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Simple Summary: Soft tissue sarcomas (STS) still lack effective clinical stratification and prognostic
models. The aim of this study is to establish a reliable prognostic gene signature in STS. Using
189 STS samples from the TCGA database, a four-gene signature (including DHRS3, JRK, TARDBP
and TTC3) and nomograms that can be used to predict the overall survival and relapse free survival
of STS patients was developed. The predictive ability for metastasis free survival was externally
verified in the GEO cohort. We demonstrated that the novel gene signature provides an attractive
platform for risk stratification and prognosis prediction of STS patients, which is of great importance
for individualized clinical treatment and long-term management of patients with this rare and
severe disease.

Abstract: Soft tissue sarcomas (STS), a group of rare malignant tumours with high tissue heterogene-
ity, still lack effective clinical stratification and prognostic models. Therefore, we conducted this
study to establish a reliable prognostic gene signature. Using 189 STS patients” data from The Cancer
Genome Atlas database, a four-gene signature including DHRS3, JRK, TARDBP and TTC3 was
established. A risk score based on this gene signature was able to divide STS patients into a low-risk
and a high-risk group. The latter had significantly worse overall survival (OS) and relapse free
survival (RFS), and Cox regression analyses showed that the risk score is an independent prognostic
factor. Nomograms containing the four-gene signature have also been established and have been
verified through calibration curves. In addition, the predictive ability of this four-gene signature
for STS metastasis free survival was verified in an independent cohort (309 STS patients from the
Gene Expression Omnibus database). Finally, Gene Set Enrichment Analysis indicated that the
four-gene signature may be related to some pathways associated with tumorigenesis, growth, and
metastasis. In conclusion, our study establishes a novel four-gene signature and clinically feasible
nomograms to predict the OS and RFS. This can help personalized treatment decisions, long-term
patient management, and possible future development of targeted therapy.

Keywords: soft tissue sarcomas; gene signature; prognosis; nomogram

1. Introduction

Soft tissue sarcomas (STS) are a group of rare malignant tumours mainly derived from
the embryonic mesoderm, with high tissue heterogeneity in each subtype, that represent
2% of all adult, and 7% of all childhood cancers [1,2]. At present, more than 100 tumour
subtypes of STS have been identified, the most common of which are liposarcoma, includ-
ing dedifferentiated liposarcoma (DDLPS), leiomyosarcoma (LMS) and undifferentiated
polymorphic sarcoma (UPS) [3,4]. The prognosis of STS patients remains poor. The five-
year overall survival rate for advanced STS is less than 20% [5]. Surgical resection with
radiotherapy is the most effective treatment strategy for early localized STS, and chemother-
apy is usually indicated for patients with metastatic tumours [6-8]. Previous studies have
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shown that risk stratification and targeted therapy can significantly improve the treatment
effect for most tumours, and STS is no exception [9,10]. Accurately stratifying the risk of
STS patients is helpful for long-term personalized management of patients and selection of
appropriate treatment strategies [7,10]. The previous view was that histological grading
was the most important prognostic stratification indicator for STS [11]. However, consid-
ering the huge heterogeneity, extremely low incidence and complex biological behaviour
of STS, grade is not always a reliable parameter; more efficient and robust prognostic
prediction models are required. Molecular biomarkers play a key role in prognosis and
treatment decisions for a variety of tumours; for example, PD-1 and PD-L1 are not only
prognostic markers for a variety of tumours, but also key indicators for immune checkpoint
therapy [12]. In STS, molecular signatures, including hypoxia-related gene signatures,
have also been shown to play a role in risk classification [13]. The identification of new
molecular signatures and their combination with existing predictors is expected to improve
the identification of “high-risk” patients [14].

