
growth and proliferation, AMPD2 could be a promising
prognostic biomarker for UPS (38).

The expression level of replication-dependent histone mRNAs
rises in DDLPS, compared with normal tissues, which is the result of
the overexpression of HMGA2. The correlation between
replication-dependent histone level and the aggressiveness of
tumor makes it a promising prognosis marker (39).

E-cadherin protein expression was detected in LMS in a multi-
omics study, which is also related to a better survival. The inverse
correlation between E-cadherin repressor Slug expression and E-
cadherin was also revealed, and in conclusion, the mesenchymal-to-
epithelial reverting transition regulated by Slug appears to be a
significant phenotype of LMS (40).

In a study of sarcomas, seven proteins related to overall
survival (AMPKALPHA, CHKI1, S6, ARIDIA, RBMI15,
ACETYLATUBULINLYS40, and MSH6) were discovered using
the proteomics data of different sarcoma subtypes. A prognostic

risk signature was established and validated through
transcriptomic profile (41). ENOI1, ACVRLI, and APBBIIP
were determined to be the prognostic biomarkers for sarcomas
in another research, after comparing the four molecular subtypes
divided on the basis of prognostic data (31). Another study used
transcriptomic data to estimate the level of tumor-infiltrating
lymphocytes. It was found that the infiltration of CD4" T cell,
influenced mainly by the CNVs, is related to the overall survival
of sarcoma patients, especially for UPS (42).

Treatment Evaluation

Currently, patients with sarcoma would receive surgical
resection, radiotherapy, or systemic chemotherapy treatment as
the standard routine. However, these may not be enough for
patients with metastasis and recurrent situations. In fact, the 5-
year survival rates of OS have not seen significant improvement
in the past three decades (43). The ultimate purpose of medical
research is to prevent and cure the existing disease, so the
evaluation of drug efficacy is necessary. The omics approach
focuses on the molecular level and may find the novel therapeutic
biomarkers, especially for the targeted drugs.

CNV of METTL4 in STS has a correlation with IC50 of 12
drugs including Temozolomide and Olaparib, suggesting a lower
concentration need in clinical practice (37). Homologous
recombination deficiency signature appeared in a large
proportion of the LMS cases, as well as in other sarcomas,
which may serve as a therapeutic biomarker, indicating the
possibility of introducing PARP inhibitors (14, 15, 24, 44). An
integrated study of DDLPS combined genomics, epigenomics,
and transcriptomics data of four samples discovered a high
frequency of CEBPA methylation. The methylation and
silencing of miR-193b was found in patients bearing aggressive
disease, suggesting its importance in liposarcoma genesis.
Application of demethylating agents had an anti-proliferative
and pro-apoptotic effect both in vitro and in vivo in the
experiment, indicating a potential therapeutic method (45).
Common receptor of tyrosine kinase/RAS/PIK3CA genetic axis
was found in RMS tumors, which may be an option for targeted
therapy (29). A study of DSRCT showed a low rate of somatic
mutation but a large number of CNVs. Amplification of FGFR4,
which is highly expressed in DSRCT cells, suggests a therapeutic
potential and needs further study for a better comprehension of
the mechanism within (46). Epithelioid sarcoma presented a
high mutation rate and complex genomic characteristics.
SMARCBI was the most frequent mutation, the loss of which
leads to the aberrations in SWI/SNF, indicating its potential role
in the abundance of translocations in epithelioid sarcoma.
Because the SWI/SNF complex affects the proliferation of the
tumor in vitro, there may be possibility for novel treatment (47).

Ginsenoside Rh2, a ginseng extract inhibiting the
proliferation, migration, and invasion in multiple tumors, has
the effect of anti-proliferation and apoptosis-induction in
metastatic OS cells and inhibits migration by reversing
epithelial-to-mesenchymal transition and promoting
degradation of extracellular matrix (33). TRAF2- and NCK-
interacting protein kinase (TNIK) was previously recognized as
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an essential factor of Wnt signaling pathway, whose inhibition
leads to the loss of cell stemness. In a recent study, the
suppression of OS cells was observed after applying TNIK
inhibitor. Through transcriptomic analysis, pathways related to
metabolism were upregulated, whereas pathways involved in
Wnt signaling and pathways regulating the pluripotency of
stem cells were downregulated, indicating the abrogation of OS
stemness. Further metabolomics analysis discovered that drug-
induced OS cells favored oxidative phosphorylation, unlike
normal tumor cells that present aerobic glycolysis in a great
extent (48). The result supports the potential of TNIK as a
biomarker for molecular treatment, considering the fact that no
current targeted therapy is approved for OS (49).

Immunotherapy shows promising effects in multiple tumors,
but its attempts in sarcoma have not been desirable. Nine
immune checkpoint-related IncRNAs (CD274, CD80, CD86,
PDCD1 LG2, and LGALS9) were identified in a multi-omics
research, the overexpression of which suggesting a worse
outcome. Further investigation revealed their function of
negative regulation in immune response, indicating a possible
cause for the immunosuppressive environment in sarcomas, and
may be a breakpoint in immunotherapy (50).

Metastasis is a common consequence of sarcomas, and a
multi-omics study focused on the biological character of the
metastatic sarcomas, trying to find a new therapeutic option.
Structural variation and CNV's appeared to be the most frequent
changes, and recurrent 17p11-12 amplifications were observed,
suggesting a potential point for further research and treatment
discovery (44).

To find drug efficacy biomarkers for childhood sarcomas,
Brian et al. established tumor xenograft models representing
most childhood malignancies. Models were tested using standard
anti-tumor agents (vincristine and eribulin) and then studied
with novel drugs (alisertib, volasertib, glembatumumab vedotin,
and NTX-010). CNV and mRNA data of sensitive models were
analyzed, and potential sensitivity biomarkers were discovered in
most cases (51). In addition, these models are capable of further
omics research in the future.

ADVANTAGES AND DRAWBACKS OF
APPLYING MULTI-OMICS APPROACH

With the development of technology, precise and convenient
research methods continue to alter the process of analysis,
giving us insights into the depth of science. The omics approach
collects mass quantity of data, analyzes the data with various
mathematical methods, and finally recognizes abnormal biological
features, the routine of which require much effort and time in early
days, yet modern analysis software and advanced statistic formulas
have made it easy even for analysis of multi-omics.

Multi-omics approach applies vast amount of data, compared
with traditional sarcoma research. The integration of different
types of omics data, combined with prior knowledge of regulation
pathways, shows us a much more precise vision of activities inside
sarcoma cells and may discover novel regulatory mechanisms as

well. Unsupervised integrations identify every correlation among
omics data, extracting biological process behind cancer
progression, whereas supervised methods based on known
phenotype knowledge improve the accuracy for cancer detection
(52). These advanced research methods allow us to further study
the complete picture of sarcoma as well as other malignancies,
with accuracy, reliability, and comprehensiveness.

Another bonus point for multi-omics approach is the
accessibility of data on the internet. The omics data take in
almost the whole information of one aspect of a sample, which
means great potential in mechanism discovery and feasibility for
multiple analysis using different methods. On the basis of this
idea, plenty of websites containing omics data had already been
established. For example, TCGA, a database containing
information of more than 30 human tumor types, catalogs
aberrations in the DNA and chromatin of the cancer-genomes
from thousands of tumors (53). There are other databases like
Gene Expression Omnibus (GEO), Expression Atlas, and
Oncomine, providing data in different aspects. Because of the
low incidence rate of sarcomas, it is hard to obtain enough omics
data for an integrated analysis, and such database provides an
opportunity to gather data from all over the world so that a
proper multi-omics research could be conducted. In fact, many
of the studies above used information from online databases, as a
supplement to their data of sarcoma cases. In addition, advanced
technology has decreased the analytic burden with various
computational algorithms like iCluster (54) and iOmicsPASS
(55). Functional enrichment tools help cluster the variations
through biological function, and online database equipped with
these tools like Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Ontology (GO) has made it easier for
researchers to obtain the result. Because there are only few cases
of sarcomas to be studied, the multi-omics approach provides a
relatively efficient way to collect as much information as possible.

Although the advantages of multi-omics sarcoma research
introduce convenience, there are deficiencies that need further
improvement. The extremely low incidence rate of sarcoma brings
obstacles for collecting abundant samples, not to mention their
omics data. As a result, many of the multi-omics studies above
used data from online databases, with little newly sequenced data
from local patients, which may lead to bias because of the
recurrent utilization of same sets of data. For those that only use
samples from local patients, some of them were even not able to
reach the standard of biomarker distinguishing because of the
improper size of data. To obtain results with more stability and
reliability, larger sets of omics data of sarcomas are needed.
Another vital problem comes from the constitution of sarcomas.
Although the therapeutic principle is “one-size-fits-all” in recent
treatments, the inevitable fact that sarcomas variate in numerous
subtypes should be taken into consideration when introducing
precise medicine. As another result of insufficient data, several
present studies roughly put all STS subtypes in one analysis,
regardless of their genetic differences.

The expense of research should be discussed as well.
Obviously, the omics study obtains much more information
from patients’ tissue than traditional methods, despite the rise
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of cost. However, the omics approach did not come into stage
with accuracy only. Technological advances, like expression
quantitative trait loci, had made it possible for cost-efficient,
high-throughput analysis of molecules (5).

The establishment of omics databases promotes the
development of multi-omics study in a large extent, yet there
are problems need to be fixed as well. Several databases
containing information of different sources provide an
opportunity for analysis of large number of samples, except for
one question: the lack of a statistical standard. For example, in
GEO database, there are data of progression free survival for each
patient with UPS, whereas only time of death could be found in
TCGA (41). Blindly combining data of distinct statistical
standards could lead to conclusions with vital error; therefore,
the universal standard for omics data collection is in urgent need.
In addition to lack of a statistical standard, batch effects exist
between different databases and sequencing data, which is also a
problem to be solved in omics research.

FUTURE PERSPECTIVES
AND CONCLUSIONS

The use of multi-omics in sarcoma research has just started, and
there are methods and process that could be improved, but the
future application of multi-omics approach indeed has
promising value. The systematic analysis of omics data can
characterize the intersection of different level of information,
decipher the molecular mechanism in tumor occurrence and
development, and possibly anticipate the evolutionary process of
specific cells. The sarcomas, many subtypes of which have
complex karyotypes (32), are suitable for such analysis to
explore the underlying characteristics. With the advanced
analytical methods, molecular modeling algorithms, and
computational tools, more could be discovered in diagnosis,
prognosis, and treatment guidelines.

As we discussed above, the lack of sarcoma cases makes it
difficult to conduct a proper analysis with enough data. Studies
with larger sample sizes are required, which was mentioned by
many of the multi-omics analysis of sarcoma. However, because of
the low incidence rate of sarcomas, it is merely possible for one
institute to gather enough sarcoma samples with sufficient omics
data. The online database with a universal statistical standard may
be one solution for this problem. The omics data, each
representing the whole biological information of one level of
cancer cells, contain abundant knowledge that could be
repeatedly explored using different methods, which makes it
valuable material that worth reserving for future research.
Assembling information from several institutes may establish an
aggregation capable of analysis for different types of sarcomas and,
with the continuous update of analytic strategies and persistent
expansion of data size, frequently reach novel discoveries.

Among the multi-omics studies on sarcoma, genomics,
epigenomics, transcriptomics, and proteomics were widely
applied on the basis of their respective demands, but few of the
multi-omics research had considered metabolomics until

recently (Figure 1). One reason for this phenomenon is the
relative sparseness in knowledge of sarcoma metabolome, which
act as an obstacle for the metabolomics study. Another reason
may be the fact that the exploration of metabolomics of all
tumors is still on the beginning point at present. Tumor cells
survive in a reorganized, stressful, and metabolically competitive
environment, forcing them to adapt to available metabolites for
the reservation of cell plasticity (56). The metabolomics,
evaluating metabolites in biospecimen for a better
understanding of the full view of metabolism in malignancies,
may lead to the discovery of new biomarkers and targets for
advanced treatment. Sarcomas, displaying abnormal metabolic
activity patterns, still need much efforts of exploration to link
these situations to specific gene mutations (57). Common step of
metabolomics analysis includes sample collection and
preparation, metabolite extraction, data acquisition, analysis,
and interpretation, and there are already results for OS in
metabolic biomarkers of diagnosis, chemoresistance, and
metastasis (58). When integrated with other omics data, there
would be a better understanding of the metabolic pathways from
the gene level.

In sarcoma research above, plenty characteristics of different
omics were discovered (Table 2). Several types of sarcomas
exhibit relatively low rate of somatic mutation, and such
phenomenon was observed in some of the multi-omics studies,
whereas a large number of CNVs were discovered, along with
structural mutations and DNA methylation (13, 19, 20, 23, 29,
32, 37, 42, 46). The few tumorigenic driver genes, together with
the genetic amplifications and deletions, construct an
environment suitable for the development of malignancy. In
addition, processes like trans-slicing altered the protein
expression, contributing to the complexity of sarcoma cells.
Such results reveal the shortage of traditional genomic
research, which focuses mainly on somatic mutations and
exaggerates the dominance of DNA sequence. Multi-omics

100.00%

76.92%

30.77%

20.51%

5.13%

GENOMICS EPIGENOMICS TRANSCRIPTOMICS PROTEOMICS METABOLOMICS

Deep-
metabolomics

Targeted seq

FIGURE 1 | The frequency of use for each omics technologies in the muiti-
omics studies mentioned in this review. The frames below list the common
methods of each omics.
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studies on these sarcomas should probably put more attention on
the CNVs and DNA methylations and capture their inner
relations, which could lead to a more complete picture
of sarcomas.

The research process of TP53 gene fully embodies the value of
the application of multi-omics. TP53 is the gene of a
transcription factor that induces gene involved in cell cycle
arrest, apoptosis, and metabolism, thus playing an important
role in the development of tumors. The majority of TP53
mutations are missense mutations, which also gains oncogenic
functions, leading to a worse outcome (59). The mutation rate of
TP53 was thought to be relatively low in previous studies (60),
because only methods like exome sequencing were conducted on
sarcoma samples. However, more alternations of TP53 pathway
in sarcomas were found in recent studies (12, 15, 16, 20, 21, 25,
29, 30), including genomic rearrangements, CNVs, expression
regulations, and, in some cases, alternation of TP53, leading to a

TABLE 2 | Alternations of omics found in research of major sarcoma subtypes.

worse prognosis. This indicates the nonnegligible effect of TP53
in sarcomas, and the proportion of TP53 alternation of all kinds
in sarcomas could be larger than previously expected. More
should be studied in TP53 in sarcoma research, and with the help
of multi-omics, we could reveal the details of whole TP53
regulation axis, figure out the influence of alternation in each
step, and finally come up with methods to treat, to predict, and to
prevent the deterioration of TP53-related sarcomas.

Many of the studies used multiple biomarkers to form a
prognostic formula, which beats the single-biomarker prognosis
considering the complexity of sarcoma tumorigenesis. However,
some attempts of personalized treatment using genomic data did
not come up with good results, indicating that genomic only is
not enough for the precise prediction of therapy response (61).
One of the studies uses a signature integrated with gene and
metabolite levels (11), which could be a promising aspect of
research, especially for multi-omics research. However, the

Tumor (O8] CS DSRCT LMS RMS DDLPS UPsS
MicroRNA miR-27B, miR-181b-5p miR-193b miR-100-5p, miR-
Alternation miR-125A, 194-5p
miR-140,
miR-154,
miR-382,
miR-384
Overexpression ENO1, TPI1, PKGT, FGFR4  ARL4C, CASQ2, LMOD1 PTPN11, ATM, MDM2, HMGA2, FGF23
LDHC, SMARCAZ2, ZNF350, CDK4, GINS4,
BAZ2A, POLR3F, CYCH, TRPC4AP, BRCA2, XRCC2,
PITPNC1, PDCD2, FOXO1, ARID1A RAD51AP1,
DKK3, HS2ST1, RAD51, RAD54B,
UCHLS, DNASEZ2, XRCCH1, POLQ,
WDR12, SKIP FEN1
Gene Fusion PMP22-ELOVLS EWSR1- HMGA2-CPM PAX3/7-FOXO1 APOL1-MYH9,
WT1 PKNOX2-MMP20,
ASAP2-ADAM17,
CLTC-VMP1,
FARP1-STK24
Structural TP53, RB1, CDKN2A, PTEN, BRCA1/2, ATM, FANCA, CDKN2A,
Variation MDM2, MTAP CHEK1, XRCC3, CHEK2, RAD51, MIR17HG, CNR1,
FANCD2 ERBB4, RPTOR,
FRS2, CACNA1A,
NRG1, FOXP2
Methylation PITX1 CEBPA
Copy Number  RB1, CDKN2A, CLU, CDKN2A  GAL, TP53, RB1, CDKN2A, PTEN, TP53, CDKN2A/B, TP53, CDKN2A, RB1, CDKN2A,
Variation BNIP3, IGFBPS, GALP, ATRX, RBL2, BRCA1/2, ATM, MYCN, MDM2, MDM2, TERT, MDM2, INGT1,
SPARC, TPD52, MEST, ASCL1 FANCA, ALK, FGFR2, LIFR, PAX3, MET, ALK, FGFR4, HMGA2, CDK4, MYC, PDGFRA,
PRG1, OXTR, LOXL2, CDX2, SUFU, CDH1, DMD, STATG, IGF1R, ATRX, YEATS2, KIT, KDR, PDGFA,
PTGFR, LYL1, DLG2 MYOCD, DNMT3A, KAT6EB, FLT3, MIR17HG, FRS2, = NF1, FRS2, NAV3 PDGFB, VEGFA,
FOXO1, MYOD1, CNR1 CCNET1, YAPT,
VGLL3
Mutation IDH1/2, TP53, TP53, RB1, PTEN, PSDM11, TP53, BCOR, HERC2, TP53, ATRX,
COL2A TERT, CASP7, XPO1, SETD7, MTOR, CCND2, ARID1A,  MAPKAPT, H3F3A, DOT1L
ARID1A, ATRX, TOPORS, ATR, TP53BP1,  NRAS, KRAS, HDAC1, DAZAP2,
HRAS TELO2, KMT2C, MAPK14, HRAS, FGFR4, PTPN9
DUSP10, ZFP36L1, SRSF5, PIK3CA, CTNNBT,
MED12, FH, MEF2C, HIST3HS3, IGF1/2, FBXW7
LAMA4
Ref. (10-12, 35) (28) (13, 46) (14, 15, 23, 25, 32) (29, 30) (24, 25, 32, 39, (16, 32)
45)

OS, osteosarcoma; CS, chondrosarcoma; DSRCT, desmoplastic small round cell tumor; LMS, leiomyosarcoma; RMS, rhabdomyosarcoma; DDLPS, dedifferentiated liposarcoma; UPS,
undifferentiated pleomorphic sarcoma.
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application of such strategy needs thorough understanding of
pathways involved in tumorigenesis, which is yet a relatively
undeveloped field for sarcomas. Still, integrated signature could
definitely fill the gap caused by differential expression and lead to
a prognosis with lower false rate in the future.

Recent advances in high-throughput technologies have
enabled the large-scale data analysis in genomics as well as
other omics fields, which revolutionize the approaches in
medical studies. Sarcoma research with the multi-omics
strategies has reached various novel results, yet the vast
unexplored field of unsolved issues needs further studies to fill
in the blank. The integration of omics data, paving the way to a
deeper understanding of the characteristics of sarcomas, may
lead us to a more precise diagnosis, a more accurate prognosis,
and more potential biomarkers for novel drug treatments.
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Osteosarcoma immune
prognostic index can indicate
the nature of indeterminate
pulmonary nodules and predict
the metachronous metastasis in
osteosarcoma patients

Xuanhong He', Minxun Lu', Xin Hu', Longging Li, Chang Zou,
Yi Luo, Yong Zhou, Li Min* and Chongqi Tu*

Department of Orthopedics, Orthopaedic Research Institute, West China Hospital, Sichuan
University, Chengdu, China

Purpose: The relationship between indeterminate pulmonary nodules (IPNs)
and metastasis is difficult to determine. We expect to explore a predictive
model that can assist in indicating the nature of IPNs, as well as predicting the
probability of metachronous metastasis in osteosarcoma patients.

Patients and methods: We conducted a retrospective study including 184
osteosarcoma patients at West China Hospital from January 2016 to January
2021. Hematological markers and clinical features of osteosarcoma patients
were collected and analyzed.

