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Abstract

Soft tissue sarcomas (STS) is a set of rare malignant tumor originated from mesoderm. For
the prognosis of sarcoma, early diagnosis is important, however, currently no mature and
non-invasive method for diagnosis exists. MicroRNAs (miRNAs) are a class of noncoding
RNAs and their expression varies greatly, especially during tumor activity. The purpose of
this study was to construct a predictive model for the diagnosis of sarcomas based on the
relative expression level of miBRNA in serum. miRNA array expression data of 677 samples
including 402 malignant sarcoma samples and 275 healthy samples was used to construct
the prediction model. Based on 6 gene pairs, random generalized linear model (RGLM) was
constructed, with an accuracy of 100% in the internal test dataset and of 74.3% in the
merged external dataset in prediction whether a serum sample was obtained from a sar-
coma patient, with a specificity of 100% in the internal test dataset and 90.5% in the external
dataset. In conclusion, our serum miRNA-pair classifier has the potential to be used for the
screening of sarcoma with high accuracy and specificity.

Introduction

In general, sarcomas are divided into bone and soft tissue sarcomas, both of which have many
subtypes [1]. Advances in adjuvant chemotherapy and surgical techniques have provided addi-
tional options for the treatment of sarcomas. However, high-grade sarcomas are prone to
recurrence and metastasis and once metastasized, the death rate can increase to 50% [2]. CT
and MRI imaging and biopsy are routine diagnostic methods for sarcomas, but the high costs
and invasive nature of the approach are not conducive to the screening of sarcomas. Develop-
ment of simple and convenient screening method is of critical importance for the treatment
and prognosis of sarcomas.

MicroRNAs (miRNA) are short (~ 22 nucleotides) non-coding RNA molecules that regu-
late gene expression at the post-transcriptional level, and have critical functions across various
biological processes [3]. Furthermore, miRNAs showed higher accuracy than messenger RNA
in classifying poorly differentiated tumors in a study of 334 samples [4]. Certain subsets of
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miRNAs are secreted from cancer cells into the extracellular space via multiple mechanisms,
such as microvesicle-mediated pathways [5, 6]. In light of these biological features of miRNAs,
extracellular miRNAs also known as circulating miRNAs showed potential to be used as diag-
nostic markers for a variety of tumors [7]. Indeed, in a recent study by Asano et al [8], it was
shown that the expression level of 7 miRNAs exhibited good performance to determine
whether serum samples were from sarcoma patients or healthy donors as indicated by an area
under the ROC (receiver operating characteristic) curve (AUC) value of 98%. Although these
findings indicate significant progress, due to differences in miRNA detection methods, the
accuracy of prediction models that are based on miRNA expression levels may fail. Gene pairs
based on relative expression level, eliminating a batch effect may be an alternative choice [9].

In this study, we constructed gene pairs according to the relative expression levels of miR-
NAs, and identified a novel miRNA pairs-based classifier in the screening of sarcoma.

Materials and methods
Data source

Data processing steps are shown in the flow chart (Fig 1). Gene Expression Omnibus (GEO)
and ArrayExpress, the two largest sequencing data platforms were searched for data retrieval.
Datasets should fulfill the following criterial to be adopted: 1. must include miRNA array or
sequencing data of serum samples; 2. serum must be taken from sarcoma patients or healthy
volunteers.

Screening miRNAs and constructing gene pairs

For screening miRNAs and constructing gene pairs, we first screened miRNAs and selected
miRNAs with sufficient expression in sarcoma. In this study, missing expression values were
filled using K-nearest neighbors (KNN) algorithm. Then, miRNAs with an expression higher
than 8 (log2 scale) in half of the samples of GSE124158 were selected. After that, samples from
GSE124158 including malignant sarcoma patients and healthy subjects were randomly allo-
cated to training group and test group at a ratio of 3:1. In the training dataset, t-test was used
to test the statistical significance of each miRNA between healthy and sarcoma samples. miR-
NAs with p value less than 0.05 and effect value ranked in the top 250 were selected as candi-
date miRNAs. The expression level of candidate miRNAs underwent pairwise comparison to
generate a score for each gene pair. If the first gene (G1) of a gene pair was smaller than the
second in a single sample, then the value of this gene pair in this sample was set to 1, in other
cases, it was set to 0. According to the above rules, we constructed the gene pairs—samples
matrix. To ensure the prediction efficiency of the model, gene pairs which had a 1(or 0) in
most samples (>90%) of training dataset were removed. Then, in the training dataset t-test
was used to test the statistical significance of each gene pair between healthy and sarcoma sam-
ples in the training dataset. miRNAs with p value less than 0.05 and effect value ranked in the
top 80 were selected as candidate gene pairs for prediction model construction.