With the development of gene sequencing technology, many analyses in public
databases have shown that gene markers at the messenger RNA (mRNA) level have
great potential in the risk stratification and prognosis prediction of various tumours. For
example, Zuo et al. established a six-gene signature to predict both disease-free and overall
survival in patients with non-small cell lung cancer and Xiao et al. developed a three-gene
signature as a prognostic biomarker for low-grade glioma [15,16]. Due to the extremely low
incidence of STS, it is hard for a single institution to collect enough patient tumour tissue
and clinical information to establish a prognostic gene signature. At this time, in-depth
mining of publicly available gene sequencing data is often an effective way to establish a
robust prognostic gene signature.

For this study, data from The Cancer Genome Atlas (TCGA) database was used to
create a gene signature of STS to predict survival and outcome. In addition, data from
the Gene Expression Omnibus (GEO) was used as an independent cohort to perform an
external validation. We demonstrated that the novel gene signature provides an attractive
platform for risk stratification and prognosis prediction of STS patients, which is of great
importance for individualized clinical treatment and long-term management of patients
with this rare and deadly disease.

2. Materials and Methods
2.1. Patient Data

The RNA-seq (IlluminaHiSeq 2000) data of 265 STS patients was obtained from TCGA
through the University of California, Santa Cruz, Xena Functional Genomics Explorer
(https:/ /xenabrowser.net/datapages/ (accessed on 5 January 2021)). The RNA-seq data
are level 3 data from the TCGA data coordination centre, and the RNA-Seq by Expectation
Maximization normalized count converted by log2(x + 1) shows the transcription estimate
at the gene level. The latest clinical pathology and survival data were obtained from a
publication of the TCGA Network [17]. Due to the difficulty in extracting sufficient RNA,
well-differentiated liposarcoma was not included in this study [17]. After filtering the data,
only samples that had complete follow-up and clinical information, including age at first
diagnosis, gender, pathological tumour size, whether radiotherapy and chemotherapy
were performed, FNCLCC grade, vital status, OS time, relapse status, RFS time and
histological type were included. The patients had no history of systemic chemotherapy
or radiotherapy before tumour resection. The gene expression profile and MFS data of
309 STS samples from the GSE21050 dataset were obtained through the GEO database
(https:/ /www.ncbi.nlm.nih.gov/geo/ (accessed on 26 January 2021)) to further verify
the prognostic ability of the gene signature [18], in which the gene expression data was
converted by log2(x + 1) for normalization. The difference of DHRS3, JRK, TARDBP and
TTC3 expression between STS tissues and normal tissues was analyzed in the Oncomine
database (https:/ /www.oncomine.org/resource/main.html (accessed on 21 April 2021)).
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2.2. Establishment of Prognostic Gene Signature

For this study patients were divided into a training set (n = 95) and a testing set
(n = 94) by random assignment. In the training set, a robust likelihood-based survival
analysis was performed using the package “rbsurv” in the R software (Version 4.0.3, R
Foundation for Statistical Computing, Vienna, Austria) to identify genes related to OS [19].
After 10 iterations, 22 prognostic-related genes were obtained. Then, the R packages
“glmnet” and “survival” were used to perform LASSO model analysis and multivariate
Cox regression analysis and determined a survival-related prognostic model under the
threshold of p < 0.05. In addition, the “survminer” and “survival” R packages were used to
find the best cut-off value to classify samples into high and low risk groups. The Kaplan—
Meier curve was used to estimate the difference in OS and RFS between the two groups
and used the R package “timeROC” to plot the receiver operating characteristic (ROC)
curve over time to assess the predictive value of this prognostic gene signature. Finally,
the predictive value of prognostic gene signatures was verified in the testing set and the
whole set.

2.3. Establishment of Predictive Nomograms

In order to establish easy-to-use and clinically adaptable prognostic prediction models,
we used multivariate Cox regression analysis to identify independent risk factors related
to the prognosis of STS and combined these independent prognostic factors using the
R package “rms” to construct predictive nomograms. Then, calibration curves were
plotted to evaluate the deviation between the estimated OS/RFS probability and the actual
OS/RFS probability, and the C-index was used to evaluate the prognostic accuracy of
the nomograms.