Results: In this study, we constructed an osteosarcoma immune prognostic
index (OIPI) based on the lung immune prognostic index (LIPI). Compared to
other hematological markers and clinical features, OIPI had a better ability to
predict metastasis. OIPI divided 184 patients into four groups, with the no-OIPI
group (34 patients), the light-OIPI group (35 patients), the moderate-OIPI
group (75 patients), and the severe-OIPI group (40 patients) (P < 0.0001).
Subgroup analysis showed that the OIPI could have a stable predictive effect in
both the no-nodule group and the IPN group. Spearman'’s rank correlation test
and Kruskal—-Wallis test demonstrated that the OIPI was related to metastatic
site and metastatic time, respectively. In addition, patients with IPNs in high-
OIPI (moderate and severe) groups were more likely to develop metastasis than
those in low-OIPI (none and light) groups. Furthermore, the combination of
OIPI with IPNs can more accurately identify patients with metastasis, in which
the high-OIPI group had a higher metastasis rate, and the severe-OIPI group
tended to develop metastasis earlier than the no-OIPI group. Finally, we
constructed an OIPI-based nomogram to predict 3- and 5-year metastasis
rates. This nomogram could bring net benefits for more patients according to
the decision curve analysis and clinical impact curve.
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Conclusion: This study is the first to assist chest CT in diagnosing the nature of
IPNs in osteosarcoma based on hematological markers. Our findings
suggested that the OIPI was superior to other hematological markers and
that OIPI can act as an auxiliary tool to determine the malignant transformation
tendency of IPNs. The combination of OIPI with IPNs can further improve the
metastatic predictive ability in osteosarcoma patients.

KEYWORDS

osteosarcoma, inflammation, osteosarcoma immune prognostic index, metastatic
predictive markers, indeterminate pulmonary nodules

Introduction

Osteosarcoma is the most common primary bone
malignancy primarily affecting children, adolescents, and the
elderly (1). Current standard treatment for primary
osteosarcoma includes neoadjuvant chemotherapy, wide
surgical resection and adjuvant chemotherapy (1, 2). As
comprehensive treatment advances, the 5-year overall survival
(OS) rate improves to 60%-70%, while it decreases to 20%-30%
when metastasis occurs (3). Metastasis remains the biggest
obstacle to the clinical outcome of osteosarcoma (3, 4). Almost
all osteosarcoma patients have subclinical micrometastatic
disease at the time of initial diagnosis; however, metastatic
status can be detected in only 20% of patients (5, 6). Patients
with subclinical micrometastases frequently develop metastatic
disease during follow-up, mainly leading to clinical treatment
failure and a fatal clinical course (7-9).

The lung is the main metastatic site in patients with
osteosarcoma (3, 10). An accurate evaluation of the lung
metastatic status is essential. In the early stages of metastasis,
lung metastasis always presents as micrometastasis; these
micrometastases are difficult to distinguish from other benign
nodules (3, 11, 12). Those benign and malignant undetermined
pulmonary nodules are called indeterminate pulmonary nodules
(IPNs); they are defined as non-calcified nodules with a maximum
diameter <10 mm (13-15). With the application of fine-section
computed tomography (CT), more suspicious pulmonary nodules
are detected, bringing new challenges for accurate identification of
pulmonary metastasis status in osteosarcoma patients (16). Since
IPNs are not specific in cancer patients, the identification of their
nature is difficult or even not feasible (11, 12, 16, 17). Due to the
size of IPNs, needle biopsy is usually not feasible, and as an
invasive test, biopsy may be excessive (17, 18). Clinically,
radiologists often estimate the probability of lung metastasis
with nodule size, margin, presence of calcification, and nodule
amount (19-21). However, available studies suggest that none of
these features could adequately distinguish malignancy from
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benign lesions (11). Therefore, more markers need to be
included to assist in the judgment of the nature of IPNs.

Timely determination of the nature of IPNs and accurate
development of individualized treatment decisions could
improve the prognosis of osteosarcoma patients (3, 11, 17). In
recent years, researchers have tried to determine the nature of
IPNs by cell-free DNA (cfDNA), microRNA (miRNA), and
circulating tumor cells (CTCs) (22). These specimens have the
advantage of being non-invasive and reproducible (22).
However, due to the limitation of sensitivity, specificity, and
high cost, these biomarkers cannot be applied in clinical practice.
In addition, an increasing number of studies have shown that
hematological markers (such as the neutrophil-lymphocyte ratio
(NLR), platelet-lymphocyte ratio (PLR), lymphocyte-monocyte
ratio (LMR), and serum lactate dehydrogenase (LDH)) are
associated with the prognosis of various cancers, including
osteosarcoma (23-28). More surprisingly, some hematological
markers, such as the lung immune prognostic index (LIPI), can
predict the response to immunotherapy by reflecting the
proinflammatory status (29-33). Therefore, it is reasonable to
speculate that these hematological markers could assist in
judging the nature of IPNs.

To the best of our knowledge, there have been no studies
applying hematological markers to assist in the judgment of the
nature of IPNs in osteosarcoma. Therefore, the main purpose of
this study was to evaluate the value of classical hematological
markers such as NLR, PLR, and LMR and the combination of
hematological markers of LIPI in the judgment of the nature of
IPNs. In addition, we modified the construction of the OIPI based
on the LIPT and assessed its ability to predict the nature of IPNs.

Patients and methods
Patients

After obtaining institutional review board approval, we
retrospectively reviewed the clinical data of osteosarcoma
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patients from January 2016 to January 2021 in the database of
the Musculoskeletal Tumor Center of West China Hospital. The
inclusion criteria were as follows (1): patients with high-grade
osteosarcoma confirmed by histopathology; 2) patients with
complete hematological test results and staging chest CT prior
to the neoadjuvant chemotherapy; and 3) patients who received
standard treatment at West China Hospital. The exclusion
criteria were as follows: 1) patients who had received
neoadjuvant chemotherapy before their first-time consultancy
in our hospital; 2) patients with hematological diseases and other
malignancies (3); patients who did not receive staging chest CT
during the follow-up; and (4) patients with distal metastasis at
the time of diagnosis. Finally, a total of 184 patients were
included in our study. Metastasis-free survival (MFS) was
calculated from the date of diagnosis to the date of metastasis
or last follow-up. Each patient was regularly followed up until
death or January 2022. All the patients obeyed the follow-up
rules: reexamination every 3 months within 1 year after surgery;
every 4 months for 1-2 years after surgery; every 5 months for 2-
3 years after surgery; twice a year for 3-5 years after surgery; and
yearly after 5 years postoperatively.

Data collection and processing

Leukocyte count (Leut#), neutrophil count (Neut#),
lymphocyte count (LYMPH#), monocyte count (MONO#),
platelet count (PLT), lactate dehydrogenase (LDH),
hydroxybutyrate dehydrogenase (HBDH), creatine kinase
(CK), and alkaline phosphatase (ALP) were extracted from the
blood routine of the 184 patients prior to neoadjuvant
chemotherapy. The formulas for calculating NLR, PLR, LMR,
and dANLR are as follows: NLR = Neut#/LYMPH#, PLR = PLT/
LYMPH#, LMR = LYMPH#/MONO#, and dNLR= Neut#/
(Leut#-Neut#). In addition, age, gender, tumor site, pathologic
fracture status, and tumor metastasis status were collected from
the patients’ medical records. In the overall cohort, the optimal
cutoff value for each hematological marker was calculated based
on the time-dependent receiver operating curve (ROC) and
converted into a binary variable according to the cutoff value.

Establishment and validation of the OIPI

Referring to the development of the LIPI, we established the
prognostic model OIPI by combining the hematological indexes
with a higher area under curve (AUC) in the ROC curves
according to our results. Then, we compared the prognostic
predictive effect of the OIPI with that of other hematological
factors and clinical characteristics by time-dependent ROC. To
verify whether the OIPI is an independent risk factor for
metastasis in osteosarcoma patients, we conducted univariate
and multivariate analyses. Significant factors in univariate
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analyses were then subjected to multivariate analyses to
determine independent risk factors for metastasis.
Furthermore, the association between the OIPI and metastatic
sites or metachronous metastasis time was also explored by
Spearman’s rank correlation analysis, Kaplan-Meier survival
analysis, and Kruskal-Wallis test.

Identification of IPNs

Computed tomography scans and reports were reviewed by at
least two radiologists. Rissing et al. (13), defined IPNs as non-
calcified nodules <10 mm in maximal diameter; according to this,
all osteosarcoma patients were classified as no-nodule and IPNs at
the time of diagnosis. All the patients received staging chest CT
during the follow-up. Patients were considered to have pulmonary
metastases when the following first occurred: maximum diameter of
a pulmonary nodule increased by at least 25%, subsequent
appearance of new pulmonary nodules on chest CT during
follow-up, nodules were pathologically diagnosed as metastases,
the date the treating oncologist documented the presence of
pulmonary metastasis, or the date the oncologist documented the
occurrence of pulmonary metastases.

Construction and validation of the OIPI-
based nomogram

After a multistep screening process, an osteosarcoma
metachronous metastasis nomogram was constructed
combining the OIPI and clinical features. For each
osteosarcoma patient, the total point was equal to the sum of
the points of all metastasis prediction factors. The relationships
between the total points and the probability of MFS are shown at
the bottom of the nomogram. We evaluated the discrimination
ability and accuracy of the nomogram by Harrell’s concordance
index and calibration curve, respectively. In the calibration
curve, the diagonal acts as a reference line and represents the
best prediction. Decision curve analysis (DCA) was used to
evaluate the clinical application of the nomogram by estimating
the net benefits at different threshold probabilities. The clinical
impact curve was also drawn to predict reduction intervention
probability per 100 patients.

Statistical analysis

The Kolmogorov-Smirnov test was used to assess whether
continuous variables were normally distributed, and the Mann-
Whitney U test or Spearman correlation analysis was used to
assess differences between continuous variables according to the
results. Categorical variables were evaluated using the chi-square
test and Fisher’s exact test based on the number of individuals in
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each group. All statistical analyses were conducted using R
software, version 4.1.0 (Institute for Statistics and
Mathematics, Vienna, Austria). P-values < 0.05 were
considered to indicate statistical significance.

Results

Patient characteristics and optimal cutoff
values of hematological factors

The patients included in this study consisted of 107 men and
77 women. The age of the patients ranged from 7 to 67 years,
with a mean age of 21 years. Tumors were mainly located at the
extremities in 176 patients, and only eight patients had tumors
affecting the extra-extremities. Pathological fracture at the time
of diagnosis and metachronous metastasis were found in 19 and
64 patients respectively. The time to develop metachronous
metastasis in the 64 patients ranged from 2 to 52 months with
a mean time of 14.7 months. Among 184 osteosarcoma patients,
the average MFS was 30.5 months. In addition, according to the
initial chest CT, 67 of 184 patients were classified as having IPNs
and 117 of 184 patients were classified as having no nodule. In 64
patients who developed metachronous metastasis, 32 patients
had no nodule and 32 patients had IPNs (Table 1). The optimal
cutoff values for hematological markers are also shown in
Supplementary Table 1 (NLR, PLR, LMR, LDH, dNLR,
HBDH, CK, ALP).

We developed the LIPT with LDH and dNLR according to a
previous study (30). Surprisingly, we found that HBDH was also
a significant predictive factor in osteosarcoma with a high AUC
value in t-ROC. Thus, we constructed the osteosarcoma immune
prognostic index (OIPI) combining LIPI and HBDH
(Figure 1A). As shown in Figures 1A, the t-ROC analysis
demonstrated that the AUC of the OIPI was larger than that
of inflammatory markers (dNLR, LDH, HBDH, LIPI) and
clinical features (gender, age, tumor site, pathological fracture,
and IPNs) (Figures 1A, B). This result showed that the OIPI
performed better in predicting the metastasis than other
hematological factors and clinical features. The OIPI divided
184 patients into four groups according to the cutoff values of
hematological factors, with the no-OIPI group for 34 patients,
light-OIPI group for 35 patients, moderate-OIPI group for 75
patients, and severe-OIPI group for 40 patients (P < 0.0001). For
example, a patient with high dNLR, high LDH, and high HBDH
was thought to have three high cutoff values and was categorized
as severe OIPI (Figure 2).

Univariate analysis and multivariate analysis were conducted to
further explore the correlation between predictive factors and
metastasis in 184 patients. According to the univariate analysis,
the pathological fracture (hazard ratio (HR) 2.006; [95% confidence
interval CI] 1.018-3.953, P = 0.044), IPNs (HR 2.291 [95% CI]
1.398-3.756, P = 0.001), NLR (HR 2.182 [95% CI] 1.331-3.578, P =
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0.002), PLR (HR 2.289 [95% CI] 1.363-3.845, P = 0.002), ALP (HR
2.189 [95% CI] 1.316-3.64, P = 0.003), and OIPI (HR 2.140 [95%
CI] 1.590-2.88), P < 0.001) were associated with metastasis and
were selected to perform multivariate analysis to identify
independent risk factors for metastasis. The multivariate analysis
revealed that IPNs (HR 1.717 [95% CI] 1.022-2.887, P = 0.041),
PLR (HR 2.185 [95% CI] 1.247-3.829, P = 0.006), and OIPI (HR
1.950 [95% CI] 1.336-2.846, P < 0.001) were independent risk
factors for metastasis (Figures 2B).

Effect of OIPI in evaluating the
metastatic sites and metastatic time of
patients with metachronous metastasis
in 184 osteosarcoma patients

We further explored the clinical significance of the OIPI in
patients developing metachronous metastasis. Spearman’s
correlation analysis was applied to explore the relationship
between OIPI and metastasis sites (Figure 2D). The results
demonstrated that the OIPI was significantly associated with the
metastasis sites, in which more patients developed lung metastasis
and extrapulmonary metastasis in the high-OIPI group (moderate
and severe) than in the low-OIPI group (none and light). The
Kruskal-Wallis test was used to compare differences in
metachronous metastases in the four OIPI groups (Figure 2E).
As shown, compared with the no-OIPI group, the moderate-OIPI
group and the severe-OIPI group developed metachronous
metastases earlier (P = 0.016 and P = 0.017, respectively).

Effect of the OIPI in predicting
metachronous metastasis in patients
with IPNs or without IPNs

To evaluate the stability of the OIPI and improve its accurate
clinical application, we explored the application of the OIPI in
the subgroup with IPNs (36.4%) or no nodule (63.6%). In
patients with IPNs, the OIPI divided patients into four groups
with the no-OIPI group for 9, light-OIPI group for 12,
moderate-OIPI group for 28, and severe-OIPI group for 18
(Figure 3A) (P = 0.0044). According to the results of univariate
analysis and multivariate analysis, the OIPI was the independent
risk factor for metachronous metastasis (Figures 3B,C). These
results indicated that the OIPI was a stable tool in predicting the
metachronous metastasis. In addition, Spearman’s rank
correlation test demonstrated that OIPI was related to
metastatic sites in patients with IPNs. Patients with IPNs in
moderate or severe OIPI groups developed more lung
metastases (Figure 3D).

In patients with no nodule, the OIPI divided patients into
four groups with the no-OIPI group for 25, light-OIPI group for
23, moderate-OIPI group for 47, and severe-OIPI group for 22
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TABLE 1 Characteristics of 184 osteosarcoma patients.

Characteristics

Patients, n (%)

Non-metastasis(n = 120)

Metachronous metastasis(n = 64)

P-value

Age (years)
>22

<22
Gender
Male
Female
Tumor site
Extremities
Non-extremities
Pathological fracture
Yes

No

Chest CT
No-nodule
IPNs

NLR

Low

High

PLR

Low

High

LMR

Low

High

LDH

Low

High
dNLR
Low

High
HBDH
Low

High

35 (29.2%)
85 (70.8%)

54 (45.0%)
66 (55.0%)

116 (96.7%)
4 (3.3%)

9 (7.5%)
111 (92.5%)

85 (70.8%)
35 (29.2%)

83 (69.2%)
37 (30.8%)

100 (83.3%)
20 (16.7%)

78 (65.0%)
42 (35.0%)

51 (42.5%)
69 (57.5%)

85 (70.8%)
35 (29.2%)

58 (48.3%)
62 (51.7%)

19 (29.7%)
45 (70.3%)

41 (64.1%)
23 (35.9%)

60 (93.8%)
4 (6.2%)

10 (15.6%)
54 (84.4%)

32 (50.0%)
32 (50.0%)

28 (43.8%)
36 (56.2%)

42 (65.6%)
22 (34.4%)

48 (75.0%)
16 (25.0%)

13 (20.3%)
51 (79.7%)

31 (48.4%)
33 (51.6%)

9 (14.1%)
55 (85.9%)

85

1.000

0.273

0.452

0.125

0.006

0.001

0.009

0.001

0.003

0.004

0.000

(Continued)
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TABLE 1 Continued

Characteristics

CK

High
ALP

Low
High
LIPI
Good
Intermediate
Poor
OIPI
None
Light
Moderate

Poor

Non-metastasis(n = 120)

104 (86.7%)
16 (13.3%)

67 (55.8%)
53 (44.2%)

36 (30.0%)
64 (53.3%)
20 (16.7%)

31 (25.8%)
27 (22.5%)
47 (39.2%)
15 (12.5%)

Patients, n (%)

Metachronous metastasis(n = 64)

48 (75.0%)
16 (25.0%)

26 (40.6%)
38 (59.4%)

6 (9.4%)
32 (50.0%)
26 (40.6%)

3 (4.7%)
8 (12.5%)
28 (43.8%)
25 (39.0%)

P-value

0.065

0.063

0.000

0.000

IPNs, indeterminate pulmonary nodules; NLR, neutrophil-lymphocyte ratio; PLR, platelet-lymphocyte ratio; LMR, lymphocyte-monocyte ratio; LDH, lactate dehydrogenase; dNLR, derived neutrophil to lymphocyte ratio; HBDH, hydroxybutyrate

dehydrogenase; CK, creatine kinase; ALP, alkaline phosphatase; LIPI, lung immune prognostic index; OIPI, osteosarcoma immune prognostic index.
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(Figure 3E) (P = 0.0013). According to the results of the
univariate analysis and multivariate analysis, the PLR and
OIPI were independent risk factors for metastasis in 117 no-

nodule patients (Figures 3F,G). Similarly, the Spearman’s rank
correlation test demonstrated that OIPI was also related to
metastatic sites in patients with no nodule. Patients with no

FIGURE 2

osteosarcoma patients into four groups. According to the logistic reg
metachronous metastasis probability were significant. (B) Forest plot

hematological markers and clinical features in 184 osteosarcoma pati
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nodule in the moderate- or severe-OIPI groups developed more
lung metastases (Figure 3H).

We also applied the Kruskal-Wallis test to analyze the
difference in the composition of OIPI between the IPN group
and the no-nodule group. The result shows that there is no
significant difference in the composition of OIPI between the
IPN group and the no-nodule group (Figure 3).

Effect of the combination of the OIPI and
IPNs in predicting the MFS and
metastatic time

We also explored the metastatic predictive function of the

combination of the OIPI and IPNs in osteosarcoma patients. A
total of 184 osteosarcoma patients were divided into eight groups
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according to the initial CT report (no-nodule or IPNs) and the OIPI
classification. As shown in Figure 4A, in patients without nodules,
group 4 had a higher probability of metastasis than group 1 (P =
0.003), group 2 (P = 0.0136), or group 3 (P = 0.0424). Among 184
osteosarcoma patients, patients in group 7 and group 8 were more
likely to develop metastasis than patients in the other groups (group 1
vs. group 7, P = 0.003; group 1 vs. group 8, P < 0.0001; group 2 vs.
group 7, P = 0.0136; group 2 vs. group 8, P < 0.0001; group 3 vs.
group 7, P = 0.0302; group 3 vs. group 8, P = 0.001; group 5 vs. group
7, P =0.031; group 5 vs. group 8, P = 0.0052; group 6 vs. group 8, P =
0.0424). Therefore, the patients in group 4, group 7, and group 8 were
considered the metastasis high-risk groups. Then, we divided the
patients into four groups according to the presence of IPNs (yes vs.
not) and the OIPI (none and light (low OIPI) vs. moderate and severe
(high OIPI)). As shown in Figures 4B,C, patients in group 3 and
group 4 were the metastasis high-risk groups and always developed
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metastasis earlier than patients in group 1 (P = 0.017 and P =
0.0022, respectively).

Construction and validation of the OIPI-
based homogram

To improve the clinical application of the OIPI, we
constructed a nomogram combining the OIPI with clinical
features. As shown in Figure 5A, Cox proportional hazards
regression assigned a score based on the hazard ratio for each
covariate, and the sum of the scores for each covariate was the
nomogram total score. The C-index of this osteosarcoma
metachronous metastasis nomogram was 0.72, and the
calibration curve indicated that this nomogram could
accurately predict 3- and 5-year OS (Figure 5B). Eventually,
we also explored the clinical benefits of this nomogram with
clinical DCA (Figures 5C,D). Our results demonstrate that the
addition of this nomogram with the OIPI could bring significant
net benefits over the model with only clinical features.

Discussion

In this study, we developed an osteosarcoma immune
prognostic index (OIPI) for osteosarcoma patients with the
combination of LDH, dNLR, and HBDH. The OIPI stratifies
patients into four groups, none, light, moderate, and severe. The
OIPI performs better in metastatic predictive ability than other
hematological parameters and clinical features. Meanwhile, our
results indicate that the OIPI is a stable predictive tool and could
be used to evaluate the metastasis sites and MFS. Notably, this
predictive model may help identify patients who develop early
metachronous metastasis. Additionally, we also explored the
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predictive power of the combination of OIPI and IPNs; our
results demonstrated that the OIPI could help clarify the nature
of IPNs in chest CT. Also, the combination of OIPI and IPNs
could help identify metastatic high-risk patients. Furthermore,
we constructed a nomogram that had good predictive accuracy
in predicting 3- and 5-year overall survival and is susceptible to
bring significant net benefits to osteosarcoma patients.