Classifier construction and validation

Random generalized linear model (RGLM) is a highly accurate and interpretable ensemble
predictor that shares the advantages of a random forest (excellent predictive accuracy, feature
importance measures, out-of-bag estimates of accuracy) with those of a forward selected gen-
eralized linear model (interpretability) [10]. Variables were randomly selected into 100 bags,
and in each bag, variables were filtered by correlation test and stepwise method. After that,
generalized linear model (GLM) is constructed in each bag by using the filtered variables.
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Fig 1. Flow diagram of this study.
https://doi.org/10.1371/journal.pone.0236097.9001

When test dataset is predicted, the model will use the voting method to synthesize the predic-
tion results of 100 independent GLM models to give the final prediction results. Using the
screened gene pairs, RGLM was used to construct a prediction model that determined whether
samples were healthy samples or sarcoma samples. Then, using “thinRGLM” function, gene
pairs that occurred the most in the 100 GLMs were reserved and the thinned RGLM model
was constructed based on that. Meanwhile, the reduction in prediction accuracy was negligible
compared to the original RGLM model. Subsequently, the classifier was tested in the internal
test dataset and external dataset. Currently, no biological diagnostic indexes for soft tissue sar-
comas are commercially available. To test the predictive efficiency of this model, the model
was compared with the original prediction model of Asano [8].

miRNA network and function enrichment analysis

Using the miRNet platform [11] (https://www.mirnet.ca/), miRNA targets were predicted and
a correlated network was constructed. Using the online databse STRING (https://string-db.
org/) [12], gene ontology (GO) function enrichment analysis was performed based on the pre-
dicted target mRNAs.

Statistical analysis

All the statistical analyses were performed using R version 3.6.3 (R Foundation for Statistical
Computing, http://www.R-project.org) and associated packages. The caret package (v 6.0) was
used to divide the samples into training/test partitions in GSE124158 at a ratio of 3:1 according
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to the type of samples. The DMwR package (v 0.4.1) was used to fill in NA values with the val-
ues of the nearest neighbors. T-test between groups was conducted using package genefilter (v
1.68.0). In all statistical analysis, p<<0.05 was considered statistically significant. In this study,
accuracy, specificity and sensitivity were used to evaluate the predictive effect of the model.
accuracy = o ey sensitivity = =P (TP: True positive; TN: True
negative; FP: False positive; FN: False negative).

specificity =

Results
Characteristics of datasets

A total of 677 serum samples, including 402 malignant sarcoma samples and 275 healthy con-
trols and associated basic clinical information was downloaded from GEO, serial number
GSE124158 [8]. In addition, external test data sets E-MTAB-3273 [13], E-MTAB-3888 and
E-MTAB-5126, containing 10 synovial serum samples, 6 liposarcoma serum samples, 5 leio-
myosarcoma serum samples, and 14 healthy controls were downloaded from the Array
Express. Detailed clinical information of GSE124158 and merged external dataset are pre-
sented in Table 1 and S1 Table.

Gene screening and the construction of gene pairs

At the threshold of 8 (log2 scale), 362 miRNAs were identified as abundant miRNAs. Using t-
test, 250 miRNAs were screened out for construction of the gene pairs. The genes were paired
to produce a total of 31,125 gene pairs. Next, gene pairs were filtered to remove gene pairs
with consistent values of 0 or 1 in most of the samples (90%). Then using t-test, a total of 80
gene pairs were selected to construct the prediction model.

Prediction mode

In the RGLM prediction model, the gene pairs are lessened on the premise of predicting accu-
racy. Finally, a total of 6 gene pairs, containing 9 miRNAs were used in the final prediction
model. Gene pairs included hsa-miR-378c, hsa-miR-383-3p, hsa-miR-454-5p, hsa-miR-4740-
5p, hsa-miR-5007-3p, hsa-miR-380-5p, hsa-miR-499b-3p, hsa-miR-571 and hsa-miR-518a-3p,
which are listed in Table 2. RGLM model showed 100% accuracy, specificity and sensitivity in
predicting whether samples were healthy samples or sarcoma samples in the internal test data-
set. The gene pair-based prediction model showed an accuracy of 74.3% in the outside test

Table 1. Clinical information of dataset GSE4158.

Characteristics Details
Sarcoma Health

Age (mediantsd) (years) 48422 51+12

Gender (N)

Male 244(60.7%) 150(54.5)

Female 158(39.3%) 125(45.6%)

Stage (N)

Stage I 36 (9.0%)

Stage II 125(31.1%)

Stage IIT 137(34.1%)

Stage IV 100(24.9%)

Unknown 4(1.0%)

https://doi.org/10.1371/journal.pone.0236097.t001
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Table 2. Gene pairs for RGLM prediction model.