2.4. Gene Set Enrichment Analysis

To explore the potential molecular mechanism of the prognostic gene signature, GSEA
software (Version 4.1.0) was used to perform gene set enrichment analysis by using MSigDB
C2 CP: Canonical pathways gene set collection [20]. The significance threshold was set to
p < 0.05, false discovery rate (FDR) < 0.25.

2.5. Statistical Analysis

Univariate and multivariate Cox regression were performed to evaluate the impact
of various potential risk factors on OS and RFS. A Kaplan-Meier curve was used for data
stratification analysis and a log-rank test was used to evaluate its statistical significance.
The R packages “cowplot” and “pheatmap” were used to generate risk distribution plots.
All statistical calculations were performed using R software, p < 0.05 was considered
statistically significant.

3. Results
3.1. Establishment of Four-Gene Prognostic Signature

A flow chart of this study is presented in Figure 1. Data on 256 sarcomas are pub-
lished in TCGA, of which 206 sarcomas are well characterized fully revised. Of these,
tumour size is missing for eight patients and chemotherapy and radiation information is
missing for nine additional patients. In total, 189 patients were included for final analysis
(Supplementary Table S1). The patients had an average age of 60 years at diagnosis and
95% of them suffered from a high-grade STS (Table 1). The patients had no history of
systemic chemotherapy or radiotherapy before tumour resection; this means that the gene
expression cannot have been falsified in this way [21]. First, a robust likelihood-based
survival analysis was performed on 95 samples in the training set and obtained 22 genes
that are significantly related to overall survival (OS). Subsequently, LASSO Cox regression
analysis was performed, further narrowing down the number of these survival-related
genes to nine genes (Figure 2). To further narrow the scope of mRNA, a multivariate
Cox proportional hazard regression analysis was performed. In the end, four genes were
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identified and used them for the construction of prognostic gene signature. The four genes
identified in this context were dehydrogenase/reductase 3 (DHRS3), Jrk helix-turn-helix
protein (JRK), TAR DNA binding protein (TARDBP) and tetratricopeptide repeat domain
3 (TTC3). Then, the relationship between the expression levels of these four genes and
OS was explored, and it was found that patients with high expression of JRK, TARDBP
and TTC3 had shorter OS, while patients with high expression of DHRS3 had better OS
(Supplementary Figure S1). In addition, gene expression analysis based on the Oncomine
database showed that JRK, TARDBP and TTC3 expression in STS tissues were higher than
normal tissues, while DHRS3 was the opposite (Supplementary Figure S2). This implies
the role of these four genes in the occurrence and development of STS. According to the
multivariate Cox regression model, the correlation coefficients of the four genes (expression
level) were estimated and the four-gene signature (4GS)-risk score of each patient was also
calculated.

4GS-risk score = —0.3059 x [DHRS3] + 0.8152 x [JRK] + 3.4023 x [TARDBP] + 1.0905 x [TTC3]. )

Table 1. Clinical characteristics of STS patients in the TCGA cohort.