Almost all patients with osteosarcoma have micrometastases
at initial diagnosis, but only one-fifth of patients can be detected
as metastasis status (3). In recent years, many efforts have been
made to improve the prognosis of metastatic patients, such as
the advancement of immune checkpoint inhibitors or TKI
agents (34, 35). Unfortunately, several recent clinical trials
have shown limited clinical benefit of these drugs for
osteosarcoma (35, 36). Therefore, more focus on identifying
micrometastases or early diagnosis of metastatic status may be
an effective strategy. The lung is the most common site of
osteosarcoma metastasis, and lung metastasis is associated
with poor prognosis with a 5-year survival rate of 30%-40%
(37-39).With the continuous development of CT detection
technology, IPNs are detected in more osteosarcoma patients
(16, 17, 40, 41), whereas there is still no consensus on the clinical
relevance of IPNs and metastasis; it is currently based on nature
(such as mineralization, round, and size greater than 5 mm) on
CT alone to determine which IPNs will progress to lung
metastases (13-15). Therefore, in clinical work, regular
reexamination of CT is usually recommended for these
patients. It is difficult to give personalized diagnosis and
treatment opinions, meaning that patients with IPNs may miss
the best time for treatment (11, 12, 16). In addition, although
needle biopsy, thoracoscopy, and exploratory thoracotomy are
considered to be options for defining the nature of nodules, the
heterogeneity of IPNs renders their use limited due to
inaccessibility to deep metastases, micrometastases, and
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Construction and validation of the osteosarcoma metachronous metastasis nomogram. (A) The nomogram was constructed by combining OIP],
ALP, PLR, IPNs, and pathological fracture, and the sum of the scores for each covariate was the nomogram total score. (B) Calibration curves for
the nomogram predicting 3- and 5-year metachronous metastasis of osteosarcoma patients. (C) The clinical net benefit curve of this
nomogram. (D) Clinical net reduction curve for the nomogram. OIPI, osteosarcoma immune prognostic index; ALP, alkaline phosphatase; PLR,
platelet-lymphocyte ratio; IPNs, indeterminate pulmonary nodules; *P < 0.05, **P < 0.01, ***P < 0.001.
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invasiveness (11, 18). Therefore, this study expects to develop a
predictive tool to assist in CT detection and make a personalized
treatment plan for patients with IPNs, rather than
recommending regular CT reviews to all patients.

An ideal prediction tool must be available, repeatable,
predictable, and cost-effective. Recently, several novel assays
such as IncRNAs have been developed. However, these
methods are still some ways from clinical applications due to
their high cost, difficulty in being obtained, and unified detection
methods (42-45). Meanwhile, the predictive effect of
hematological markers has been widely explored. A large
number of hematological markers have been reported to have
great predictive potential in osteosarcoma patients (23-28).
Hematological markers could be ideal prediction tools because
they are accessible to obtain and are reproducible. The LIPI is a
novel hematological marker introduced by Mezquita et al,
which is important for immunotherapeutic options and long-
term survival prediction in advanced lung cancer and
extrapulmonary cancer (30, 32, 33). The LIPI is composed of
dNLR and LDH. Compared with the dNLR and LDH alone, the
LIPI could better represent the inflammatory status and predict
the prognosis of cancer patients (31). At present, the predictive
role of the LIPI in osteosarcoma patients has not been reported.
Given the important role of the LIPI in predicting prognosis and
guiding immunotherapy selection, we hypothesized that the LIPI
also has predictive potential of metastasis in osteosarcoma
patients. Our results verified this hypothesis. In 184
osteosarcoma patients, the LIPI showed a better predictive
ability of metastasis than dNLR or LDH alone (Figure 1A). At
the same time, the results also showed that HBDH, an isoenzyme
of LDH, had prognostic significance. The predictive ability of
HBDH in predicting metastasis was even comparable to that of
LIPI in the first 4 years after diagnosis (Figure 1A). Therefore,
we combined the LIPI and HBDH to create the OIPI The results
showed that the predictive power of the OIPI was higher than
that of other hematological markers and clinical natures
(Figures 1A,B). Surprisingly, the predictive ability of the OIPI
was even higher than that of the LIPI, implying that the OIPI
may be more suitable for predicting metastasis in osteosarcoma
patients. The possible reason is that the inclusion of HBDH
promotes the OIPI to be a comprehensive inflammatory
indicator, which helps the OIPI more fully reflect the
inflammatory status and correlate with the metastatic status.
On the other hand, the combination of dNLR, LDH, and HBDH
can reduce potential bias because each individual index may be
affected by various factors.

Excitingly, our results also revealed that the OIPI could predict
metastatic sites and metastatic time. Patients in the moderate- and
severe-OIPI groups were more likely to develop metachronous
metastases, including lung and extra-lung metastases (Figure 2E).
Therefore, for patients in the moderate- and severe-OIPI groups,
both a more frequent chest CT and regular bone imaging or
positron emission tomography-computed tomography (PET-CT)
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are recommended to timely detect extra-lung metastasis.
(Figure 2D). In addition, patients in the severe-OIPI group may
develop metastasis earlier than those in the no-OIPI group
(Figure 2E). The reason may be that patients in the severe-OIPI
group had a more severe inflammatory response, activation of pro-
EMT signaling pathways, close interaction between immune cells
and tumor cells, and more increased CTC concentrations. In that
situation, tumor cells were more likely to colonize distant sites to
form metastases (46, 47).

Considering the complexity of the tumor metastasis process, it
is difficult to imagine that there is a test method that can
independently and accurately predict tumor metastasis.
Therefore, it is more important to combine OIPI with existing
clinical features such as imaging features to more accurately
predict metastasis in patients. Our results suggested that the
OIPI can be used as a complementary tool for chest CT to
synergistically evaluate the nature of IPNs. As shown in
Figure 3, in both patients with IPNs and without nodules, the
OIPT could evenly divide patients into four groups and was an
independent predictor of metachronous metastasis, suggesting
that the OIPI is a stable predictive tool. In addition, OIPI was
associated with the metastatic site in patients with IPNs. In
patients with IPNs, patients with a high OIPI had a higher
probability to develop lung metastasis, revealing that the OIPI
could assist in determining the nature of IPNs (Figure 3D).
Furthermore, to investigate the predictive ability of metastasis in
the OIPI combined with IPNs, we divided patients into different
risk groups according to the OIPI and IPNs. In the high-risk group
(moderate and severe OIPI groups), patients with IPNs had a
higher probability of developing metastasis (Figures 4A,B) (group
7 vs. group 1, HR = 7.217, P = 0.003; group 8 vs. group 1, HR =
11.804, P < 0.0001). In addition, the combination of OIPI and
IPNs also had some advantages in assessing the metastatic time. As
shown, group 4 had an earlier onset of metastases than group 1
(P < 0.0001). As a result, we recommend that more attention
should be paid to patients in the moderate- and severe-OIPI
groups with IPNs. In these high-risk patients, long-term close
follow-up, more frequent chest CT, or invasive surgery to identify
metastases may be helpful for the early diagnosis of metastatic
lesions. On the other hand, for patients in the no-OIPI group, the
probability of malignant transformation of IPNs was low; thus,
long-term follow-up and regular chest CT are necessary to avoid
unnecessary invasive procedures (Figures 4A,B). Simply put, the
OIPI can be used as a complementary tool of IPNs for predicting
metastasis in clinical practice. For patients with IPNs, clinicians
could combine the OIPI and chest CT to individualize the risk
classification. Moreover, clinicians could develop individual
treatment plans and offer accurate patient consultations.

Furthermore, we also constructed an OIPI-based nomogram
for predicting the metachronous metastasis in osteosarcoma. A
nomogram is an accurate and convenient mathematical model that
can predict specific endpoints. It can help clinicians better diagnose
and determine treatment options. Applying nomograms to assess
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metastatic status is necessary (48). Nomograms are rarely reported
in predicting metastasis in osteosarcoma. Most of the nomograms
are established by integrating clinical parameters and genes
associated with metastasis (48-51). However, due to the
imprecision of clinical features and the clinical inapplicability of
genes, the clinical application of these nomograms was limited. In
the current study, we included the indicators significantly
associated with metachronous metastasis including OIPI, initial
CT report, and PLR in the construction of the nomogram
(Figure 5A). At the same time, we also included ALP,
pathological fracture, and other indicators considering their
important prognostic role in osteosarcoma. According to the
patients’ individual information and corresponding value, we can
obtain a total score to predict the risk of metachronous metastasis.
Our results revealed that this OIPI-based nomogram can
accurately predict the 3- and 5-year metastasis rates of
osteosarcoma patients (Figure 5B). Additionally, compared with
the prediction model without OIPI, the OIPI-based nomogram
can benefit more osteosarcoma patients in the diagnosis and
treatment process (Figures 5C,D). Based on the lack of
metastasis prediction tools in clinical practice, we believe that
this nomogram could be a good prediction tool for metachronous
metastasis in osteosarcoma patients.

The mechanism of the OIPI in predicting metastasis may
because it can reflect the extent of the inflammatory response and
evaluate the metastasis status. As is well known, metastasis
originates from the invasion of cancer cells from the epithelial
layer to the surrounding tissue and the acquisition of the EMT
(epithelial to mesenchymal transition) phenotype. Then the cancer
cells could break through the basement membrane, invade the
tissue, and reach lymphatic vessels or blood vessels for further
spread (46, 47). Inflammation affects cancer invasion, EMT, and
cell migration at various levels (52). Cytokines, tumor-specific
inflammatory signals, and immune cells promote the migration of
tumor cells and the establishment of a metastatic
microenvironment by interacting with cancer cells or the
microenvironment (52). Inflammatory cells such as monocytes
and neutrophils can further aid in adhesion and extravasation
processes, which will accelerate the adhesion of metastatic seeds,
form complexes with cancer cells, regulate the adhesion and
translocation throughout the vessel wall, and finally establish
and maintain a metastatic niche (53-55). Oligocellular
complexes between cancer cells themselves or immune cells-
cancer cells also help to protect these metastatic seeds from
immune surveillance (56). Platelets protect CTCs from lethal
attack by the immune system or other pro-apoptotic stimuli and
provide signals to establish a pro-metastatic niche environment
that ultimately promotes tumor growth and metastasis (57). LDH,
as a classical prognostic predictor of osteosarcoma, often detects
higher LDH levels in metastatic patients than in non-metastatic
patients (58, 59).At the same time, some clinical studies have also
shown that an increase in lactate concentration is also associated
with the subsequent development of nodules or distant metastasis
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(60). This shows the value of detecting LDH levels in predicting
metastasis. As the cornerstone of OIPI, dNLR, LDH, and HBDH
are all associated with metastasis. The constructed OIPI may
reflect the extent of inflammation affecting cancer cell invasion,
EMT, and cell migration at different levels, thereby assessing the
possibility of patient metastasis.

It must be acknowledged that our study has several
limitations. First, this single-center and retrospective study
may have resulted in selection bias. Second, the results of the
relationship between OIPI and metastatic and metastasis sites
need to be interpreted with caution. Since there were only three
cases of metastasis in the no-OIPI group, this may lead to
instability in exploring the relationship between the OIPI and
metastatic time. In the next stage, we plan to conduct further
studies with larger numbers of participants and longer follow-up
to further verify the clinical significance of the OIPI in predicting
the metastatic time. Finally, the prognostic value of HBDH in
osteosarcoma still needs further validation. In this study, we
preliminarily investigated the prognostic value of HBDH, the
isozyme of LDH. Surprisingly, HBDH behaved comparably to
LDH in our cohort. However, studies on the prognostic value of
HBDH in cancer patients are very scarce. In osteosarcoma, only
our study reported the prognostic value of HBDH. Therefore,
further studies are needed to elucidate the predictive ability of
HBDH in patients with osteosarcoma or even cancer patients.
Despite the limitations, our study is the first to interrogate the
clinical significance of hematological markers with IPNs,
providing a new idea for subsequent studies. Further
validation of the OIPI in relation to metastatic time and
treatment effect is needed. It is even more important to
explore whether the OIPI can truly produce a net clinical
benefit. For example, for patients with a high OIPI, whether
closer follow-up and more frequent chest CT can benefit patients
or not needs to be further determined.

Conclusion

In conclusion, this study is the first to assist chest CT in
diagnosing the nature of IPNs in osteosarcoma based on
hematological markers. Our findings suggest that an OIPI with a
LIPI is superior to other hematological markers, and the OIPI can be
used as an auxiliary tool to determine the malignant transformation
tendency of IPNs. The combination of the OIPI with IPNs can
further improve the metastatic predictive ability in osteosarcoma
patients. Further studies are needed to validate our findings.
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Background: Rhabdomyosarcoma (RMS) is the most common soft-tissue
sarcomas in children. This study aimed to investigate the prognostic factors
of pelvic and genitourinary RMS in children and evaluate the survival outcomes
of these children treated with or without radiation therapy (RT).

Methods: The Surveillance, Epidemiology, and End Results Program (SEER)
database was required for children with pelvic and genitourinary RMS. Overall
survival (OS) and cancer-specific survival (CSS) were analyzed using the Kaplan-
Meier method, log-rank test, Cox proportional hazards models, and propensity
score-matched analyses.

Results: For the 262 patients analyzed, the most common biological subtypes
were embryonic (n=209, 79.8%) and alveolar (n=29, 11.1%). Patients with
alveolar RMS had the worst prognosis (P < 0.05). The testis (n=122, 46.6%)
was the most common location, followed by the urinary bladder (n=57, 21.8%)
and prostate (n=48, 18.3%). Uterus RMS had the highest survival rate, followed
by testis, urinary bladder, and prostate RMS. Favorable prognostic factors were
age at diagnosis < 15 years, non-alveolar histological subtype, early tumor stage
(localized/regional), specific sites (uterus and testis), and treatment (cancer-
directed surgery and chemotherapy) (P < 0.05). Propensity score-matched
analyses comparing the cohorts of patients treated with or without RT
demonstrated no significant differences in prognostic survival (OS: P=0.872,
CSS: P=0.713).

Conclusion: The nomogram constructed based on independent prognostic
factors may accurately predict survival rates at 1 and 5 years. Surgery and
adjuvant chemotherapy can be effective treatments, but RT fails to guarantee a
survival benefit. Therefore, prospective trials evaluating RT for pediatric pelvic
and genitourinary RMS are warranted.
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Introduction

Rhabdomyosarcoma (RMS) is the most common soft tissue
sarcoma in children and adolescents aged 0-19 years (1). Pelvic
and genitourinary RMS accounts for approximately 27% of all
pediatric RMS (2). The pelvis and genitourinary organs are close
to the digestive, reproductive, and urinary organs. These
adjacent organs might be affected during RMS treatments
(surgery, iliac artery chemotherapy, and radiation therapy
(RT)), which may result in unsatisfactory treatment outcomes
(3-6). Although existing guidelines recommend RT for patients
with RMS, there are no available studies mentioning the
prognosis of children with pelvic and genitourinary RMS
receiving RT. This study selected pediatric patients with pelvic
and genitourinary RMS from the Surveillance, Epidemiology,
and End Results Program database (SEER, 1975-2016). Clinical
features (sex, age, race, tumor site, and pathological type) and
treatment methods (surgery, iliac artery chemotherapy, and RT)
were used to determine the prognostic factors and assess
prognostic survival.

Methods

The SEER database of the National Cancer Institute covers
26% of the incidence and survival data from 17 population-
based cancer registries in the United States (7). We identified
and included all patients aged 0-19 from the SEER database
1975-2016 who were histologically diagnosed with RMS
(International Classification of Disease for Oncology [ICD-O-
3] code ‘8900/3: Rhabdomyosarcoma, NOS’, ‘8901/3:
Pleomorphic rhabdomyosarcoma,” ‘8902/3: mixed type
rhabdomyosarcoma,” ‘8910/3: Embryonal rhabdomyosarcoma,’
‘8912/3: Spindle cell rhabdomyosarcoma,” ‘8920/3: Alveolar
rhabdomyosarcoma,” ‘8921/3: rhabdomyosarcoma with
ganglionic differentiation’). Primary site-specific codes
included RMS originating in the retroperitoneal pelvic area.
Patient data extracted from the SEER database included
demographic, pathological, and clinical variables. The

Abbreviations: RMS, Rhabdomyosarcoma; RT, radiotherapy; SEER, The
Surveillance, Epidemiology, and End Results Program; LASSO, least
absolute shrinkage and selection operator; OS, overall survival; CSS,
cancer-specific survival; C-index, concordance index; AUC, receiver

operating characteristic curve; PSM, propensity score matching.
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demographic variables included sex and age at diagnosis.
Pathologic variables included tumor histologic subtype,
primary site, and extent of disease, as evaluated using
collaborative stage coding methods. Clinical variables included
chemotherapy (yes/no), RT (yes/no), surgery (yes/no), overall
survival (OS), and cancer-specific survival (CSS).

This study was exempt from local research ethics committee
approval, considering that SEER data were de-identified and
publicly available for research use.

Statistical analysis

OS was defined as the time from diagnosis to death due to
any cause. CSS was defined as the time from diagnosis to death
due to pelvic and genitourinary RMS. Median survival time was
defined as the length of time when half of the patients died.
Kaplan-Meier univariate analysis was performed to calculate the
OS and CSS curves (8). Least absolute shrinkage and selection
operator (LASSO) regression was performed to select the initial
factors and prevent overfitting of the multifactorial models.
Covariates were assessed using multivariable Cox proportional
hazard regression models with corresponding 95% confidence
intervals (CIs).

The performance and discriminative power of prognostic
factors were assessed using the concordance index (C-index)
values and receiver operating characteristic curve (AUC), which
was then visualized as nomograms using the R package “rms”
(9). Propensity score analysis was performed to minimize
selection bias because of the retrospective nature of the data
analysis (10). The 110 propensity score-matched cases were
evaluated using univariate and multivariate Cox regression
analyses to identify the factors associated with treatment
outcomes (11). Covariates were considered statistically
significant at P <0.05. Statistical analyses were performed
using the R statistical software (version 4.1.1).

Results

Demographic and clinical characteristics
of study patients

A total of 262 patients pathologically diagnosed with pelvic
and genitourinary RMS were obtained from the SEER database.

frontiersin.org


https://doi.org/10.3389/fonc.2022.992738
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wu et al.

The eligibility criteria and demographic characteristics are
shown in Figure 1 and Table 1. Pelvic and genitourinary RMS
were more common in men (79.4%) than in women (20.6%).
The testis was the most common primary site (46.6%, n=122),
followed by the urinary bladder (21.8%, n=57) and prostate
(18.3%, n = 48), and the uterus and other sites made up the
remaining 13.3%. Embryons were the most common histological
subtype (79.7%, 209), followed by alveolar (11.1%, 29), spindle,
and other (9.2%) subtypes. Most patients (96.6%) received
chemotherapy, 77.5% were treated with cancer-directed
surgery, and nearly half of the patients received RT. The
tumor stage was categorized as localized, regional, or distant.
Localized tumors (43.9%, 115) included single or multifocal
invasive tumors confined to the primary site or in but not
beyond the capsule. Regions (30.9%, 81) included direct
extension into peripheral tissues, such as blood vessels. Distant
(25.2%, 66) included metastasis and invasion of distant lymph
nodes, bones, etc.

Feature selection and
prognostic signature building

In total, nine variables (sex, age, race, site, histology,
summary stage, chemotherapy, cancer-directed surgery, and
RT) were included in the analysis. According to the LASSO
Cox regression analysis results, eight variables (sex, age, site,
histology, summary stage, chemotherapy, cancer-directed
surgery, and RT) were identified as potential risk factors for
OS and CSS (Figure 2).

[ Participants were extracted from SEER Database ]

-

Inclusion Criteria:

e N

1. Age at diagnosis: 0-18 years,
2. v (] Classil of Disease for Oncology [ICD-0-3] code):
8900/3: RMS (NOS): 8901/3: Pleomorphic RMS: 8902/3: Mixed type RMS: 8910/3
Embryonal RMS: 8912/3: Spindle cell RMS; 8920/3: Alveolar RMS: 8921/3: RMS with
ganglionic differentiation.
3. Site (Site recode ICD-0-3/WHO 2008): Digestive System: Respiratory System: Female
Genital System: Male Genital System: Urinary System:

\ n=300
<>

4 Exclusion Criteria: )
1. Race: Unknown; n=2,
2. Summary Stage: N/A: Unknon: n=24,
3. Classification of the causc of death: Unknown or Not first tumor; n=3,
4. Follow-up Survival months: Unknown; n=7:

L n=48 Y,

-

Pediatric Pelvic and Genitourinary RMS:
n=262

FIGURE 1
Flowchart of inclusion and exclusion criteria for
patient selection
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Identification of independent
prognostic factors

A multivariable Cox regression model was used to search for
OS- and CSS-related prognostic factors (Table 2). According to
multivariable Cox analyses, age, site, summary stage, histology,
cancer-directed surgery, and chemotherapy were significantly
associated with OS (P < 0.05), while age, site, summary stage,
and cancer-directed surgery were significantly associated with
CSS (P < 0.05). These variables were defined as the independent
prognostic factors for OS and CSS.