Gene pairs Gene 1 Gene 2

1 hsa-miR-378¢ hsa-miR-380-5p
2 hsa-miR-378¢ hsa-miR-499b-3p
3 hsa-miR-383-3p hsa-miR-571

4 hsa-miR-454-5p hsa-miR-571

5 hsa-miR-4740-5p hsa-miR-5007-3p
6 hsa-miR-5007-3p hsa-miR-518a-3p

https://doi.org/10.1371/journal.pone.0236097.t002

dataset with a specificity of 90.5% and a sensitivity of 50.0% (Table 3). In our prediction
model, 9 samples were predicted as normal samples and 26 samples were predicted as STS
samples. While, all the 35 samples were predicted to be healthy in Asna’s model in the external
dataset.

miRNA network and function enrichment

Five of the 9 miRNAs have experiment validated target information in the miRNet platform.
Based on the miRNA-mRNA target information of miRNet, a miRNA network containing 247
nodes and 248 edges was constructed (Fig 2, S2 and S3 Tables). Four miRNAs (hsa-mir-378c,
hsa-mir-454-5p, hsa-mir-571 and hsa-mir-499b-3p) linked with their respective targets and
shared common targets. Function enrichment analysis revealed that targets mRNAs mainly
play a role in metabolic process such as protein metabolic process, cellular macromolecule
metabolic process, etc. (Fig 3). Furthermore, MAPK and FoxO signaling pathways were also
significantly enriched (S4 Table).

Discussion

Traditional methods of detecting tumors are usually harmful to the human body. It is well
known that miRNAs are involved during development and physiological processes, and their
disorders may lead to the development of several diseases [14]. Because miRNAs can reflect
pathological processes, they have been considered useful biomarkers for diagnosis and patho-
genesis, as well as for classification of different cancer types [15].

With the development of high-throughput sequencing technology, an increase in genetic
testing approaching has been applied in clinical medicine to diagnose or assess prognosis. For
instance, Li et al developed an individualized immune signature, which can estimate the prog-
nosis in patients with non-small cell lung cancer in an early stage [16]. In a previous study, a
gene pairs-based prognostic signature has been used for estimating the prognosis of gastric
cancer [17], and relapse-free survival of colorectal cancer [18]. In our study, we aimed to inves-
tigate the diagnostic ability of gene pairs for sarcomas.

Table 3. Predictive accuracy of the gene pair classifier.

Datasets

Train dataset (N = 508)
Internal test dataset (N = 169)
External test dataset (N = 35)

Accuracy Specificity Sensitivity PPV NPV

99.8% 99.7% 100% 99.5% 100%
100% 100% 100% 100% 100%
74.3% 90.5% 50.0% 77.8% 73.1%

PPV positive predictive value, NPV negative predictive value

https://doi.org/10.1371/journal.pone.0236097.t003
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Fig 2. miRNA network based on the miRNAs in the prediction model.
https://doi.org/10.1371/journal.pone.0236097.9002

Due to technical and algorithmic differences, models based on gene expression levels of one
dataset may not be accurate to predict another dataset, which is especially true for datasets
from different sequencing platforms [9]. Asano N et al developed an index based on gene
expression levels that could distinguish sarcomas from benign or healthy samples [8]. In our
models, the accuracy of the prediction was up to 100% in the internal test dataset. In addition,
we applied our model to external datasets and achieved an accuracy of 74.3% with a specificity
0f 90.5%. In contrast, the prediction model “Index VI” which based on the expression level of 7
miRNAs failed to classify the samples. This may be caused by large differences in gene expres-
sion signals between different chip platforms. But using the idea of gene pairs can reduce this
effect because there is no need to consider the specific expression level of genes.

As a preliminary exploration of the function of miRNAs in the prediction model, we con-
structed a miRNA-mRNA network using miRNA and their target information. Enrichment
analysis revealed that the network may be related to metabolic processes, but further confirma-
tion is needed.

Blood samples are easily obtained in physical examination, and further analysis of blood
samples to identify tumor patients is of positive significance for the treatment and prognosis of
tumor. Based on this, we built a classifier based on gene pairs, which showed good accuracy
and specificity. Due to limited data, the reliability of this classifier needs to be tested in more
samples.
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Fig 3. Biological process enrichment results of the miRNA network.
https://doi.org/10.1371/journal.pone.0236097.9003

Conclusions

In our study, we identified a novel gene pairs based classifier that is promising in the screening
of sarcomas.
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