Characteristics All (n = 189) Training Set (1 = 95) Testing Set (n = 94)
Age group (Median)
<60 years 96 (50.79%) 48 (50.53%) 48 (51.06%)
>60 years 93 (49.21%) 47 (49.47%) 46 (48.94%)
Gender
Male 87 (46.03%) 45 (47.37%) 42 (44.68%)
Female 102 (53.97%) 50 (52.63%) 52 (55.32%)
Pathologic tumour size
<10.5cm 95 (50.26%) 52 (54.74%) 43 (45.74%)
>10.5 cm 94 (49.74%) 43 (45.26%) 51 (54.26%)
Radiotherapy
Yes 54 (28.57%) 34 (35.79%) 20 (21.28%)
No 135 (71.43%) 61 (64.21%) 74 (78.72%)
Pharmaceutical therapy
Yes 45 (23.81%) 26 (27.37%) 19 (20.21%)
No 144 (76.19%) 69 (72.63%) 75 (79.79%)
FNCLCC grade
1 10 (5.29%) 5 (5.26%) 5 (5.32%)
2 105 (55.56%) 49 (51.58%) 56 (59.57%)
3 74 (39.15%) 41 (43.16%) 33 (35.11%)
Vital status
Alive 117 (61.90%) 62 (65.26%) 55 (58.51%)
Dead 72 (38.10%) 33 (34.74%) 39 (41.49%)
Relapse status
Relapse 114 (60.32%) 61 (64.21%) 53 (56.38%)
Non-Relapse 75 (39.68%) 34 (35.79%) 41 (43.62%)
Histological type
DDLPS 49 (25.93%) 23 (24.21%) 26 (27.66%)
LMS 68 (35.98%) 34 (35.79%) 34 (36.17%)
UPS 41 (21.69%) 24 (25.26%) 17 (18.09%)
MFS 17 (8.99%) 6 (6.32%) 11 (11.70%)
SS 10 (5.29%) 5(5.26%) 5 (5.32%)
MPNST 4 (2.12%) 3 (3.16%) 1 (1.06%)
Tumour site
Retroperitoneum 81 (42.8%) 39 (41.1%) 42 (44.7%)
Upper/Lower Extremity 57 (30.2%) 30 (31.6%) 27 (28.7%)
Superficial Trunk 9 (4.8%) 4 (4.2%) 5(5.3%)
Chest 10 (5.3%) 4 (4.2%) 6 (6.4%)
Uterus 19 (10.1%) 11 (11.6%) 8 (8.5%)
Other 13 (6.8%) 7 (7.3%) 6 (6.4%)

DDLPS: dedifferentiated liposarcoma; LMS: leiomyosarcoma; UPS: undifferentiated pleomorphic sarcoma; MFS: myxofibrosarcoma; SS:
synovial sarcoma; MPNST: malignant peripheral nerve sheath tumour.
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3.2. The Predictive Value of Four-Gene Signature on the OS of STS Patients

The R package “survminer” and “survival” were used to find the best cut-off value
for the risk score to divide patients into 4GS-high-risk and 4GS-low-risk groups, and we
performed the same operations on the testing set and the whole set. In the training set,
the Kaplan-Meier curve showed that the OS of the 4GS-high-risk group was significantly
shorter than that of the low-risk group (p < 0.0001) (Figure 3a). In addition, the ROC curve
showed that the area under the curves (AUC) for 1-, 3- and 5-year OS were 0.942, 0.916, and
0.856, respectively (Figure 3b). In Figure 3c, we analysed the risk score distribution, survival
status distribution and four-genes expression distribution of patients in the training set.
The heatmap showed that the expression of DHRS3 was lower in the high-risk group, while
the expression of JRK, TARDBP and TTC3 were obviously higher. We obtained similar
results in the testing set and the whole set. In the testing set and the whole set, the high-risk
groups had both shorter OS (p = 0.021 & p < 0.0001) (Figure 3d,g). The AUCs of 1-, 3-, and
5-year OS were 0.657, 0.660, 0.675 in the testing set, and 0.753, 0.762, 0.761 in the whole
set (Figure 3eh). The risk score distribution, survival status distribution and four genes
expression distribution of patients are shown in Figure 3£ ,i, respectively. For the whole set,
a data stratification analysis was also conducted. These patients were stratified according
to different clinical parameters, such as gender, age (<60 years/>60 years), Fédération
Nationale des Centres de Lutte Contre le Cancer (FNCLCC) grade (grade 1&2/grade
3), radiotherapy, pharmaceutical therapy, histological type (DDLPS/LMS/UPS/other
subtypes), tumour size (<10 cm/>10 cm) and site of tumour. The results of stratified
analysis showed that in patients of different age groups, gender, FNCLCC grade groups,
and tumour size groups, the 4GS-high-risk groups all had lower OS (all p < 0.05) (Figure
4a—f and Supplementary Figure S3a,b). For patients who had undergone radiotherapy, the
4GS-high-risk group also had significantly shorter OS (p = 0.00038) (Figure 4g). Among
patients who had undergone pharmaceutical therapy, there was no statistical difference
between 4GS-high-risk patients and low-risk patients due to the small sample size of the
low-risk group (Figure 3h). For patients with DDLPS, LMS and UPS, 4GS-high-risk patients
also all had shorter OS than low-risk patients (all p < 0.05) (Figure 4i-k). In other subtypes,
there was no statistical difference due to the small sample size of 4GS-low-risk patients
(Figure 41). Additionally, for patients with a tumour in retroperitoneum, upper/lower
extremity and other site, 4GS-high-risk patients had shorter OS (all p < 0.05) (Supplementary
Figure S3c,d,f). Patients with a tumour in superficial trunk, 4GS-high-risk patients also had
shorter OS but no statistical difference due to the sample size limitation (Supplementary
Figure S3e). Overall, our results indicated that the four-gene signature performed well in
OS prediction.
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Figure 3. Analysis of OS for the four-gene signature in STS. (a-c) Kaplan-Meier curve, time-dependent ROC analysis, risk
score, survival status and heatmap of mRNA expression of the four-gene signature in the training set. (d—f) Kaplan-Meier
curve, time-dependent ROC analysis, risk score, survival status and heatmap of mRNA expression of the four-gene signature
in the testing set. (g—i) Kaplan-Meier curve, time-dependent ROC analysis, risk score, survival status and heatmap of
mRNA expression of the four-gene signature in the whole set of TCGA cohort. Significance for survival analysis was
calculated using a log-rank test, with the red line representing the 4GS-high-risk group and the blue line representing the
low-risk group. Red in the heatmap represents high expression and blue represents low expression.
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Figure 4. Stratified OS analysis based on the risk model in the whole set of TCGA cohort. Based on the risk score
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3.3. The Predictive Value of Four-Gene Signature on the Relapse Free Survival (RFS) and
Metastasis Free Survival (MFS) of STS Patients