Nomogram construction and validation

As shown in Figures 3, 4, we constructed nomograms by
incorporating prognostic factors to predict the 1- and 5-year OS
and CSS. The predicted nomogram showed excellent consistency
with actual survival outcomes. The accuracy of the nomogram
was evaluated using the C-index and AUC values of the ROC.
The C-index for OS nomogram was 85.13% (95% CI: 83.06%-
87.20%) and for CSS nomogram was 86.45% (95% CI: 82.43%-
86.91%). The calibration curve revealed substantial concordance
between the actual observation and prediction (Figure 5). The
AUC values of the 1- and 5-year OS/CSS were 0.892/0.887, and
0.873/0.857, respectively (Figure 6). These results indicate that
the nomograms showed excellent predictive performance
and calibration.

Survival analysis of different
prognostic factors

Survival time data were analyzed for each variable, and the
median follow-up was 5.1 years. Kaplan-Meier survival curves
were constructed, and the median OS (half of the time of death)
was calculated for each variable.

The overall survival and cancer-specific survival curves are
illustrated in Figures 7, 8, respectively. There was a significant
difference between the different age cohorts, and the patients in
the 15-19 age group had the poorest OS (P < 0.05) (Figure 7A),
and CSS (P < 0.05) (Figure 8A), which is consistent with the
results of the multivariate Cox regression analysis (Table 2).
Comparing the OS and CSS of patients with different organs
involved RMS (Figures 7B, 8B), the uterus, urinary bladder, and
testis had better prognostic survival than prostate-involved RMS
(P < 0.001). In terms of different stages (Figures 7C, 8C),
localized-stage RMS showed the best OS and CSS, while
distant-stage RMS had the poorest prognostic survival (median
0S8, 28 months; median CSS, 29 months). There was a significant
prognostic difference between the alveolar group and other
sub-histological groups (embryonal, etc.) (P < 0.005)
(Figures 7D, 8D). In the univariate survival analysis of the RT
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TABLE 1 Patient characteristics.

Sex

Female

Male

Age
0-4

5-9

10-14

15-19

Race

Black

Other
White

Unknown
Site

Anus, Anal Canal
and Anorectum

Kidney and Renal
Pelvis

Prostate

Rectum

Testis

Urinary Bladder

Vulva

Ovary

Uterus
Summary stage

Distant

Localized

Regional

Cancer-directed surgery

No (1)

Recommended but
not performed (2)

Yes

Frontiers in Oncology

Alveolar
RMS
(N =29)

8 (27.6%)

21 (72.4%)

8 (27.6%)
3 (10.3%)
5 (17.2%)

13 (44.8%)

8 (27.6%)

1 (3.4%)
20 (69.0%)

0 (0%)

1 (3.4%)
1 (3.4%)
11 (37.9%)

1(3.4%)
8 (27.6%)

2 (6.9%)

5 (17.2%)
0 (0%)
0 (0%)

15 (51.7%)
5 (17.2%)

9 (31.0%)

11 (37.9%)
1 (3.4%)

17 (58.6%)

Embryona IRMS ganglionic differentia-
tion RMS (N = 2)

(N = 209)

43 (20.6%)

166 (79.4%)

87 (41.6%)
39 (18.7%)
35 (16.7%)

48 (23.0%)

40 (19.1%)

11 (5.3%)
155 (74.2%)

3 (1.4%)

0 (0%)
1(0.5%)
37 (17.7%)

0 (0%)
94 (45.0%)

55 (26.3%)

1 (0.5%)
2 (1.0%)
19 (9.1%)

47 (22.5%)
100 (47.8%)

62 (29.7%)

41 (19.6%)
4 (1.9%)

164 (78.5%)

1 (50.0%)

1 (50.0%)

1 (50.0%)

1 (50.0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)
2 (100%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)
1 (50.0%)

0 (0%)

0 (0%)
1 (50.0%)
0 (0%)

0 (0%)

1 (50.0%)

1 (50.0%)

1 (50.0%)

0 (0%)

1 (50.0%)

98

Mixed RMS
(N=8)

0 (0%)

8 (100%)

4 (50.0%)
1 (12.5%)
1 (12.5%)

2 (25.0%)

1 (12.5%)

0 (0%)
7 (87.5%)

0 (0%)
1 (12.5%)
0 (0%)
0 (0%)

0 (0%)
7 (87.5%)

0 (0%)

0 (0%)
0 (0%)
0 (0%)

2 (25.0%)
2 (25.0%)

4 (50.0%)

0 (0%)
0 (0%)

8 (100%)

10.3389/fonc.2022.992738

Pleomorphic  Spindle RMS Overall
RMS (N =2) (N =12) (N =
262)
1 (50%) 1 (8.3%) 54
(20.6%)
1 (50.0%) 11 (91.7%) 208
(79.4%)
0 (0%) 6 (50.0%) 106
(40.5%)
0 (0%) 2 (16.7%) 46
(17.6%)
0 (0%) 1 (8.3%) 42
(16.0%)
2 (100%) 3 (25.0%) 68
(26.0%)
0 (0%) 3 (25.0%) 52
(19.8%)
0 (0%) 1 (8.3%) 13 (5.0%)
2 8 (66.7%) 194
(100%) (74.0%)
0 (0%) 0 (0%) 3 (1.1%)
0 (0%) 0 (0%) 2 (0.8%)
0 (0%) 0 (0%) 2(0.8%)
0 (0%) 0 (0%) 48
(18.3%)
0 (0%) 0 (0%) 1 (0.4%)
1 (50.0%) 11 (91.7%) 122
(46.6%)
0 (0%) 0 (0%) 57
(21.8%)
0 (0%) 1 (8.3%) 7 (2.7%)
1 (50.0%) 0 (0%) 4 (1.5%)
0 (0%) 0 (0%) 19 (7.3%)
1 (50.0%) 1 (8.3%) 66
(25.2%)
0 (0%) 7 (58.3%) 115
(43.9%)
1 (50.0%) 4 (33.3%) 81
(30.9%)
0 (0%) 1(8.3%) 54
(20.6%)
0 (0%) 0 (0%) 5 (1.9%)
2 (100%) 11 (91.7%) 203
(77.5%)
(Continued)
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TABLE 1 Continued

10.3389/fonc.2022.992738

Alveolar Embryona IRMS ganglionic differentia- Mixed RMS  Pleomorphic  Spindle RMS Overall
RMS (N =209) tion RMS (N = 2) (N=38) RMS (N =2) (N =12) (N =
(N =29) 262)
Radiation recode
Only after surgery 12 (41.4%) 62 (29.7%) 0 (0%) 4 (50.0%) 2 (100%) 3 (25.0%) 83
(31.7%)
None 8 (27.6%) 106 (50.7%) 2 (100%) 4 (50.0%) 0 (0%) 8 (66.7%) 128
(48.9%)
Radiation 9 (31.0%) 36 (17.2%) 0 (0%) 0 (0%) 0 (0%) 1 (8.3%) 46
(without surgery) (17.6%)
before and 0 (0%) 1 (0.5%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (0.4%)
After surgery
Intraoperative 0 (0%) 1 (0.5%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (0.4%)
radiation
Prior to 0 (0%) 3 (1.4%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 3 (1.1%)
surgery
Chemotherapy
Yes 29 (100%) 200 (95.7%) 2 (100%) 8 (100%) 2 (100%) 12 (100%) 253
(96.6%)
No 0 (0%) 9 (4.3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 9 (3.4%)

(1) No (surgery): cancer-directed surgery was not performed because it was not recommended by physician due to patient risk factors;
(2) Recommended but not performed: cancer-directed surgery was recommended by the patient’s physician but was not performed as part of the therapy because it was refused by the

patients or patients’ guardian or some other reason.

vs. the no-RT group, the RT group had poorer survival than the
no-RT group (Figures 7E, 8E). Patients with alveolar RMS had
the poorest OS and CSS among the assessed histology groups
(median OS, 36.2 months). Interestingly, patients who

L 9999998888888 8885444221

99999999988888664444321

-+
Log)

FIGURE 2

Feature selection using LASSO Cox regression. (A) OS: The
binomial deviance is plotted versus log (A). (B) OS: LASSO
coefficient profiles of the eight clinical features. A coefficient
profile plot is produced versus the log (A). (C) CSS: The binomial
deviance is plotted versus log (A). (D) CSS: LASSO coefficient
profiles of the eight clinical features. A coefficient profile plot is
produced versus the log (A).
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underwent surgery had significantly better prognostic survival
(P < 0.001) (Figure 7F, Figure 8F). There was no significant
difference in prognostic survival between the different races
(P>0.05) (Appendix Figures 1A, 2A) and sexes (P>0.05)
(Appendix Figures 1. B and 2. B).

On subtype analyses of different therapeutic regimens
(Appendix Tables A1-A3, Figure 9), cancer-directed surgery
was associated with improved OS, while treatment with RT in
combination with chemotherapy or surgery failed to provide a
survival benefit (P > 0.05). Interestingly, the significant survival
difference between different therapeutic regimens was only
observed in patients with distant metastasis, which may be
explained by that the majority of patients treated at an early
stage of disease can have satisfactory outcomes, while there are
higher requirements for therapy options considering the survival
of patients with metastasis. The effect of RT on the survival
of patients with pelvic and genitourinary RMS requires
further investigation.

Survival outcomes after propensity score
analysis

A propensity score analysis was performed to match 55
patients who received RT and 55 who did not receive RT
(Table 3). As a result, characteristics such as age (P =1), site
(P =0.628), and histology (P =0.58) were balanced, without
significant differences.
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TABLE 2 Multivariable Cox regression analysis of predictors of OS and CSS for pelvic and genitourinary RMS.

Risk factor Overall Survival Cancer-Specific Survival
HR (1) (95% CI) P HR (1) (95% CI) P

external beam radiotherapy
Yes 0.947 (0.488 - 1.839) 0.872 1.145 (0.556- 2.358) 0713
No Reference

Cancer-directed surgery
Yes 1.404 (0.643- 2.923) 0.365 1.405 (0.643- 3.069) 0.394

Recommended but not performed 3.382 (1.072- 10.670) 0.038 3.973 (1.231- 12.825) 0.021
No Reference

Chemotherapy
Yes 0.221 (0.056, 0.878) 0.032 0.270 (0.053, 1.380) 0.116
No Reference

Histology Subtype
Embryonal RMS 1.312 (0.622- 2.765) 0.475 1.194 (0.547- 2.606) 0.657

Others (2) 3.356 (1.016, 11.087) 0.047 3.213 (0.949, 10.879) 0.061
Alveolar Reference

Summary Stage
Localized 0.065 (0.022- 0.192) <0.001 0.070 (0.022- 0.219) <0.001
Regional 0.271 (0.140- 0.523) <0.001 0.277 (0.138- 0.555) <0.001
Distant Reference

Site
Prostate 1.225 (0.352, 4.270) 0.750 1.107 (0.300, 4.081) 0.878
Testis 0.150 (0.039, 0.584) 0.006 0.165 (0.040, 0.682) 0.013
Urinary Bladder 0.429 (0.132, 1.388) 0.158 0.468 (0.137, 1.599) 0.226
Uterus 0.090 (0.435, 0.822) 0.0329 - -
Others (3) Reference

Age
10-14 2.019 (0.793- 5.142) 0.141 1.577 (0.570- 4.362) 0.381
15-19 2.984 (1.442- 6.175) 0.003 2.370 (1.257- 5.863) 0.011
5-9 1.088 (0.447- 2.724) 0.857 1.130 (0.447- 2.856) 0.795
0-4 Reference

Gender
Male 0.577 (0.216, 1.539) 0.356 0.625 (0.231, 1.695) 0.356
Female Reference

(1) HR, Hazard ratio.

(2) Others: Ganglionic differentiation RMS; Mixed RMS; Pleomorphic RMS; Spindle RMS.

(3) Others: Anus, Anal Canal and Anorectum; Kidney and Renal Pelvis; Rectum; Vulva; Ovary.

Bold values means P value <;0.05.

Kaplan Meier plot (Figure 10) revealed approximately 75% Discussion

OS at 5 years of follow-up for both the RT and no-RT groups
(P =0.773) and yielded a statistically insignificant univariable
HRs of 1.113 (0.537-2.307, P =0.773). The 5-year CSS was
approximately 75% for both the RT and no-RT groups
(P =0.49), with a statistically insignificant univariable HRs of
1.320 (0.599-2.91, P =0.49). In multivariable Cox regression
analysis (Table 4), the implementation of RT was associated
with worse prognostic survival, but no statistically significant
changes were observed in 5-year survival (OS: HR=1.431; 95%
CI: 0.661-3.099; P =0.364; CSS: HR=1.601; 95% CI: 0.700-
3.662; P =0.265).
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RMS lesions in the pelvic cavity and urogenital system are
often close to large blood vessels and vital organs and usually
grow too large to be completely removed before diagnosis.
According to the Children’s Oncology Group (COG) and
groups in Europe (the Soft Tissue Sarcoma Committee of the
COG, etc.) (12), multimodal therapy combining surgical
resection, preoperative/postoperative chemotherapy, and RT
has been the overall treatment philosophy. However, there are
no guidelines, especially for pediatric pelvic and genitourinary
RMS. Therefore, the prognostic factors for pediatric pelvic and
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FIGURE 3
The nomogram of predicting OS of patients aged 0-19 years
with pelvic and genitourinary RMS.
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FIGURE 4
The nomogram of predicting CSS of patients aged 0-19 years
with pelvic and genitourinary RMS.
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FIGURE 5

Calibration curves to predict (A) 1-year OS; (B) 5-year OS; (C) 1-
year CSS; (D) 1-year CSS. Predicted survival is plotted on the x-
axis, and actual survival is plotted on the y-axis.
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FIGURE 6

ROC curves of OS and CSS. (A) The ROC curve of 1-year OS; (B)
The ROC curve of 5-year OS; (C) The ROC curve of 1-year CSS;
(D) The ROC curve of 5-year CSS.

genitourinary RMS and the outcomes of different treatments are

worth exploring. To the best of our knowledge, this is the first

population-based study to determine prognostic factors and

assess the outcomes of pediatric patients with pelvic and

genitourinary RMS.

This study found that the histological subtype, age,

pathological stage, and site were significantly associated with
OS and CSS. According to the histological features, RMS can be
divided into two main subtypes (embryonal and alveolar) and
other rare subtypes (pleomorphic, anaplastic, etc.). In this study,

alveolar RMS showed a poorer prognosis than embryonal,

pleomorphic, and anaplastic RMS, which is consistent with the

recent understanding of pediatric RMS (13-15). It is more

difficult to treat alveolar RMS than other subtypes (embryonal

type, etc.) due to its discrete location, metastatic tendency and

FIGURE 7

Kaplan-Meier curve of overall survival stratified by (A) age, (B)
site, (C) stage, (D) histology, (E) radiotherapy, (F) cancer-directed

surgery.
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FIGURE 8

Kaplan-Meier curve of cancer-specific survival stratified by (A)
age, (B) site, (C) stage, (D) histology, (E) radiotherapy, (F) cancer-
directed surgery

high degree of malignancy. Therefore, in this study, the
proportion of patients with alveolar type who received surgery
was higher than that of patients with embryonal type. For
different age groups, patients in the 15-19 group showed a
significantly worse prognostic survival than patients aged 0-15
years (OS: HR 2.984, 95% CI 1.442-6.175, P < 0.01**; CSS: HR
2.370, 95% CI 1.257-5.863, P < 0.05*). The same report as shown
by the Italian and German Soft Tissue Cooperative Groups that
age <10 years at diagnosis and embryonal histology are favorable
prognostic factors (16, 17). The prognosis of pediatric metastatic
RMS remains poor (18). We found that a higher tumor stage was
associated with worse prognosis (OS: localized stage: HR 0.070,
95% CI 0.022-0.192, P < 0.001; CSS: localized stage: HR 0.065,
95% CI 0.022-0.219, P < 0.001). We also found that RMS in the
testis and uterus has a much better prognosis than RMS in other
locations, suggesting that pediatric RMS in reproductive organs
may has better prognostic survival.

For decades, surgery associated with chemotherapy and RT
has been the gold standard treatment for patients with RMS (19).
Our results support the idea that surgery is the most important
therapy in RMS treatment (20), as we found that cancer-directed
surgery significantly improved five-year OS/CSS. In our
subgroup analysis, chemotherapy improved the survival rate
(HR=0.221; 95% CI, 0.056-0.878; P=0.032). Although some

FIGURE 9
Kaplan-Meier curve of survival stratified by different therapeutic
regimens.
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studies have shown different results in that preoperative and/
or postoperative chemotherapy is ineffective (21, 22),
chemotherapy continues to be recommended due to surgical
benefits (tumor shrinkage after chemotherapy). Collectively,
appropriate chemotherapy can confer overall prognostic
survival for patients with pelvic and genitourinary RMS.

To the best of our knowledge, this analysis included the
largest cohort of children with pelvic and genitourinary RMS
treated with RT. The propensity score analysis showed that
postoperative RT provided no significant survival benefit for
children with pelvic and genitourinary RMS. Similar results were
obtained in a study that included 237 patients with vaginal/
uterine RMS, and the pooled analysis showed no statistical
difference (P>0.05) in OS between patients with and without
RT (10-year OS: 94% without RT vs. 89% with RT) (23). In
subgroup Cox analysis, our study also showed that RT failed to
provide survival benefits, even with chemotherapy or surgery.
Although the clinical efficacy of RT remains to be evaluated,
American clinical guidelines for RMS in children still
recommend RT as a standard treatment. Approximately 75%
of children with RMS are treated with RT, and long-term side
effects have frequently been observed at different sites (4). When
pelvic radiation is used for pediatric RMS, RT-related toxicity
can affect normal tissues, which may result in growth
asymmetries, cystitis, infertility, and sexual dysfunction (24-
26). Late radiation-induced toxicity also includes decreased bone
growth, increased risk of secondary malignancy, and hematuria
(27-29). Therefore, we must be aware of the potential toxicity to
patients’ lives (25). Currently, at least three randomized clinical
trials of pediatric RMS to evaluate the survival impact of RT are
in progress (NCT00002995, NCT01626170, and
NCT00075582). As data from NCT00002995 have shown, no
evidence suggests that reduced RT dose has a negative impact on
5-year failure-free survival (FFS) and OS (localized, stagel/2/3
embryonal RMS, treated with surgical resection and
chemotherapy (VA/VAC)) (30). For patients with localized
RMS of the vagina, RT-related long-term effects are sometimes
unacceptable, especially in children under 24 months of age (31).

Current studies concentrating on the prognostic factors of
RMS were mostly based on pathological factors at the time of
initial diagnosis, which did not calculate the dynamic changes
that occur during the disease process (32). Our study is the first
to predict the prognostic survival of pelvic and genitourinary
RMS throughout the disease course. We defined different risk
factors and constructed relevant nomograms to predict the OS/
CSS in patients with pelvic and genitourinary RMS. These
nomograms may help predict prognosis more accurately.

Our study has several limitations. Since pediatric RMS is a
rare type of pediatric cancer, and the incidence of different
subtypes varies greatly (33, 34), there are certain different
subtype proportions in this study. The conclusions about
alveolar and other rare subtypes need to be validated in more
cases in future. Given the retrospective nature of this study, all
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TABLE 3 Characteristics of patients after propensity score matching.

Sex
Female
Male
age
0-4
5-9
10-14
15-19
race
Black
Other
White
site
Others
Tesis+Uterus+Urinary Bladder
histology
Alveolar RMS etc.
Embryonal RMS
summary.stage
Distant
Localized
Regional
chemotherapy
No
Yes
cancer.directed.surgery
No
Yes

TABLE 4 Cox regression analysis of the patients after propensity score matching.

Risk factor
RT (Yes)
RT (No)

RT (Yes)
RT (No)

RT (Yes)
RT (No)

RT (Yes)
RT (No)

None (N = 55)

11 (20.0%)
44 (80.0%)

27 (49.1%)
9 (16.4%)
7 (12.7%)
12 (21.8%)

12 (21.8%)
3 (5.5%)
40 (72.7%)

9 (16.4%)
46 (83.6%)

9 (16.4%)
46 (83.6%)

16 (29.1%)
19 (34.5%)
20 (36.4%)

0 (0%)
55 (100%)

6 (10.9%)
49 (89.1%)

Univariate Regression Analysis (OS)

1.113 (0.537- 2.307)

Univariate Regression Analysis (CSS)
1.320 (0.599- 2.91)

Multivariate Cox Proportional Hazards Analysis (OS)
1.431 (0.661, 3.099)

Multivariate Cox Proportional Hazards Analysis (CSS)
1.601 (0.699, 3.662)

Yes (N = 55)

9 (16.4%)
46 (83.6%)

27 (49.1%)
9 (16.4%)
8 (14.5%)
11 (20.0%)
11 (20.0%)
2 (3.6%)

42 (76.4%)

12 (21.8%)
43 (78.2%)

6 (10.9%)
49 (89.1%)

16 (29.1%)
22 (40.0%)

17 (30.9%)

0 (0%)
55 (100%)

6 (10.9%)
49 (89.1%)

Ref

Ref

Ref

Ref

10.3389/fonc.2022.992738

P.value

0.805

0.883

0.628

0.58

0.789

P Value
0.773

0.364

0.265

Signif. codes: **** 0.001; *** 0.01; ** 0.05, <" 0.1;  * 1.
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FIGURE 10
Kaplan-Meier of overall survival and cancer-specific survival in
patients treated with or without RT.

analyses were subject to selection biases and imbalances in
unquantified variables. Of particular importance, specific
regimens and dosages for chemotherapy and RT were
unavailable. We used several analytical approaches to address
potential unmeasured confounding factors, including LASSO
regression, multivariable adjustment, and propensity score
analysis. All the analytical approaches provided generally
consistent results.

In conclusion, age at diagnosis of < 15 years, non-alveolar
histological subtype, early tumor stage (localized/regional),
specific sites (uterus and testis), and treatment (cancer-
directed surgery and chemotherapy) were favorable prognostic
factors. The survival nomogram is a user-friendly tool composed
of readily available baseline objective data elements that allow
robust estimates of survival in patients, overcoming the
epistemic uncertainty of the prognostication of this disease.
The results of this analysis suggest that RT may not associated
with improved prognostic survival in patients with pelvic and
genitourinary RMS. Randomized trials to evaluate the impact of
RT in pediatric pelvic and genitourinary RMS are warranted. In
contrast, cancer-directed surgery can significantly extend life
expectancy and increase the cure rate, and chemotherapy may
play a role as an adjuvant therapy to improve the curative effects.
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Appendixes

APPENDIX TABLE A1 Survival analyses of different therapeutic
regimens-localized.

Regimen Overall Survival
HR 95% CI p
Surgery+chemo 0.177 0.011 to 2.823 0.220
Surgery+ RT+chemo 1.357 0.123 to 14.970 0.803
RT+chemo Reference Reference

APPENDIX TABLE A2 Survival analyses of different therapeutic
regimens-regional.

Regimen Overall Survival
HR 95% CI P
Surgery+chemo 0.706 0.143 to 3.503 0.671
Surgery+ RT+chemo 1.514 0.391 to 5.862 0.548
RT+chemo Reference Reference

APPENDIX TABLE A3 Survival analyses of different therapeutic
regimens-distant.

Regimen Overall Survival
HR 95% CI P
Surgery+chemo 0.444 0.182 to 1.087 0.077.
Surgery+ RT+chemo 0.323 0.151 to 0.690 0.004 **
RT+chemo Reference Reference
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Clinical features and therapeutic
outcomes of alveolar soft part
sarcoma in children: A single-
center, retrospective study

Zhichao Tan', Jiayong Liu*', Ruifeng Xue', Zhengfu Fan,
Chuijie Bai, Shu Li, Tian Gao, Lu Zhang and Xinyu Wang

Key Laboratory of Carcinogenesis and Translational Research (Ministry of Education/Beijing),
Department of Bone and Soft Tissue Tumor, Peking University Cancer Hospital and Institute,
Beijing, China

Background: Alveolar soft part sarcoma (ASPS) is a rare sarcoma that has been
shown to be highly effective to antiangiogenic agents and immune checkpoint
inhibitors, but most reported studies about ASPS were concentrated on adult
population. In this study, we aimed to describe the clinical features and
therapeutic outcomes of ASPS in children.

Methods: We retrospectively reviewed the records of patients with ASPS in
our institution since Jan 2015. All patients included in this study were
pathologically confirmed ASPS and aged under 12 years at the time of initial
diagnosis. Demographic characteristics, tumor sizes, primary tumor sites,
metastasis, treatments used, therapeutic responses and survivals
were evaluated.

Results: We identified a total of 56 patients to be initially diagnosed as ASPS
since Jan 2015. A predisposition of high occurrence in head and neck (32.1%)
was observed (versus 41.1% in limbs and 21.4% in trunk). 26 (46.4%) patients
developed metastasis at the time of diagnosis or during follow-up. Tumors in
tongue, pharynx and larynx had the least likelihood to metastasize (7.7%,
P<0.05). Observation was recommended for 15 stage IV patients with only
pulmonary metastasis. 7 (46.7%) patients remained stable until last follow up.
The 1-year PFS rate was 83.3% and median progression-free survival time (PFS)
was 29.4 months. 15 patients with progressive disease received mono or
combined therapy. 11 patients received PD-1 monotherapy. 2 patients
achieved partial response and 5 stable disease. The overall response rate was
18.2%. The median PFS of this group was 22.0 months, and the 1-year PFS rate
was 70.0%. 4 patients received a combination therapy of PD-1 inhibitors plus
tyrosine kinase inhibitors. All of them remained stable. No disease-related
death occurred during follow-up.

Conclusions: ASPS exhibits a higher occurrence in head and neck in children.
ASPS originating from glossopharyngeal region tends to have a lower
metastasis rate. ASPS displays a more indolent growth pattern in children,
which makes observation a preferable choice for children with sole
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pulmonary metastasis. Pediatric ASPS appears to be less effective to targeted
therapy and immunotherapy than adults. The treatment of progressive ASPS
in children remains challenging.

KEYWORDS

alveolar soft part sarcoma, pediatric, clinical features, targeted therapy, immunotherapy

Introduction

Alveolar soft part sarcoma (ASPS) is a rare histologic subtype
of soft tissue sarcomas, which represents less than 1% of all soft
tissue sarcomas (1). It is characterized by the frequent presence of
the chromosomal rearrangement der (2)t(X;17)(p11;q25), leading
to a chimeric APSCRI1-TFE3 transcription factor (3). About one
third of ASPS occur in children and adolescents, accounting for
about 4.5% of all soft tissue sarcomas in this population (4). The
majority of our knowledge regarding to ASPS comes from the
adult population, and the size of the studies is relatively small. The
largest study so far, which used the National Cancer Database,
identified 293 ASPS patients aged 18 and over, and concluded that
ASPS present with a high rate of metastasis (59%) and an indolent
course when compared to other malignant soft tissue tumors (5).
Resection remains the standard treatment when feasible. For stage
IV ASPS, traditional cytotoxic chemotherapy enacted poor
activity (overall response rate (ORR) less than 10%) (6).
However, the recent progress in targeted and immune therapy
had led to delighting results in ASPS. A recent meta-analysis
evaluating the efficacy of immune checkpoint inhibitors in
sarcomas reported an ORR of 35% in the ASPS subgroup (7).
Tyrosine kinase inhibitors, such as cediranib and pazopanib,
achieved an ORR of 20-35% (8, 9). Recently, a phase II study of
TQB2450 (a PD-L1 antibody) in combination with anlotinib,
achieved an ORR of 75.0% in the ASPS subgroup (10).

Pediatric series are very limited due to the extreme rarity of ASPS
in children. The largest study consisted of 51 children and adolescents
with ASPS from seven European Cooperative Groups (11). Another
study, consisting of 69 patients, included patients younger than 30
years with ASPS from four major cancer centers in North America
(12). So we conducted this retrospective, single-center study to better
identify the clinical features and outcomes of ASPS in children,.

Materials and methods

Patient data

The clinical data of children (under 12 years old) diagnosed
with ASPS since January, 2015 was retrospectively collected from
our institution. The study was conducted in accordance with the
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Declaration of Helsinki. Informed consent was obtained for all
patients. All patients included in this study were pathologically
confirmed ASPS. Case records were analyzed for anatomical site
of primary disease and metastasis, extent of surgery, adjuvant
radiation, types and duration of medical therapy, response to
therapy, time to progression or recurrence, and follow-up. The
TNM postsurgical staging was employed.

Therapeutic strategy

If possible, a wide excision of primary tumor would be
recommended for all patients. For those with unresectable
primary tumor or can be only resected with positive surgical
margin (such as tumors located at orbit), radical radiotherapy
would be conducted. After eradication of primary tumor,
patients without metastasis and patients with only pulmonary
metastasis were suggested to closely observe. We would start
medical intervention for patients with extra-pulmonary
metastasis, and those who were confirmed to have progressive
disease during follow up. Tyrosine kinase inhibitors (TKIs)
monotherapy, PD-1 inhibitors monotherapy, or a combination
of these two agents would be employed according to the
recommendation of the attending physician and the choice of
the patient’s family. The PD-1 inhibitors we employed included
pembrolizumab, torpalimab and sintilimab; the TKIs included
anlotinib and pazopanib. We generally used 1/3-1/2 standard
dose of these drugs, and the specific dose would be adjusted
according to the age and weight of the patient. This therapeutic
strategy was discussed and approved by the ethics committee of
Peking University Cancer Hospital.

Statistical analysis

Standard descriptive statistics were used. The means were
compared by using independent sample t-test. Survival was
analyzed using the Kaplan-Meier method. In the metastasis-
free group, event-free survival (EFS) was defined as the time
from the date of diagnosis to date of metastasize, relapse or last
follow-up. In IV stage patients, for the observation group,
progression-free survival (PFS) was defined as the time from
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the diagnosis of metastasis to the date of progression or last
follow-up; for the treatment group, PFS was defined as the start
of medical treatment to the date of progression or last follow-up.
Overall survival (OS) was defined as time from the date of
diagnosis to death or last follow-up. The monitor of primary
tumor site and metastasis was conducted by using computed
tomography (CT) or magnetic resonance imaging (MRI). For
patients with measurable disease (tumor diameter greater or
equal to 1cm), we used the Response Evaluation Criteria in Solid
Tumors (RECIST, version 1.1) to evaluate the response to
medical treatment. For patients without evaluable tumors
(tumor diameter less than 1cm), we defined complete response
(CR) as the all visible tumor disappeared with no residual
disease, stable disease (SD) as tumor increased less than 5mm
or decreased but still visible, progressive disease (PD) as the
tumor increased more than 5mm. Significance (P<0.05, two-
tailed) was determined by log-rank test with respect to EFS, PFS
and OS, and by Cox regression models for the univariate and
multivariate analysis for the following covariates: patient age,
gender, primary tumor site, primary tumor size, medical
treatment. Statistical analysis was completed using SPSS 25.0.

Results

A total of 56 children under 12 years old were identified
since 2015. The clinical characteristics of them are shown in
Table 1. A predisposition of female dominance was observed
(64.3%). The primary tumor was located mostly in limb (41.1%),
head and neck (31.1%), and trunk (21.4%). Nearly half of the
patients (46.4%) had metastasis at diagnosis or during follow-up.
Different origins of tumor demonstrated different metastatic
rate. Tumors located in tongue, pharynx and larynx were least
likely to metastasize (7.7%, versus limb 65.2%, trunk 41.7%,
abdominal and pelvic and retroperitoneal cavity, 66.7%, orbit
75%, P<0.05)(Figure 1). Interestingly, the diameter of tumor
originating from this area (tongue, pharynx and larynx) was not
significantly different from other parts (limb: 4.24cm, trunk:
3.42cm, abdominal and pelvic and retroperitoneal cavity: 4.6cm;
orbit: 2.2cm; tongue, pharynx and larynx: 3.09cm, P>0.1).
Gender and age were neither prognostic factor for metastasis.

48 patients were metastasis-free when diagnosed, and 20
(41.7%) had metastasis during follow-up. The median event-free
survival was 63.2 months (Figure 2A). 15 patients had only
pulmonary metastasis, including those who were discovered
when diagnosed or during follow-up. These patients were
recommended to receive no medical treatment and
observation. In this observation group, 7 patients (46.7%)
remained stable during follow-up. The median PFS was 29.4
months, and the 1-year PFS rate was 83.3% (Figure 2B).

15 patients received medical treatment, including 9 patients
with extra-pulmonary metastasis and 6 patients with progression of
pulmonary metastasis during follow-up. No patient received TKIs
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monotherapy and 11 patients received PD-1 inhibitor monotherapy
as initial treatment. 2 of 11 (18.2%) had PR, 6 had SD and 3 had PD.
The median PES for monotherapy group was 22.0 months, and the
1-year PFS rate was 70.0% (Figure 2C). 4 patients received TKIs and
PD-1 inhibitors combination therapy. All of them remained SD. No
CR were recorded in either monotherapy or combination therapy
group. No disease-related death was reported during follow-up,
thus the median OS was not reached.

Discussion

As a rare cancer, it is hard to evaluate the biological behavior
and therapeutic outcomes of ASPS with large-scale clinical trials,
especially in pediatric population. Only several studies
concentrated on pediatric and adolescent ASPS patients (11-
13). However, there are some limitations in these studies. Firstly,
both targeted therapy and immunotherapy have achieved good
results in ASPS in recent years, and have changed the outcomes
of many patients. Therefore, the results of these emerging
therapies and the survival data of patients need to be updated.
Secondly, these studies do not further distinguish between
pediatric and adolescent populations. More data are needed to

TABLE 1 Characteristics of patients.

Number (%)

Gender
Male 20 (35.7)
Female 36(64.3)
Age (median, year) 6.5(1-12)
Primary tumor site
Limb 23 (41.1)
Trunk 12 (21.4)
Abdominal, pelvic, retroperitoneal cavity 3 (5.4)
Head and neck 18 (32.1)
Tongue, pharynx and larynx 13 (23.2)
Orbit 4(7.1)
others 1(1.8)
Primary tumor diameter (median, cm) 3.6 (0.6-9.0)
T stage
1 35 (62.5)
2 10 (17.9)
NA 11 (19.6)
N stage
NO 54 (96.5)
N+ 2(3.5)
Metastasis
No 30 (53.6)
Yes 26 (46.4)

Follow-up time (median, month) 34.7 (3.1-84.5)

NA, not available.
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Tumor metastasis from different origin. APRC, abdominal, pelvic and retroperitoneal cavity; TPL, tongue, pharynx and larynx.

confirm the differences in clinical features, prognosis, and
treatment response between ASPS in children and adolescents.
Our study was aimed to evaluate clinical features of ASPS in the
specific population: children under 12 years old. 56 patients were
included in this study. As far as we know, this is the largest ASPS
pediatric population reported to date.

We identified a relatively higher rate of occurrence and a
lower rate of metastasis relating to a particular primary tumor
site in head and neck, especially in glossopharyngeal region. In
the adult ASPS population, tumors originating from head and
neck only consisted of 3.4% (5); in the children and adolescent
ASPS population, the ratio was 15%-19% (11, 12) while in our
study it was 32.1%. On the contrary to its high occurrence, the
metastatic rate of glossopharyngeal region was surprisingly low
(7.7%). We are not the first to discover this phenomenon since
Hagerty et al. also reported ASPS from head and neck had a
lesser metastatic rate (40%) compared to extremity origins (73%)
(5). Those researchers attributed it to the higher visibility of
lesions arising from head and neck, which leads to an earlier
medical intervention, but we doubt this theory because in our
result, the diameter of tumors from this region was not
significantly smaller than other origins, although the small
sample size limited the validity. Tumor biology might be a
contributing factor. Previous studies regarding head and neck
sarcomas mostly reported distant metastatic rate around 20%. In
3 retrospective reviews examining a total of 403 patients with
head and neck sarcomas, the authors reported a distant
metastatic rate of 17.6%, with a total of 71 metastasis (14-16).
Notably, Torosian et al. reported 565 patients with soft tissue
sarcomas, in which 18% (52/237) of patients with extremity
sarcomas and 19% (4/21) of patients with head and neck
sarcomas had metastatic disease. This result was contradictory
to the early intervention theory. We would like to suppose that
head and neck should not be dealt as a whole when analyzing
risk factors for metastasis. In our result, ASPS from head and
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neck had a metastatic rate of 23.5%, but tumors from
glossopharyngeal region displayed a much lower distant
metastatic rate compared to orbit origin (1/13 vs 3/4).

The 5-year survival rate of stage IV ASPS patients was
approximately 50%-60% in recent research (5, 17). Thirty years
ago, a same rate of 5-year survival rate was observed with localized
disease (2). The data implies that the treatment has improved in
recent years. But it still remains unclear when to start intervention
with medical treatment because of its relatively indolent growth. In
our result, about half of the patients with only pulmonary metastasis
remained SD without any intervention, and the 1-year PFS rate
reached up to 83.3%. We also noticed that there were some cases
with only pulmonary metastasis remained a long period of stability
during follow-up in the reports of other investigators (12).
Moreover, there is further evidence that ASPS plays a more
indolent course in young patients. Lieberman et al. reported that
the frequency of metastasis at presentation increased with the age at
diagnosis, and the median survival decreased with it: patients at age
interval 0-9 years had 17% metastatic rate and median survival of 20
years, while patients at age over 30 years had 32% metastatic rate
and median survival of only 5 years (2). Therefore, we would like to
imply that observation can be the first choice for stage IV ASPS
children with only pulmonary metastasis.

For patients with disease progression or extra-pulmonary
metastasis, TKIs and/or PD-1 inhibitors were recommended by
some authoritative institutions, such as the National
Comprehensive Cancer Network (NCCN). In our study, no
patient chose TKIs monotherapy and most patients chose PD1
inhibitors as the initial treatment, because they were concerned
about the adverse effects and the rebound effects after drug
resistance of TKIs. In adults, previous clinical trials
demonstrated that PD-1 monotherapy achieved an ORR of
25%-37.2% (18, 19). However, only 16.7% of children with
ASPS in our study responded to PD-1 inhibitors. 27.2% (3/11)
patients had disease progression during monotherapy, which was
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(A) Event-free survival of localized ASPS; (B) Progression-free survival for the observation group; (C) Progression-free survival for the PD-1

monotherapy group

higher compared to adult population (<10%) (18, 19). For
combination therapy, all 4 patients who received TKIs and PD-
1 inhibitors stayed SD. This was a disappointing result because in
clinical trials recruiting adults, combination therapy achieved an
ORR of 58.3%-75.0% (10, 20). These findings may imply that
although ASPS in children is more indolent, but it is less sensitive
to target and immune therapies. In the field of
immunosenescence, there is a theory that tumors in the elderly
have more mutations than the young, because of a long period of
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exposure to environment and/or intrinsic mutagens, which
contributes more neoantigens to be targeted by T cells of the
host immune system. This theory might be a potential explanation
to our finding (21). But historic data about pediatric ASPS is very
limited, and previous clinical trials excluded patients under 18
years old, therefore, we may need more clinical reviews to confirm
the validity of this hypothesis.

There are some limitations in our study. First, due to the long-
time span and technological reasons, not all patients had the
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testing of ASPL-TFE3 fusion gene. To make the pathologic
confirmation, all histologic slides were reviewed by experienced
pathologists and the necessary immunohistochemistry was
performed, including TFE3. Second, selection bias was inevitable
as a single center, retrospective study. We collected records of
every confirmed ASPS patients to reduce the bias. Moreover, the
imaging assessment was confirmed by both the clinician and the
radiologist. Third, the number of patients receiving combination
therapy was very limited, which undermines the validity of our
results. Considering its rarity, further cooperation of large centers
is essential to make high-level clinical evidence.

Conclusion

ASPS affects head and neck more often in children. Head and
neck should be more subdivided when analyzing risk factors, in
which tumors originating from glossopharyngeal region had the
lowest metastatic rate. The mechanism needs further exploration.
ASPS displays a more indolent growth pattern in children than
adults. For children with sole pulmonary metastasis, observation
might be a preferrable choice. As for progressive disease, pediatric
ASPS appears to be more resistant to both PD-1 inhibitors and
TKIs than adults. Therefore, it is still challenging to find an
effective treatment for children with ASPS.

Data availability statement

The dataset included private data of patients. Requests to access
the datasets should be directed to ZT, alveolarpku@126.com.
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Background: Ewing's sarcoma (ES) is one of the most prevalent malignant bone
tumors worldwide. However, the molecular mechanisms of the genes and
signaling pathways of ES are still not well sufficiently comprehended. To identify
candidate genes involved in the development and progression of ES, the study
screened for key genes and biological pathways related to ES using bioinformatics
methods.

Methods: The GSE45544 and GSE17618 microarray datasets were downloaded
from the Gene Expression Omnibus (GEO) database. Differentially expressed genes
(DEGs) were identified, and functional enrichment analysis was performed. A
protein—protein interaction (PPI) network was built, and key module analysis was
performed using STRING and Cytoscape. A core-gene was gained and was
validated by the validation dataset GSE67886 and immunohistochemistry (IHC).
The diagnostic value and prognosis evaluation of ES were executed using,
respectively, the ROC approach and Cox Regression.

Results: A total of 187 DEGs, consisting of 56 downregulated genes and 131
upregulated genes, were identified by comparing the tumor samples to normal
samples. The enriched functions and pathways of the DEGs, including cell division,
mitotic nuclear division, cell proliferation, cell cycle, oocyte meiosis, and
progesterone-mediated oocyte maturation, were analyzed. There were 149
nodes and 1246 edges in the PPl network, and 15 hub genes were identified
according to the degree levels. The core gene (UBE2T) showed high expression in
ES, validated by using GSE67886 and IHC. The ROC analysis revealed UBE2T had
outstanding diagnostic value in ES (AUC = 0.75 in the training set, AUC = 0.90 in the
validation set). Kaplan-Meier (analysis of survival rate) and Cox Regression analyses
indicated that UBE2T was a sign of adverse results for sufferers with ES.