In order to explore the potential capabilities of the four-gene signature in RFS pre-
diction, 4GS-high-risk and low-risk patients were compared in the whole TCGA set. The
Kaplan—-Meier curve showed that 4GS-high-risk patients had significantly shorter RFS,
suggesting that these patients had a higher recurrence rate (p = 0.00072) (Figure 5a). Sub-
sequently, the ROC curve showed that the AUCs of 1-, 3- and 5-year RFS were 0.647,
0.584 and 0.595, respectively (Figure 5b). Based on different clinicopathological charac-
teristics, data stratification was also carried out for further analyses. The results showed
that 4GS-high-risk patients had significantly shorter RFS in the male and female group,
>60 years group, FNCLCC grade 3 group, >10 cm tumour size group, and upper/lower
extremity group (all p < 0.05) (Supplementary Figures S4a,b,d,f and S5a,d). Although there
was no statistical significance in the <60 years group, FNCLCC grade 1/2 group, <10 cm
tumour size group, retroperitoneum, superficial trunk and other site groups, the four-gene
signature still showed a tendency to indicate different prognoses (Supplementary Figures
S4c,e and S5b,cef). For patients who had undergone radiotherapy, the 4GS-high-risk
group had significantly shorter RFS (p = 0.0055) (Supplementary Figure S4g). Similar to
predicting OS, due to the small sample size of 4GS-low-risk patients, there was only a trend
that high-risk group had lower RFS in the chemotherapy group and other subtype groups
without statistical significance (Supplementary Figure S4h,1). In addition, there was only a
tendency for DDLPS patients, which suggested that expanding the sample size may better
confirm the predictive value for RFS (Supplementary Figure S4i). For LMS and UPS pa-
tients, the high-risk groups also had significantly shorter RFS (all p < 0.05) (Supplementary
Figure 54j,k). Collectively, our results showed that the four-gene signature had a good
effect even in predicting RFS. To further verify the effectiveness of the prognostic model,
as an independent dataset containing complete OS and RFS data could not be found, the
GSE21050 dataset from the GEO database was used to validate the prediction efficacy of
the four-gene signature in MFS [14]. The Kaplan—-Meier curve showed that 4GS-high-risk
patients have significantly worse MFS than 4GS-low-risk patients (p = 0.00081) (Supplemen-
tary Figure S6), while the ROC curve showed that the 1-, 3-, and 5-year MFS AUCs were
0.593, 0.615, and 0.621, respectively (Supplementary Figure S6). This result implies that
in an independent dataset, the four-gene signatures also have good prognostic prediction