Conlusion: UBE2T was a significant value biomarker for diagnosis and treatment of
ES, thereby presenting a novel potential therapeutic target for ES as well as a new
perspective for assessing the effect of treatment and prognostic prediction.
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Highlights

1. Ewing’s sarcoma (ES)-related DGEs were verified ground on
the GEO database and TCGA database.

2. In all 187 DEGs and 15 hub genes were closely associated
with the progression of ES.

3. One key alteration gene (UBE2T) was differently expressed
between tumor specimens and normal specimens, suggesting
that this gene may be a latent prognosis predictor for ES
stufferers.

4. Validation set and IHC confirmed that the UBE2T was
overexpressed in ES but not in normal tissues.

5. In patients with ES, UBE2T can be used as a biomarker with
important diagnostic value as well as an independent
prognosis. The discovery of UBE2T will provide a new
perspective for ES research.

1 Introduction

Ewing sarcoma (ES), an invasive ossature and soft-tissue cancer, is
a frequent malignant bone tumor, ranking second among the
pediatric population, and it also affects adolescents (1, 2). Presently,
the standard of treatment for ES involves multimodal therapy,
including surgical resection, local radiation therapy, and intensive
multiagent chemotherapy (3). Despite tremendous advances in
diagnosis, treatment, and prognosis of this illness with the
advancement of medicine, nonspecific clinical features of ES give
rise to symptoms that are unremarkable in the early stages, and high
metastasis and recurrence rates have become the main poor outcomes
of treatment(2, 4, 5). Furthermore, as the complete mechanisms of the
molecular pathology for ES tumorigenesis and progression are
unknown, there are few efficacious ways available to early diagnose
the disease, resulting in a high mortality rate and death rate. As a
result, successfully implementing diagnosis and treatment approaches
requires a thorough insight into the mechanisms of the molecular
biology underlying tumorigenesis, multiplication, and recurrence
of ES.

Affymetrix techniques and bioinformatics research have been
increasingly employed to monitor gene expression levels in recent
decades, allowing for the efficiently identification of DEGs and
functional pathways related to the tumorigenesis and development
of ES. There are many microarray data sets shared and kept in
accessible web databases. In order to the screening of additional
molecular markers, many microarray data information for identifying
ES genes can be available from the database. To evaluate DEGs
between tumor specimens and nontumor specimens, two microarray
datasets collected from the GEO (Gene Expression Omnibus) (6) data
bank were obtained and processed in this study. And to research the
latent functions of these DEGs, we applied GO (Gene Ontology) (7,
8), KEGG (Kyoto Encyclopedia of Genes and Genomes) (9) pathway
enrichment study, and PPI (protein-protein interaction) network
research. Finally, the current investigation discovered a total of 187
DEGs, 15 hub genes and lcore DEGs, and further validation
experiments, diagnostic value and prognosis analysis were carried
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out on core-DEGs, which discovered a valuable latent biomarker for
the diagnosis, remedy, and prognosis evaluation of ES (Figure 1).

2 Materials and methods
2.1 Microarray data

This currently study obtained two training datasets, the
GSE17618 (10) and GSE45544 (11) from the GEO data bank
(http://www.ncbi.nlm.nih.gov/geo) (6), which is a publicly
accessible functional genetic and genomic data repository for high-
throughput gene expression information, chips, and microarrays. The
GSE45544 dataset (including 20 ES and 22 noncancerous tissue
specimens) is dependent on Affymetrix GPL6244 platform data
(Affymetrix Human Gene 1.0 ST Array), whereas the GSE17618
dataset (73 specimens, ES n = 55 and normal n = 18) is built on
Affymetrix GPL570 platform data (Affymetrix Human Genome U133
Plus 2.0 Array). Furthermore, the GSE68776 (12) from the GPL570
platform (Affymetrix Human Exon 1.0 ST Array) was extracted as a
validation dataset (ES specimens n = 32; normal n = 33) to be
used later.

2.2 ldentification of DEGs

The GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r) was
executed to pick out the DEGs between ES and noncancerous

GEO database

¥ ¥

GSE17618 GSE45544
¥ []

[3343 DEGs obtained in 55 ES and ][595 DEGs obtained in 20 ES and]

18 normal human tissue specimens || 22 normal human tissue specimens
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FIGURE 1

This study’s flow diagram. GEO, Gene Expression Omnibus database; ES,
Ewing’'s sarcoma; DEGs, Differentially expressed genes; GO, Gene
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI,
protein-protein interaction; IHC, Immunohistochemical.
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specimens. GEO2R is a web-based interactive tool that allows clients
to gain data by comparing two or more GEO series datasets to
discover DEGs from experimental results, to analyze DEGs, and to
determine highly expressed and negatively regulated DEGs between
ES samples and normal specimens. And, the adjusted P values (adj. P)
and Benjamini and Hochberg false discovering rates were employed
to provide a balance between the excavation of statistically
meaningful genes and the restrictions of false-positives. Probe sets
with no associated gene symbols were eliminated, as were genes with
multiple probe sets. [logFC (fold change)| =2 and adj. P values < 0.01
were deemed statistically meaningful.

2.3 DEG enrichment research using GO
and KEGG

The Databank for Annotation, Visualization, and Integrated
Discovery (DAVID; http://david.ncifcrf.gov) (6.8 version)(13) is a
publicly viewable laboratory biological information data bank that
incorporates analytical and statistical tools based on biological
analysis and offers a wide range with a suite of integrated
functional annotation data of proteins and genes to continue
investigating biological data information. GO is a computer-based
bioinformatics software that is mostly used to annotate genes and
research their biological processes (7). KEGG is a computer statistical
resource database that evaluates high-standard biological processes
and function systems from a wide range of molecular datasets and
discovers pathways in which DEGs may play a major role (14). The
DAVID online information system was implemented for the
functional study of DEG biology. P < 0.05 was accepted as
statistical significance.

2.4 Building and analyzing of the PPI
network and module

The PPI network was built utilizing the STRING (Search Tool
for the Retrieval of Interacting Genes, http://string-db.org) (11.0
version) (15) online database. Assessing and analyzing protein-
protein interactions may critically reveal the mechanisms of the
generation or progression of illnesses. An interaction with a
combined score > 0.4 was considered statistically significant.
Cytoscape (3.8.2 version) is an available open-source
bioinformatics software tool utilized to visualize network systems
of molecular interaction (16). And, the MCODE (Molecular
Complex Detection) (2.0 version) plugin of Cytoscape is an
application (APP) software used to search densely connected
regions in large PPI networks (17) and to verify the most major
module section (MCODE-DEGs). the following conditions for
filtering were used: MCODE scores are greater than 5, the degree
cutoff is 2, the node score cutoff is 0.2, the maximum depth is 100,
and the k-score is 2,. and the biological process investigation was
carried out with Cytoscape ClueGO (18) (version 2.5.8). Next, a
hierarchical clustering (using R the pheatmap package) of MCODE-
DEGs was implemented based on the expression profiling of
training datasets.
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2.5 Core-DEG choice and verification set
detection

The degree levels in the cytoHubba (19) Cytoscape plugin were
implemented to define the hub genes. Cytoscape ClueGO (18)
(version 2.5.8) was used to depict the biological process
investigation of core genes. Furthermore, mutant survival, including
overall survival and illness-free survival, was assessed to further
screen the hub gene core-DEG employing Kaplan-Meier methods
in the cBioPortal web tool (http://www.cbioportal.Org) (20). Then,
GSE68776 (ES n = 32, control n = 33) was used to validate the
expression of the core-DEG, which was depicted in the volcano plot
by the “ggplot2” software.

2.6 Immunohistochemistry experiment

A total of 11 paraffin-embedded Ewing’s sarcoma tissues (8 males
(72.73%) and 3 females (27.27%)) were provided by Daping Hospital
(Chonggqing, China). All patients signed a written informed consent
form. 3mm tumor paraffin sections were blocked for 1 hour at room
temperature with sheep serum blocking solution (Zhongshan Jinqiao,
China), then diluted 1/100 with anti-UBE2T antibody and anti-CD99
antibody(Cohesion Biosciences, UK) at 4 °C overnight. Then, for 2
hours at room temperature, goat anti rabbit secondary antibody
(1:200 dilution; Biyuntian, China) was administered for color
development (Zhongshan Jingiao, China), and the nucleus was
stained with hematoxylin. The results were then examined under an
optical microscope (Ningbo Konfoong, China). Besides, to assess the
area and density of stained regions, as well as the internal grating
optical density (IOD) values of IHC sections, Image Pro Plus version
6.0 software (Media Cybernetics, Rockville, MD, USA) was
employed. The signal density of a tissue region chosen at random
from five locations was counted and statistically assessed using a
blind approach.

2.7 Diagnostic value analysis of
UBEZ2T in the ES

The receiver operating characteristic curve (ROC) technique in
the Python package was executed to analyze core gene diagnostic
effectiveness according to the training set and validation set.

2.8 Identification of DEGs subgroups in ES

To better understand the biological phenotype of MCODE-DEGs
regulation in the tissue of ES patients, the MCODE-DEGs based on
gene expression profiles in the training dataset were grouped using
Consensus Cluster Plus (21). UMAP (version 0.2.7.0; a R software
tool) was used to do dimension reduction analysis. Following that, the
Python R package was used to do a visual analysis of the heat map and
boxplot of the differential expression of MCODE module genes.
Finally, Kaplan Meier method was used for survival analysis to
obtain the most significantly different subgroups.
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2.9 The Cox regression analyses
of core-DEG

Based on expression profiles, using the R language Python
module, a raincloud diagram (22) is utilized to graphically assess
core-DEG expression differences in C3 and C4 subgroups. Then, the
Cox regression analysis was used to further evaluate the relationship
between the core-DEG expression and prognosis using the R software
package survival and Maxstatat, and the best cutoff risk score was
calculated. In addition, the Python package was used to investigate the
association between various risk scores, patients’ survival time, status,
and gene expression changes.

2.10 Statistical analysis

For statistical analysis, R package (version 4.0.2), IBM SPSS 26.0
software and graphpad prism 8 (graphpad Software Inc, CA, USA)
were utilized. All data is provided as the means + standard deviation
(SD). The Student’s t test and Wilcoxon rank sum test were
conducted to see if there were any differences between the sample
groups. For survival analysis, the Kaplan-Meier technique was
applied. Furthermore, ROC technology was adopted to assess the
diagnostic effectiveness of core gene, which was represented by the
Area Under Curve (AUC). The sensitivity and specificity of the gene
were calculated. When the Youden’s index was adjusted to its
maximum value, the optimum gene cut-off value was attained.
Later, the prognosis analysis was examined using Cox regression.
P<0.05 was considered statistically significant.

3 Results
3.1 Identification of DEGs in ES

After standardizing the microarray findings, DEGs (595 in
GSE45544 and 3343 in GSE17618) were discovered. According to
the Venn diagram, the overlapping section of the two datasets
included 187 genes (Figure 2A). There were 56 downregulated
genes and 131 upregulated genes in the comparison of Ewing
sarcoma tissues and noncancerous tissues (Table 1).

3.2 DEG enrichment analysis utilising GO
and KEGG

DAVID was carried out to accomplish function and passage
enrichment research to ascertain the biology classification of DEGs.
The results were visualized using the R language pack 4.1.3 version.
The DEGs were considerably enriched in the cell cycle and
Staphylococcus aureus infection, according to analyzation of the
KEGG pathway (Figure 2B). According to GO analysis, alterations
to BPs (biological processes) in DEGs were primarily enriched in cell
division, cell proliferation, cell adhesion, mitotic nuclear division,
positive regulatory process of apoptosis, and drug response (Figure
2C). ATP bound, protein bound, chromatin bound, and protein
kinase bound were considerably enriched in the DEGs’ molecular
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functions (MFs) (Figure 2D). DEGs’ CC (cell component) alterations
were primarily enriched in the spindle pole, membrane, cytoplasm,
focal adhesion, cytosol, nucleoplasm, extracellular exosome, and
nucleus (Figure 2E).

3.3 Building and analyzing of the PPI
network and module

Then, MCODE, a Cytoscape plugin tool, was executed to establish
the most meaningful module of the DEG PPI network. The PPI
network (Figure 3A) included 149 nodes and 1246 edges, with 36
genes down-regulated and 113 genes up-regulated, whereas the
MCODE network (Figure 3B) was composed of 43 nodes and 857
edges. Furthermore, the biological process analysis of MCODE-DEGs
was visualized by Cytoscape ClueGO (Figure 3C), which was
concentrated on regulation of cyclin-dependent proteins, serine/
threonine kinase activity, cytokinesis, nuclear chromosome
segregation, regulation of mitotic metaphase/anaphase transition, and
spindle organization. Besides, Hierarchical clustering discovered that
the genes expression level of the most important module significantly
distinguished the ES samples from the nontumorous samples according
to the expression profiles of training sets (Figure 3D).

3.4 Core-DEG choice and evaluation

The first fifteen hub genes, which included CCNB2, CCT2, CD44,
ECT2, FOXM1, HLA-DPA1, ITGA6, KIF20A, LYZ, MKI67, PLKI,
RFC4, TGFBR2, TYMS, and UBEZ2T, were defined with the degree
levels in the cytoHubba Cytoscape plugin, and an interaction network
of the hub genes was constructed, resulting in 15 nodes and 43 edges
(Figure 4A). Meanwhile, Table 2 lists the names, descriptions, and
roles of these hub genes. Then, the Cytoscape ClueGO software was
employed to investigate the biological processes of hub genes, which
were primarily concentrated on Mitosis cytokinesis, the dTMP
biological process, and the positive regulation of self-antigen
tolerance induction; these data imply that hub genes have a
significant function in regulating the cell cycle and homeostasis in
the internal environment (Figure 4B). Furthermore, the mutated
survival analyses of the hub genes was accomplished in cBioPortal
online using Kaplan-Meier method. Among the 15 hub genes, only
the survival analysis of UBE2T with and without alteration by the log-
rank test demonstrated a statistically meaningful (P < 0.05) UBE2T
alteration showed a significant lower overall and illness-free survival
(Figure 4C), and had a poorer outcome. These data suggest that
UBE2T may be an important biomarker in the progression of ES. As a
result, UBE2T was defined as the “core-DEG,” which will be
studied later.

3.5 Expression change of UBE2T and
CD99 in the validation data set and
IHC of ES samples

The expression of core-DEG was validated using GSE68776. The
volcanic plot displayed that 15,440 DEGs were found (up = 939,
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FIGURE 2
DEG Venn diagram; Bubble Plot of the GO and KEGG enrichment study for DEGs. (A) DEGs in the GSE17618 and GSE45544 mRNA expression profiling
datasets were filtered with a fold change > 2 and a P value < 0.01. 187 genes overlapped between the two datasets. (B—E) The P value is shown by the
progressively shifting hue, and the quantity of genes is denoted by the size of the black dots.

down = 6,435; |log2FC|>1.5; adjusted P<0.05). UBE2T was
significantly upregulated in validation data sets (Figure 4D). Besides,
THC was used to identify the expression of UBE2T protein in Ewing’s
sarcoma and normal tissues. The findings revealed that the UBE2T

protein was overexpressed in ES but not in normal tissues (Figure 4E).
There was a statistically significant difference between the groups
(P<0.01) (Figure 4F). Obviously, the research data supported our
prediction. Furthermore, CD99 has a high specific diagnostic value

TABLE 1 Analyzation of the datasets identified 187 DEGs, including 131 upregulated and 56 downregulated genes, in tumor samples.

Status DEGs

Upregulated

Downregulated
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CD44 TPX2 CCNBI TTC37 FRY GINS1 A2M SLCO2B1 ANLN LYZ BCLAF1 FOXM1 CHST15 PLIN2 CDC6 CST3 HOXDI3 IF116 ZNF146 RDX BDP1
SPDL1 CDK4 TYMS MELK ECT2 SNCA CDHI11 NUF2 PDK4 STMNI1 UBE2T CKS2 FAM84B KIF23 C1S PDLIMI DKK3 ANKH NDRGI1 MYLK CCNB2
MCM?7 PRCI CENPI JPHI1 EPASI PMP22 KIAA0101 HLA-DPB1 BHLHE40 CELF2 NUP107 DLGAP5 MKI67 TM4SF1 PLPP3 PTPRM TOP2 EXO1 PDGFRA
BHLHE41 IGK///IGKC SAT1 YPEL2 HSPA1B///HSPAIA MEF2C OAT CHPT1 VAMP8 FGL2 SQRDL ZNF704 CCT2 PAPPA SMC4 GUCY1B3 CKSI1B
TEAD2 GSN RHOB HLA-DPA1 EBF3 FBXO5 ZNF644 TICRR PBK PRR11 TXNIP HEATRI ITGB3BP PRPF40A SKA3 DPT TYROBP SMC2 ASPM ATAD2
WDHDI1 METTL7A BUBIB DTL TGFBR2 JAK1 LAPTM5 FAM114A1 KIF20A KCTD12 CDC5L NCAPG PLK1 RFTN1 ATP1B1 TNFSF10 CHEK1 CRYAB
KIF11 SLC40A1 CD9 RFC4 TPR BUBI BRIPI CAD CKAP2 CXCL12 AMICAL2 FANCI CENPF NUSAPI IGF2BP1

ABHD2 CD53 SORBS2 ALDH6A1 SUSD6 ITGA6 TPPP3 S100A16 SLC22A3 ADGRG1 MANI1A1 CECRI RHOU SELPLG MGST2 TNFRSF21 SRPX IL1I0RA
ENTPDI PRELP SATBI1 SYNPO2 DNAJA4 TSC22D3 RCAN2 NUPRI TAPBP PLXNCI TOBI MYHI1 Cl10orfl0 LRP10 DOCK9 TLE1 MGLL CD59 PTGDS
PXDCI PEA15 SERPINBI SERPINB6 WIPI1 RNF144B ENDODI ATP8A1 CA2 PPFIBP2 HLA-DMA GAS7 NEDD9 ITGA9 CTSZ CSFIR APBB1IP FRMD4B
PIK3IPI1
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.ES

[ Control

B GsE17618
GSE 45544

Construction of the PPI network, and MCODE module; Biology process analyzation and hierarchical clustering of MCODE-DEGs. (A) The Cytoscape
program was built to obtain the DEGs PPI network. Genes upregulated were highlighted in light red, whereas genes downregulated were highlighted in
light yellow. (B) The PPI network yielded the most significant module (MCODE-DEGs), having 43 nodes and 857 edges. (C) ClueGO was employed to
evaluate the biological processes of the MCODE-DEGs P < 0.01 was judged statistically meaningful. The node’s dark hue represented the rectified P value
of ontologies. The quantity of genes participating in ontologies was represented by node'’s size. (D) The heat map demonstrated significantly different in
expression levels of MCODE-DEGs between the ES and control group. Red represented upregulation of genes; Blue represented downregulation.

in ITHC of ES tissue, so it is necessary to observe the difference between
the ES sample and the control group. IHC results showed that CD99
was diffusely positive on the cell membrane of ES tissue (Figure 4G, H).

3.6 Diagnostic performance of UBEZ2T in the
ES training set and verification set

Figure 5 depicted diagnostic value of UBE2T in ES. UBE2T was
significantly overexpressed in ES in the training set (GES 17618 and
GSE 45544) compared to the control group (P<0.001, Figure 5A). The
Area Under Curve (AUC) of the ROC of UBE2T in diagnosing ES was
0.75, with sensitivity and specificity of 0.85 and 0.62, respectively
(Figures 5B, C). Interestingly, the core gene is also excellent in the
diagnostic evaluation of ES in the validation set (GSE68776). UBE2T
expression was considerably increased in ES (P<0.0001, Figure 5D).
The AUC of ROC was 0.90, its sensitivity was 0.94, and its specificity
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was 0.79 (Figures 5E, F). Obviously, these findings suggest that
UBE2T had excellent value for ES diagnosis.

3.7 Analysis of MCODE-DEGs subgroups
in ES

55 samples of ES with patients (after removing non-conformance
from inclusion criteria) were divided into 4 subgroups based on the
expression levels of MCODE module genes: C1(N=17), C3(N=12), C4
(N=13) and C2(N=13) (Figure 6A). Among the k = 2 to k = 10
clusters, K = 2 has the highest consistency, and k = 4 was the second
(Figure 6B and Supplement figure 1). UMAP analysis indicated
significant variations among the clusters (Figure 6C). Besides, The
heat map revealed that the expression pattern of the MCODE-DEGs
differed between the four subgroups (Figure 6D). In addition, Kaplan-
Meier survival analysis showed significant differences in the
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subgroups (Figure 6E), especially C3 and C4, while ES patients with
C3 experienced faster disease development than C4 patients. And,
expression level of 34 genes in C3 (UBE2T, PBK, CKAP2, CKSIB,
WDHDI, CHEK1, CKS2, CCNB2, NCAPG, CENPF, SMC4, SMC2,
BUBI, ECT2, MCM7, FANCI, ANLN, DTL, EXO1, CDC6, FBXOS5,
TYMS, FOXM1, MKI67, CCNBI, TPX2, ATAD2, PCLAF, NUSAPI,
KIF23, TICRR, BUBIB, TOP2A and ASPM) were considerably
elevated compared to C4 (Figure 6F).
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3.8 The correlation analysis between high
expression of UBE2T and poor prognosis
in ES patients

Based on training sets, a univariate Cox regression analysis was
conducted to investigate the prognosis risk of core-DEGs in ES, and
the results suggested that UBE2T was an independent risk factor
(P<0.05, Hazard Ratio = 1.52, 95% CI) (Figure 7A). Besides, the
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TABLE 2 Functional annotation of 15 hub genes selected by cytoHubba.