capabilities.
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Figure 5. Kaplan—Meier analysis and time-dependent ROC analysis of RFS for the four-gene signature in STS. (a) Kaplan-
Meier curve in the whole set. The significance was calculated using a log-rank test, with the red line representing the
high-risk group and the blue line representing the low-risk group. The grouping of STS samples is shown at the bottom of
the charts. (b) Time-dependent ROC curve in the whole set (AUC: 0.647, 0.584, and 0.595; 1, 2, and 5 years RFS).
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3.4. Univariate and Multivariate Analyses of the Four-Gene Signature Prognostic Role

In order to verify the independent prognostic effect of the four-gene signature, Cox
univariate and multivariate analyses were performed. Age, gender, pathological tumour
size, radiotherapy, pharmaceutical therapy, FNCLCC grade, site of tumour, histological
subtype and the risk score calculated based on the four-gene signature were used as the
covariates for the analysis. Finally, univariate, and multivariate analyses indicated that age,
pathological tumour size and 4GS-risk score were independent prognostic factors for OS
in STS patients (Table 2). In addition, pathological tumour size, pharmaceutical therapy,
FNCLCC grade, and 4GS-risk score were independent prognostic factors for RFS in STS
patients (Table 3).

Table 2. Univariate and multivariate analysis of the prognostic value of the four-gene signature in terms of OS in STS.

. Univariate Analysis Multivariate Analysis
Characteristics HR 95%ClI p-Value HR 95%CI p-Value

Age (Continuous) 1.020 1.003~1.039 0.025 1.025 1.007~1.043 0.005
Gender (Male vs. Female) 1.015 0.637~1.619 0.949

Pathological tumour size (cm) 1.043 1.016~1.070 0.002 1.065 1.037~1.094 <0.001
Radiotherapy (Yes vs. No) 0.758 0.444~1.293 0.309
Pharmaceutical therapy 1.291 0.769~2.167 0.335

(Yes vs. No)
FNCLCC grade (3 vs. 1/2) 1.583 0.995~2.519 0.053
Tumour site
Upper/Lower extremity (Reference)
Retroperitoneum 1.100 0.630~1.917 0.738
Superficial trunk 1.023 0.302~3.462 0.971
Chest 1.418 0.532~3.782 0.485
Uterus 1.436 0.652~3.161 0.369
Other 0.507 0.118~2.171 0.360
Histological subtype
DDLPS (Reference)
LMS 0.669 0.379~1.183 0.167
UPS 0.768 0.387~1.527 0.452
MFS 0.829 0.354~1.945 0.668
Other 0.649 0.224~1.886 0.428
4GS-Risk score 3.813 2.084~6975  <0.001 5.141 2.756~9.589  <0.001

(High vs. Low)

3.5. Establishment of Nomograms for Predicting OS and RFS in STS Patients

In order to further improve the prediction accuracy of the four-gene signature, other
independent prognostic factors were combined in multivariate analyses to establish clini-
cally adaptable prognostic nomograms for OS and RFS. As shown in Figures 6a and 7a,
the higher the total score based on the sum of the assigned numbers of each factor in the
nomograms, the worse the 1-, 3- and 5-year OS rates and RFS rates. Subsequently, the
nomograms were evaluated through the C-statistic discriminant indexes and the calibration
plots. The C-index values used to evaluate the OS model and RFS model were 0.744 and
0.660, respectively. The higher C-index values indicated the robustness of the nomograms.
The calibration curves showed that the predicted values and the actu