Gene
name

[\ [o}

Whole name

G2/mitotic-specific

Function

Member of the cell cycle family and is needed for cyclin regulation during the G2/M (mitosis) transition. Sub-family of cell cycle

1 CCNB2
cyclin-B2 AB
) ccr2 T-complex protein 1 Molecularly chaperone; aids in protein folding after ATP hydrolysis. As a component of the BBS/CCT complex, it may have a
sub-unit beta function in the formation of BBSome, a compound related to ciliogenesis that regulates vesicle transport to the cilia.
3 CD44 CD44 antigen hyah?romc acid receptor (HA‘)‘ Its affinity for HA, as wgll ?s its afflnlty for other ligands including osteopontin, collagens, and
matrix metalloproteases, mediates cell-cell and cell-matrix interactions (MMPs).
4 ECT2 Protein ECT2 guar.line nucleotide exchange factor (GEF) that catalyzes the conversion of GDP to GTP. boosts guanine nucleotide swap on Rho
family small GTPase members such as RHOA, RHOC, RAC1, and CDC42.
Forkhead box L. . . L L
5 FOXM1 protein M1 Transcriptional factor that regulates the expression of cyclin genes that are needed for DNA replication and mitosis.
i
HLA class II
6 HLA- histocompatibility Bounds peptides produced from antigens and displays them on the cell face for identification by CD4 T-cells via the endocytic
DPAI antigen, DP alpha 1 pathway of antigen presentation cells (APC).
chain
. ITGAG Integrin alpha-6 Platelets have an élpha-é/beta-l integrin rec‘ept?r for lamir'lin. Integrin alphajé{bet.zi-4 is a laminin receptor in epithelium cells
and performs an important structural function in the hemidesmosome (By similarity).
8 KIF204 Kinesin-like protein Mitosis kinesin is needed for cytokinesis regulated by the chromosomal passenger complex (CPC). Following PLK1
KIF20A phosphorylation, implicated in PLK1 recruitment to the central spindle.
9 LYZ Lysozyme C Lysozymes are principally bacteriolysis enzymes.
10 MKI67 Proliferation marker After nucleal envelope destruction, this protein is needed to maintain individual mitosis chromosomes disseminated in the
protein Ki-67 cytoplasm.
Serine/threonine Serine/threonine protein kinase that regulates spindle assembly and centrosome maturity, the remove of cohesins from
11 PLK1 o chromosomal arms, the deactivation of anaphase-promoting complex/cyclosome (APC/C) regulators, and the control of mitosis
protein kinase PLK1; L
and cytokinesis.
12 RFC4 Replication Factor C The auxiliary proteins proliferation cell nucleal antigen (PCNA) and activator 1 are needed for the elongation of primed DNA
subunit 4 examples by DNA polymerase delta and epsilon.
13 TGFBR2 TGF-beta receptor a transmembrane serine/threonine kinase that interacts with TGFBR1, the nonpromiscuous receptor for the TGF-beta cytokines
type-2 TGFB1, TGFB2, and TGFB3.
Thymidylat
14 TYMS ymidylate Adds to the route of de novo mitochondrion thymidylate biosynthesizing
synthase
Ubiquitin- It receives E1 compound ubiquitin and catalyzes its covalently binding with other proteins. Monoubiquitination is catalyzed.
15 UBE2T conjugating enzyme Mitomycin-C (MMC)-induced DNA restore. Through interaction with the E3 ubiquitin-ligase FANCL and catalytic mono-

E2T ubiquitination of FANCD2, it acts as a particular E2 ubiquitin-ligase for the Fanconi anemia complex.

Kaplan Meier survival curve demonstrated a connection between
UBE2T expression and survival. The overall survival time of patients
with high UBE2T expression was considerably shorter than low
UBE2T expression (P<0.0001) (Figure 7B). In addition, the
raincloud diagram showed that UBE2T in C3 was significantly
higher than C4 (P<0.001) (Figure 7C), and the survival time was
significantly shorter than that of C4 (P<0.005) (Figure 7D). These
results suggest that the upregulation of UBE2T expression is
associated with a worse outcome in ES patients. Furthermore, the
study of risk score and survival time revealed that patients in the high-
risk score group had considerably lower survival time than the low-
risk group (P<0.0001) (Figure 7E). The findings indicated that the
high-risk score group resulted in fast progression of disease. Figure 7F
(including upper, middle, and lower parts) depicts the association
between various risk scores, survival events, and gene expression
changes. It can be shown that when UBE2T expression is up-regulated
(Figure 7F lower part) and the risk score is increased (Figure 7F upper
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part), patients’ survival rates decline dramatically (Figure 7F middle
part). As predicted, UBE2T was regarded as a risk independent factor,
and risk scores increased as its expression rise.

4 Discussion

Ewing sarcoma, the second commonest malignant bony neoplasm
and soft-tissue malignance neoplasm in kids and teenagers, is a serious
threat to human life and health (1, 2), ES is and a highly aggressive
tumor with nonspecific clinical features (2). Patients with standard risk
and localized disease have a 70~80% survival, and patients with
metastatic disease have an approximate 30% survival (23). Previously
findings have suggested that the ES family of tumors is related to
immunophenotypic characteristics, chromosomal translocation (such as
extraosseous ES, peripheral primitive neuroectodermal neoplasm, Askin
neoplasm (24), and FET-ETS gene fusion (25, 26). Although there has
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FIGURE 5
Performance of the core gene diagnostic ES in the training and verification sets. Based on the training set expression profiles (GSE17618 and GSE45544)
(A) The difference in UBE2T expression between the ES and control groups. (B) The ROC curve of patients with ES based on the UBE2T gene. (C) The
diagnostic value of the Core gene in distinguishing the ES group from the control group. According to the validation set expression profile (GSE68776):
(D) The difference in UBE2T expression between the ES and control groups. (E) The ROC curve of people with ES based on the UBE2T gene. (F) The
diagnostic value of the Core gene in distinguishing the ES group from the control group. AUC stands for Area Under the Curve; TPR stands for True
Positive Rate; and FPR stands for False Positive Rate.

been improvement in the diagnosis of ES based on these preliminary
studies, the specific pathogenesis remains largely unknown. Thus, it is
urgent to ascertain novel biomarkers for this disease to enhance the
efficiency of diagnosis and treatment. Microarray technology is
beneficial for investigating genetic abnormalities for ES, which may be
of benefit for the corroboration of novelty biomarkers to contribute to
the improvement of early diagnosing and prediction prognosis for ES.

In the current investigation, two microarray datasets were selected
from GEO, and bioinformatics analyzation was run to discover DEGs
between ES tissues and nontumorous tissues. In all 187 DEGs were
identified through analysis and comparison of those two datasets,
including 56 downregulation genes and 131 upregulation. GO and
KEGG enrichment analyzation were used to investigate interrelations
in the DEGs. The up-regulation genes were majorly concentrated in cell
dividing, mitosis nucleus dividing, proliferation, apoptotic process,
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response to drug, and positive regulation of apoptotic process,
whereas this downregulation genes were primarily enriched in cell
adhesion (Table 3). Life involves constant changes, and the cell cycle is
required to maintain cell growth and DNA duplication, followed by cell
division (mitosis), proliferation, and apoptosis. Remarkably, the cell
cycle has an important effect on maintaining the normal process of life.
Thus, dysregulation of the cell cycle process is closely related to the
carcinogenesis or progression of tumors (27-29). In addition, recent
reports have shown that the molecular mechanism of cell adhesion has
a significant effect on collective cancer cell migrating, and mutations
and changes in cell adhesion protein expression are frequently related
to tumorous progression (30, 31). Whats more, changes in the tumor
microenvironment may affect immune cell regulation (32). Our
research findings revealed that, according to the Cytoscape ClueGO
analysis, the biological processes of hub genes gathered in Mitosis
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FIGURE 6

Prognosis identification of ES patients by clustering analysis based on MCODE-DEGs expression profifile. (A) Consensus clustering divided into 4
subgroups. (B) The CDF curve showed the consistency of clustering (K=2 the highest consistency, followed by K4). (C) UMAP dimension reduction
analysis testified the classification. (D) The heat map displayed the different expression patterns of the MCODE-DEGs in 4 clusters. (E) The survival
analysis of ES patients found significant differences among the four subgroups, P<0.05. (F) Boxplot revealed difference expression status of the MCODE-

DEGs between C3 and C4 (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).

cytokinesis, the dTMP biological process, and the positive regulation of
self-antigen tolerance induction, which maintained stability of the cell
cycle and the internal environment.

Beside, In total, 15 hub genes were extracted relied on the most
significant module with the degree rank (Figure 4A). One of these hub
genes, ubiquitin-conjugating enzyme E2 T (UBE2T), catalyzes
monoubiquitination, which is a significant posttranslational
modification that affects a variety of biological activities, for
instance, immune reactions, inflammation, cell proliferation, and
cell differentiation (33-36). Interestingly, UBE2T plays an essential
part in the DNA damage pathway, and it has been demonstrated to be
correlated intimately with the development and poor prognosis of
several cancers, such as gastric cancer, hepatocellular cancer, prostate
cancer, and gallbladder cancer (37-40). Upregulation of UBE2T levels
has been disclosed to enhance gastric cancer development through
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RACKI ubiquitination, and a novel powerful UBE2T inhibitor has
been identified to suppress gastric cancer progression by blocking
RACKI1 ubiquitination after aberrant Wnt/B-catenin signaling (40).
Moreover, Sun et al. (38) discovered that UBE2T was increased in
HCC tissues, and that HCC sufferers with greater UBE2T quantities
have a worse prognosis, demonstrating that UBE2T-regulated H2AX
mono-ubiquitination may induce hepatocellular carcinoma radiation
resistance by boosting CHK1 activation. In addition, previous studies
showed that the vulnerability of anticancer drugs is based on the
involvement of proteins in ubiquitination and degradation, which
provides a theoretical basis for the development of therapeutic drugs
with genome modification (41, 42). As a result, UBE2T may be
regarded as a therapeutic potential target for ES sufferers’ therapy.
However, there are few reports on the relationship between
UBE2T and ES. Therefore, the present study analyzed several ES
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decreased dramatically.

datasets in the GEO data bank and discovered that UBE2T expression
was observed to be considerably greater in tumor samples than in
nontumor samples. Furthermore, validation set and IHC findings
displayed that the expression level of UBE2T was significantly higher
in the sick tissues of Ewing’s sarcoma patients than the control group,
and IHC analysis revealed that UBE2T was mostly expressed in the
cytoplasm of Ewing’s sarcoma cells (Figures 4E, F). These results are
consistent with our predictions. In addition, the investigation on the
diagnostic value of core genes in ES observed that the AUC of UBE2T
had excellent performance in both the training group and the
verification group (Figure 5). Following that, we explored the
relationship between the expression level of the UBE2T and
prognosis by Cox regression and K-M survival analasis in ES
patients according to the expression profiles of training sets. The
findings revealed that UBE2T was an independent risk factor
(Figure 7A), and patients with high expression of the UBE2T
and the high-risk score, which led to a poor prognosis, had a
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negatively correlated survival time (Figures 7B-E). As a result,
based on the above findings, this study demonstrated that UBE2T
can be seen as an important value biomarker for diagnosis and
treatment of ES, thereby providing a new potential therapeutic
target for ES as well as an important new perspective for evaluating
the effect of treatment and prognostic prediction.

5 Conclusion

In summary, the current examination found that UBE2T
expression was greater in tumor tissues from ES patients than in
non-tumor tissues and that UBE2T had an important value as a
biomarker for the diagnosis of ES. Furthermore, increased UBE2T
expression is associated with a terrible prognosis. As a result, UBE2T
can be exploited as an independent prognostic biomarker in patients
with ES. However, the existing research has drawbacks. First, consider
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TABLE 3 Enrichment investigation of positive-regulation and negative-gulation genes with DEGs in ES specimens employing GO and KEGG Pathway.

Term Description Count P value
Upregulation ‘

GO:0051301 cell division 21 8.53E-13
GO0:0007067 mitotic nuclear division 16 3.43E-10
GO0:0008283 cell proliferation 14 2.61E-06
GO:0006915 apoptotic process 13 8.67E-04
GO:0042493 response to drug 11 7.52E-05
GO:0043065 positive regulation of apoptotic process 10 3.44E-04
Hsa04110 cell cycle 9 1.50E-05
Hsa05166 HTLV-I infection 8 0.008161847
Downregulation

GO:0007155 cell adhesion 9 7.67E-05
Hsa04514 cell adhesion molecules (CAMs) 4 0.015820009

the patient sample size constraints. As a consequence, UBE2T
research should be added to the wider ES queue. Second, this study
only investigated at UBE2T expression level in tumor tissues and did
not researched UBE2T functionality in vivo or in vitro. As a result,
further tests and investigations are required to uncover the potential
mechanism of UBE2T in ES.
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Background: Prognosis of children with primary disseminated or metastatic
relapsed sarcomas remains dismal despite intensification of conventional
therapies including high-dose chemotherapy. Since haploidentical
hematopoietic stem cell transplantation (haplo-HSCT) is effective in the
treatment of hematological malignancies by mediating a graft versus leukemia
effect, we evaluated this approach in pediatric sarcomas as well.

Methods: Patients with bone Ewing sarcoma or soft tissue sarcoma who received
haplo-HSCT as part of clinical trials using CD3+ or TCRo/B+ and CD19+ depletion
respectively were evaluated regarding feasibility of treatment and survival.

Results: We identified 15 patients with primary disseminated disease and 14 with
metastatic relapse who were transplanted from a haploidentical donor to improve
prognosis. Three-year event-free survival (EFS) was 18,1% and predominantly
determined by disease relapse. Survival depended on response to pre-transplant
therapy (3y-EFS of patients in complete or very good partial response: 36,4%).
However, no patient with metastatic relapse could be rescued.

Conclusion: Haplo-HSCT for consolidation after conventional therapy seems to
be of interest for some, but not for the majority of patients with high-risk pediatric
sarcomas. Evaluation of its future use as basis for subsequent humoral or cellular
immunotherapies is necessary.

KEYWORDS

haploidentical hematopoietic stem cell transplantation, pediatric sarcoma, Ewing
sarcoma, soft tissue sarcoma, rhabdomyosarcoma
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Introduction

Ewing sarcoma (ES) together with soft tissue and other
extraosseous sarcomas accounted for 8% of malignancies in
children <18 years between 2009 and 2018 in Germany (1). Despite
advanced multimodal therapies, the prognosis of these entities
remains poor in the case of primary disseminated or relapsed disease.

The five-years overall survival (OS) of children with disseminated
rhabdomyosarcoma (RMS) is estimated between 20-30% (2, 3), reducing to
less than 20% in relapsed disease (4). Nevertheless, this group of patients is
not uniform and in presence of recognized risk factors such as the age older
than 10 years with bone or bone marrow metastasis, the 5-year EFS falls
lower than 2% (5). Alveolar histology, age of over 10 or below 1 year, bone
or bone marrow metastasis, and the site of primary tumor have been also
found to affect prognosis (2, 6). These conditions enter into the Oberlin-
score, which defines different prognostic subgroups. An Oberlin score >2 is
associated with a 3-year EFS of 14% (7).

Similarly, the prognosis of patients with disseminated or early
relapsed ES is poor, with a 5-year OS reported lower than 15% (8).
The age of over 14 years, bone metastasis and multiple metastases,
initial tumor volume >200ml (9) and relapse within two years (10) in
ES are the recognized unfavorable prognostic parameters.

For other non-rhabdomyosarcoma soft tissue sarcomas (NRSTS),
like synovial sarcoma, unsatisfactory survival rates have been reported
in Stage IV (11) or relapsed disease (12) as well, making them eligible
for experimental therapies (13).

Despite their chemosensitivity, dose escalation with autologous
stem cell rescue did not clearly result in better survival in RMS or ES.
While one study found a better survival of high-dose chemotherapy in
high-risk localized ES (14), other studies did not verify an
improvement in survival either in RMS (6), nor ES (15, 16), and
new alternative treatment options are needed in very high-risk
situations for relapsed disease with very poor prognosis.

Since a graft-versus-tumor (GvT) effect could be shown in some other
solid tumors (17), also in pediatric sarcomas allogeneic hematopoietic stem
cell transplantation (allo-HSCT) has been seen as a potential alternative
treatment option (18). Different case reports have suggested a GvT effect
even in pediatric RMS and ES (5, 19-23), supporting this strategy. The
development of efficient graft manipulation techniques and a reduced
intensity conditioning regimen (RIC) lead to overcoming the main risks for
transplant-related mortality even in haploidentical settings (24, 25), by
potentially facilitating a higher GvT effect (24, 26) mediated by cell subsets
preserved in the T-depleted grafts and avoiding the limiting post-transplant
immunosuppressive treatments. An antitumoral effect of natural killer
(NK) - cells against pediatric solid tumor cells in haploidentical setting was
shown in vitro (27).

Here we present a retrospective analysis of children affected by RMS,
ES or NRSTS who underwent an HSCT from a haploidentical donor
after T-cell negative selection in 3 centers (Tiibingen, Jena, and Graz).

Materials and methods

Data from children with a diagnosis of RMS, ES or NRSTS who
underwent haplo-HSCT from 2005 to 2019 have been retrospectively
collected. Patients were enrolled in clinical trials about haplo-HSCT with T-
cell depletion in pediatric diseases in that period with CD3+/CD19+
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(Ttbingen, Jena, Graz) [ClinicalTrials.gov NCT01919866] or TCRo/p+
and CD19+ negative selection (Tibingen). Patients with RMS, ES or
NRSTS and primary bone metastasis or bone marrow involvement, with
relapsed metastatic or primary refractory disease to standard treatment
were eligible for haplo-HSCT. Patients have been in part already published
in another context (28, 29). Data analysis was done as of August 2022.

The patients have been considered eligible for this analysis in
presence of a diagnosis ES, RMS or other STS at high risk because of
stage IV disease at diagnosis or relapse. Data regarding diagnosis,
disease status before transplant, pre-HSCT treatments, conditioning
regimen, donor features, graft manipulation, engraftment, transplant-
related toxicity/morbidity, acute (aGvHD) and chronic graft-versus-
host disease (cGvHD), disease status after HSCT, and survival have
been retrospectively collected if not already present in the databases of
the above-mentioned clinical trials.

We evaluated overall survival (OS) and event-free survival (EFS)
as well as the incidence of transplant-related mortality (TRM), grade
II-IV aGvHD, extensive cGVHD and relapse.

Data analysis and definitions: Stage IV disease has been defined as
the presence of distant metastasis at diagnosis. Complete response
was defined as the disappearance of all visible disease on imaging,
partial response (PR) as a reduction of at least 30% (ES) or 33% (RMS/
NRSTS) of tumor volume and progressive disease (PD) as an increase
in tumor volume of more than 20% (ES) or 33% (RMS/NRSTS) or the
appearance of new lesions according to the respective treatment
protocols. Nonresponse was defined as a tumor response between
PR and PD. Very good partial response (VGPR) was defined as a
reduction of 290 of tumor volume or the persistence of unclear
residuals upon imaging. Engraftment was defined as the first of three
consecutive days with an absolute leukocyte count (ALC) of more
than 1000/pl. GvHD was diagnosed and graded according to
Glucksberg criteria (30). A failure to achieve ALC >1000/pl until
day 28 posttransplant defined primary graft failure (PGF), whereas a
decline of ALC <1000/l after initial engraftment and not caused by
infection, drug toxicity or relapse defined secondary graft failure.

The probability of survival from the date of transplantation to death/
last follow-up was defined as overall survival (OS). In one patient who
was rescued with a syngeneic stem cell graft after rejection of her
haploidentical graft, TRM, cumulative incidence of relapse, GVHD or
virus reactivation, EFS and OS were censored at the timepoint of
subsequent transplantation. Every death, not caused by relapse or
progress of the underlying disease was accounted as transplant-related.
Events were defined as relapse, death in remission or secondary
malignancy, whichever occurred first. The Kaplan-Meier method was
used to estimate the probability of survival, using GraphPad Prism
version 7 for Windows software (GraphPad Software, Inc., San Diego,
California USA, www.graphpad.com). Calculation of cumulative
incidence of time to relapse, time to ADV or CMV virus reactivation,
time to GVHD and time to treatment related death accounting for the
concurrent risk “death”, “relapse” and “non-treatment related death”,
respectively were done by SAS using Cox regression.

Results

We identified 29 patients eligible for this analysis, with diagnoses
of ES (n=14), alveolar rhabdomyosarcoma (aRMS) (n=12), botryoid

frontiersin.org


https://www.ClinicalTrials.gov
http://www.graphpad.com
https://doi.org/10.3389/fonc.2023.1064190
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Eichholz et al.

rhabdomyosarcoma (n=1), undifferentiated sarcoma (n=1) or
synovial sarcoma (n=1) who received haplo-HSCT in centers
involved (Ttibingen n=23, Jena n=>5, Graz n=1).

All patients were considered to be at very high risk due to stage IV
disease at diagnosis (n=23) and/or relapse (n=14) and eligible for
haplo-HSCT. In all but one patient with aRMS, the Oberlin-score was
>2. Eight patients with ES presented with multiple bone metastasis at
diagnosis and 8 relapsed within 2 years after initial diagnosis, before
they were considered for haplo-HSCT. Patient characteristics are
summarized in Table 1.

Initial therapy complied with the ongoing clinical trials and
recommendations at the time of diagnosis. Patients with ES were
treated either according Euro-E.-W.IN.G.99 or EWING-2008 study
respectively. All but two patients with RMS, as well as the patients
with unspecified sarcoma and synovial sarcoma were treated
according to the studies and recommendations of the CWS study

TABLE 1 Patient Characteristics.

Ewing Sarcoma

Rhabdomyosarcoma

10.3389/fonc.2023.1064190

group, including CWS-96, CWS IV-2002, CWS DOK IV 2004, CWS-
2002P and CWS guidance. Of the remaining two patients with
rhabdomyosarcoma, one received initial treatment in the United
States according to the recommendations of the children’s
oncology group (COG). The other one was treated according to
EWING-2008, since the primary diagnosis was ES but changed to
aRMS after relapse. The majority of patients (15; 51,7%) responded to
initial therapy and entered transplantation in first complete remission
(CR1, n=6), very good partial response (VGPRI1, n=3) or partial
response (PR1, n=6). Another 8 patients (27,6%) responded after
previous relapse or progression (CR>2 n=2; PR>2 n=6). Six patients
were transplanted without response (NR) (20,7%).

Conditioning regimen: Apart from treosulfan- and busulfan-based
conditioning regimens in two and one patient, a toxicity reduced
regimen was deployed in most transplants, using fludarabin (160 mg/
m? body surface area) in 24 or clofarabin (200mg/m?/d) in 2 cases, in

Non-rhabdomyosarcoma soft tissue
sarcoma

No of patients (%)

Alveolar RMS Undifferentiated sarcoma

12 (41,4%) 1 (3,4%)

29 14 (48,3%)
Botryoid RMS Synovial sarcoma
1 (3,4%) 1 (3,4%)
Age at diagnosis 122 129 7,5 10,96
years median (range) (1-238) (7.9 -17.7) (1-238) (102 - 11.8)
Diagnosis (%)
o Primary stage IV 15 (51,7%) 5 9 1
» Metastatic relapse 14 (48,3%) 9 4 1
Previous therapies
* Radiotherapy 19 (65,5%) 10 7 2
« Autologous/syngeneic
HSCT 9 (31%) 7 2 0
+ other Samarium 3 Samarium 1 Samarium 2
mTOR Inhibitor 3 mTOR Inhibitor 2 mTOR Inhibitor 1
TKI 1 TKI 1
Anti-IGF2-mAb 1 Anti-IGF2-mAb 1
Avastin 1 Avastin 1
HIPEC 1 HIPEC 1
Remission status prior to HSCT (%)
+CR1 6 (20,7%) 3 2 1
* CR 22 2 (6,9%) 0 1 1
« PR/VGPR 1 9 (31%) 2 7 0
« PR/VGPR >2 6 (20,7%) 4 5 0
* NR 6 (20,7%) 5 1 0
HSCT, depletion technique (%)
« CD3+/CD19+ 20 (69%) 11 7 2
« TCRo/B+ / CD19+ 9 (31%) 3 6 0
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combination with melphalan (140 mg/m?®) and thiotepa (10 mg/kg).
Two patients with previous haplo-HSCT and graft failure received
additional TLI (4 Gy respectively 7 Gy) to reduce the risk of another
graft failure.

Serotherapy was part of the conditioning regimen in all patients,
comprising OKT3 (given day -9 until day +17) until 2010 (n=17) and
ATG (given day -11 until day -9) since OKT3 was no longer available
in 2011 (n=12).

Stem cell source and graft manipulation: Mobilized peripheral
blood stem cells (PBSC) using granulocyte colony-stimulating factor
(Granocyte®, Lenograstim, Chugai Pharma; Neupogen®, Filgrastim,
Amgen) were the stem cell sources harvested from haploidentical
family donors. Parents served as stem cell donors in 26 transplants,
mismatched adult siblings (n=2) and aunt (n=1) in the remaining.
The degree of HLA-mismatch (MM) ranged from 2 mismatches in
one case, 3 MMs in 4 patients, 4 MMs in 8 patients, and 5 MM in 16
HSCTs. Grafts were processed with CD3+ and CD19+ depletion
(n=20) or TCRo/B+ and CD19+ depletion (n=9) respectively, using
the automated CliniMACS® system (Miltenyi Biotec, Bergisch
Gladbach, Germany) as described earlier (31). The graft
composition is specified in Table 2.

Engraftment: Primary engraftment occurred in 27 patients after a
median of 10 days (range 7-15), while 2 patients (CD3+/CD19+ n=1,
TCRo/B+ / CD19+ depletion n=1) suffered from primary graft failure
(6,9%). Both patients could be rescued, using an immunoablative
reconditioning regimen, comprising either fludarabin, thiotepa with
or without cyclophosphamide, ATG and TLI as described earlier (32),
followed by a second haploidentical graft with CD3+/CD19+ or
TCRa/B+ / CD19+-depletion respectively from a different donor.
Three patients showed a secondary rejection (secondary graft failure
10,3%). Two patients received an autologous backup 29 and 38 days
after HSCT respectively. Both were found to be eligible for another
haplo-HSCT and were transplanted with a second CD3+/CD19+
depleted graft 7 months after the first one and further follow-up was
counted from the second haplo-HSCT. One of these patients suffered
another relapse by that time. The third patient with secondary graft
failure was rescued with a graft from a syngeneic sibling 85 days after
haplo-HSCT since she received a syngeneic HSCT already before
haplo-HSCT.

Immune reconstitution: Data were available for 23 patients. In
patients, who received a subsequent haploidentical graft following
graft failure, the immune phenotype was counted from the day the
second graft was infused.

Recovery of CD56+ natural killer (NK) cells was fast, reaching
counts of >100cells/pl mean already at day 14. Reconstitution of CD3
+ lymphocytes started at day +30, although cell counts of CD3+ T-

TABLE 2 Graft Composition.
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lymphocytes at day 90 were below 200/ul (172/pl, range 3 - 728) and
CD3+CD8+ below 100/ul (87/ul, range 0 - 601) (Figures 1A, B).
Reconstitution of CD3+, or CD56+ lymphocytes was not faster in
patients without relapse (Figures 1C, D).

Graft-versus-host disease: Mycophenolate mofetil (MMF) was the
only GvHD prophylaxis in all patients (standard dosage of 1200 mg/
m?® in two single dosage). Acute GVHD was overall diagnosed in 17
patients, two of them after receiving post-transplant DLI due to mixed
chimerism. Only 5 patients (3-years CI 16,8%) developed clinically
relevant GVHD grade II or higher (II° n=1, III° n=3, IV°® n=1). Three
patients (3-years CI 10,4%) developed cGvHD (limited disease n=1,
extended disease n=2) (Figure 2E).

Relapse: Relapse occurred in 20 patients (ES n=12, alveolar RMS
n=7, botryoid RMS n=1) at median 112 days (36 days - 1,6 years) post
haplo-HSCT, resulting in a cumulative incidence (CI) of 69% after 3
years. Patients, who responded well on pre-transplant treatment (CR
or VGPR) suffered significantly less from relapse (3-years CI of
relapse 36,8%) than patients with PR (CI 87,0%, p=0,01) or NR (CI
99,5%, p=0,0003) (Figure 2A). While the CI of relapse was lower in
patients transplanted in first CR, VGPR or PR, the difference to
patients with CR or PR after previous relapse was not statistically
significant (58,6% vs. 68,3%; p=0,62) (Figure 2B). Similarly, we didn’t
find significant difference in CI of relapse by diagnosis between ES
and RMS (ES 80,9% vs. RMS 67,7%; p=0,39) (Figure 2C). None of the
patients with NRSTS relapsed. However, this group comprises only 2
patients of whom one died from GvHD 33 months after HSCT. There
was no significant difference in CI of relapse in patients who
developed aGVHD of any grade compared to those who did not
experience aGvHD (no aGvHD 74,8% vs. aGvHD °I-IV 66,4%,
p=0,59) (Figure 2D).

Viral reactivation: CMV viremia was detected in 4 patients (3
years CI 13,9%) and ADV viremia in 6 patients (3 years CI 20,6%).
ADV infection caused 1 death. There was no patient experiencing
post-transplant lymphoproliferative disease.

Transplant-related mortality: Three deaths were attributed to
transplantation procedure (ADV infection, GVHD with sepsis,
intracranial bleeding), resulting in a TRM of 10,5% after 3
years (Figure 2F).

Survival: The 5-year-OS probability was 16,1% (Figure 3A).
Details of the five surviving patients are summarized in Table 3.

The EFS probability was 18,1% after 3 years (Figure 3A) and
dependent only on pre-transplant remission status. Patients with at
least VGPR experienced lesser events than patients with only partial
or worse response (EFS of patients in CR or VGPR (36,4%) vs. PR
(9,4%; p=0,08) or NR (0%; p=0,01) (Figure 3B). Patients with first
partial or better response fare better than patients who already

minimum 2,57 9,5
median 11,2 41,33
maximum 26,13 100,02
number of patients 29 20

TCRo/B+ # TCRy/6+ #
*10%/kg *10°/kg
8,4 15 8,508 2342
12,48 9,13 36,12 56,78
35,81 20,85 561,031 298,26
9 9 23 23

In case of reconditioning 1* graft considered. § only CD3+/CD19+ depleted grafts considered. # only TCRa/B+ / CD19+ depleted grafts considered.
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FIGURE 1

Immune reconstitution after haploidentical HSCT (mean and standard deviation), calculated from total lymphocyte cell count and flow cytometry results.
(A) Reconstitution of CD56+ NK and CD19+ B cells. (B) Reconstitution of CD3+ T cells (CD4+ and CD8+). (C) Comparison of the recovery of CD3+ T
cells in patients with or without relapse. (D) Comparison of the recovery of CD56+ NK cells in patients with or without relapse.

experienced relapse pre-transplant. The difference did not reach
statistical significance. None of the patients with previous relapse
survived regardless of response to pre-transplant treatment. (EFS of
patients in first CR, VGPR or PR 33,3% vs. subsequent CR or PR 0%;
p=0,2) (Figure 3C). The occurrence of aGvHD did not significantly
influence EFS (EFS without aGvHD 9,3% vs. aGvHD I-IV® 23,5%;
p=0,45) (Figure 3D). Whether cGVHD developed or not did not affect
EFS, whereby patients might have experienced relapse before cGvHD
could have developed. The major events were relapse in 19 patients
(82%) followed by transplant-related deaths (n=3). In one patient a
secondary neoplasm occurred (vulvar intraepithelial neoplasm) 14
months after haplo-HSCT, before relapse of the primary
Ewing sarcoma.

Discussion

Haplo-HSCT with selective T-cell depletion has been used in
hematological malignancies with impressive results (33) and it is also
in part reported in some patients with solid tumors (5, 27). These
approaches could have the advantages of providing high doses of cell
subsets that mediate the anti-tumor effect through HLA independent
pathways without carrying a graft-versus-host effect, such as NK cells
that prevail in CD3+-negative selected graft as in the early stages after
engraftment. In the more recent TCRot/B+-negative selection, the
TCRY/8+ lymphocytes, preserved in the graft, further enhance the
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GvT effect as well as carry out a fundamental antiviral activity (34).
Moreover, since in this context prolonged immunosuppression after
transplant is not required, the donor-derived T cells activity, whose
reconstitution occurs later, is not hindered.

However, while T-cell depleted haploidentical HSCT was safe, in
this study it was applicable for patients with response but not effective
for patients with advanced pediatric sarcomas not in response after
initial therapy.

These results have to be interpreted in the context of the
extremely high-risk profile of our cohort. Almost half of our
patients (48,3%) experienced one or subsequent metastatic relapses
pre-transplant, which occurred early within 2 years after primary
diagnosis in 10 patients, especially with ES. More than 20% of patients
underwent transplantation in non-response, and another 12 patients
(41%) responded just partially before HSCT and have been
transplanted with significant residual tumor mass, with consequent
increased risk of later relapse or progression. Only 38% of patients
achieved CR or VGPR prior to HSCT. The influence of pre-transplant
remission status on survival has been reported earlier in patients with
Ewing sarcoma (29). Indeed, in our cohort, patients who underwent
haplo-HSCT in presence of better remission status (CR or VGPR)
showed a significantly lower cumulative incidence of relapse (CIR)
and a better EFS than those with PR (CIR 36,8% vs 87,0%, EFS 36,4%
vs 9,4%) or persistent disease (CIR 99,5%, EFS 0%) (Figures 2A, 3B).
This points up the fundamental role of pre-transplant approaches in
pediatric sarcoma, as reported in other malignancies (35). A total of 5
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Cumulative Incidence (Cl) of relapse, GvHD and transplant related mortality from haploidentical HSCT. (A) CI of relapse in patients who reach CR or
VGPR after pre-transplant therapy compared to patients with either PR or NR. (B) CI of relapse in patients achieving first CR, VGPR or PR pre-transplant
compared to patients in CR or PR who were transplanted after relapse. (C) Cl of relapse in patients with Ewing Sarcoma or Rhabdomyosarcoma. (D) ClI
of relapse according to occurrence of aGvHD °I-IV or no aGvHD. (E) Cl of aGvHD °lI-IV and cGvHD. (F) CI of transplant related mortality

patients survived without signs of disease. All of them received a
haplo-HSCT in CR1, VGPRI1 or PR 1, whereas patients transplanted
after relapse could not be rescued. This raises the question if a haplo-
HSCT could be a treatment option as consolidation therapy following
standard treatment protocols for primary disease, especially in
patients with complete or very good partial response or if low dose
maintenance chemotherapy will be equal or more effective. Carli et al.
reported an EFS of 23% in patients reaching CR after conventional
therapy with a prolonged course of chemotherapy in RMS (6).
Otherwise, Klingebiel et al. reported an OS of 52% in patients with
metastatic soft tissue sarcomas receiving oral maintenance therapy
(36). Another matched pair analysis showed no benefit of allogeneic
HSCT over non transplanted controls (37) and Merker et al. (38)
found no benefit of haplo-HSCT compared to reported results of oral
maintenance therapy. However, randomized studies addressing this
issue are missing. To achieve statistical relevant patient numbers, a
European or even international study would be necessary, although,
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the feasibility of a randomized study is questionable because of the
poor prognosis in this cohort of patients.

Relapse occurred early, within a median of 112 days post-HSCT
and thus before sufficient reconstitution of T-cells, probably making
too short the timing interval for their contribution to the GvT-effect
(Figure 1B). Choosing a more intense conditioning regimen might
have prevented early relapse (39) and thus given time for a T-cell
mediated GvT effect to fully develop. However, as most of our patients
did not respond completely to intense pre-transplant chemotherapy
regimen, we regard this effect limited. Furthermore, therapy related
toxicity is likely to cause a higher TRM rate in this heavily pretreated
patient group and outweigh any benefit from a more
intense conditioning.

Despite NK-cells being recovered within two weeks after HSCT,
confirming previous observations in T-depleted haplo-HSCT for both
malignant (40, 41) and non-malignant diseases (34, 42), and the
immunosuppression only being short-term, GvT-effect apparently
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was not sufficient for the majority of patients in our cohort of
pediatric sarcomas. GVHD prophylaxis using MMF was given over
a short period of 30d median. Since NK-cell recovery was fast, MMF
seems not to have impaired NK-cell proliferation but it cannot be
excluded that MMF might have impaired NK-cell function (43) and
thus possible GvT- effects in our setting. Beside this, a retrospective
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FIGURE 3
Survival, counted from haploidentical HSCT. (A) Probability of Overall Survival (OS) and Event Free Survival of the entire cohort. (B) EFS according to pre-
transplant remission status CR/VGPR vs. PR or NR. (C) EFS of patients achieving first PR or better compared to patients in CR/PR, who were transplanted
after relapse. (D) EFS in accordance with the occurrence of aGvHD.
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analysis by Thiel et al. also could not show a clear GvT-effect in most
patients with Ewing sarcoma neither in HLA-mismatched nor in
HLA-matched HSCT (29).

Apart from NK-cells, a GvT-effect is often attributed to donor T-
cells. Childs et al. reported a regression of metastatic solid tumors
after establishment of a complete T-cell chimerism and withdrawal of

TABLE 3 Details of surviving patients.

Remission status

Patient | Patient Il Patient IlI Patient IV Patient V
Diagnosis Ewing sarcoma aRMS aRMS Undifferentiated sarcoma Ewing sarcoma
Stage at diagnosis Stage IV Stage IV Stage IV Stage IV Stage IV
Multiple bone metastases Multiple bone metastases Multiple bone & pelvic & Nodal & pulmonal Multiple bone & nodal
nodal metastases metastases metastases
Pre-Transplant CR1 VGPR1 VGPRI1 CR1 PR1

Conditioning regimen

Treosulfan, Fludarabin,
Thiotepa, OKT3

Melphalan, Fludarabin,
Thiotepa, ATG

Melphalan, Fludarabin,
Thiotepa, ATG, TLI

Melphalan, Fludarabin,
Thiotepa, OKT3

Melphalan, Fludarabin,
Thiotepa, ATG

after HSCT

Form of graft CD3+/CD19+ depletion CD3+/CD19+ depletion CD3+/CD19+ depletion CD3+/CD19+ depletion TCRa/B+/CD19+
manipulation depletion
Donor Father Father Mother Mother Father

No of Mismatch 4/10 5/10 5/10 5/10 4/10
Chimerism at d100 Complete Complete Complete Complete Complete
either CD3, PBMC

aGvHD, max. grade Grade 1 Grade 1 Grade 1 No aGvHD Grade 3
cGvHD No ¢cGvHD No ¢cGvHD No ¢cGvHD No ¢cGvHD No ¢cGvHD
Last follow up in years 7,4 55 2,9 5,97 7,4
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immunosuppression or infusion of donor lymphocytes (17). Since T-
cell reconstitution takes time following T-cell depletion, full GvT-
effect is delayed as well. Previous reports on haplo-HSCT in pediatric
sarcomas based mainly on T-cell depletion (5, 24, 29, 38). An
alternative to T-cell depletion in the setting of haplo-HSCT could
be the use of T-cell-repleted grafts. However, the use of
unmanipulated grafts in haplo-HSCT requires an intense GvHD-
prophylaxes (post-transplantation cyclophosphamide or Beijing
protocol). Haplo-HSCT using T-cell replete grafts constitutes an
interesting approach, however, it has to be determined if the use T-
cell-repleted grafts results in a stronger GvT-effect. So far none of the
different transplantation protocols was superior over the others
regarding OS or relapse (44).

This work has limitations and strengths. The main limitations
consist of the retrospective analysis and the small number and
heterogeneity of diagnosis of patients included. Furthermore, the
inclusion of patients with no response to initial therapy can be
questioned. However, this study offers the opportunity to address
important questions about haplo-SCT in a subgroup of pediatric solid
tumors with poor prognosis.

Based on the above-mentioned results, haploidentical HSCT
seems not to considerably improve outcome in most patients with
high-risk Ewing sarcoma and RMS, particularly without good
response on initial treatment. This observation corresponds with
our experience in relapsed neuroblastoma (45). Nevertheless, dose-
escalation of conventional therapy including high-dose chemotherapy
reached its limits without substantial improvement in survival (15).
Therefore, targeted therapies and immunotherapies remain an area of
special interest in pediatric sarcomas, as for other cancers. There are
hints, that IL2 given posttransplant can augment donor derived NK
cell activity in a rather unspecific way (26, 46). On the other hand,
another study about prophylactic IL2 administration found an
increased risk of relapse (47). Thus, more specific immunotherapies
are needed. Based on the experience in leukemias and
neuroblastomas, treatment with appropriate monoclonal antibodies
(mADb) or antibody-cytokine fusion proteins post-transplant,
chimeric antigen receptor (CAR)-T-cell therapy and more recently
CAR-NK-cells from the stem cell donor might be potential
therapeutic approaches in the future (48). The identification of a
tumor-antigen with features of high expression on tumor cells and
low expression on healthy tissues remains the main challenge for an
effective and safe clinical translation of such approaches. Different
possible targets for CAR T-cells or mAbs are currently under
investigation in sarcomas, including HER2 (49, 50), B7-H3 (51),
ErbB2 (52), GD2 (53, 54), or VEGFR2 (55). The possibility to apply
an antibody, CAR-T or CAR-NK approach based on the donor
derived immune system in a haploidentical context could represent
a fascinating option for the future.

The high safety profile of haploidentical HSCT with CD3+/CD19+
(56) or TCRoB+/CD19+ depletion (28), carrying on low GvHD-rate and
TRM, makes it feasible even in heavily pretreated patients, representing
an ideal basis for potential subsequent immunotherapies.
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