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Abstract

The induction of ferroptosis is suggested to be a potential therapeutic strategy for cancers. MicroRNAs (miRNAs)
are reported to play an important role in cell death processes. This study aims to construct and validate a risk model
based on ferroptosis-related miRNAs (FR_miRNAs) to predict prognosis and identify novel therapeutic targets for
osteosarcoma. Data from the Therapeutically Applicable Research to Generate Effective Treatments database are
used as the training cohort. A prognostic signature based on two FR_miRNAs (miR-635 and miR-593) is developed
using univariate Cox regression, least absolute shrinkage and selection operator regression, and multivariate Cox
regression analyses. The area under the curve values of the prognostic signature to predict the 1-year, 2-year, 3-
year, and b-year overall survival rates in patients with osteosarcoma are 0.782, 0.781, 0.722, and 0.777, respectively,
indicating a good predictive ability. Based on the risk score, patients are divided into low-risk and high-risk groups.
Patients with high-risk scores are associated with poor survival. The risk level is determined to be an independent
prognostic factor. A nomogram is established for predicting prognosis. The expression levels of PRNP (miR-635-
related ferroptosis-related gene (FRG); P=0.024) and HILPDA (miR-593-related FRG; P=0.025) are significantly
different between the low-risk and high-risk groups. All results are validated in an external cohort (GSE39040). The
results of the functional assay reveal that miR-635 mimics inhibit osteosarcoma (OS) cell proliferation and migra-
tion, whereas miR-593 overexpression exerts the opposite effect. In conclusion, miR-635 and miR-593 exert con-
trasting regulatory effects on OS cell proliferation and migration.
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Introduction

Osteosarcoma (OS), which is the most common bone tumor, is
derived from bone marrow mesenchymal stem cells (BMSCs) [1].
The annual incidence of OS in children and adolescents is 1-3 cases
per million individuals [2]. The long bones of limbs are highly
susceptible to developing OS [3]. A multi-agent chemotherapy
regimen significantly improves the prognosis of localized OS and
has increased the five-year overall survival rate from <20% to
65%-70% [4]. However, the long-term survival of patients with OS
is poor, especially in those with recurrent and metastatic OS. The
genome of OS is highly unstable with frequent aneuploidy

presentations. Additionally, OS exhibits heterogeneity within and
between individuals. Thus, the identification of effective therapeu-
tic targets for OS is challenging [2,5]. To predict the prognosis of
patients with OS, there is an urgent need to identify biological
pathways and effective biomarkers.

In the last few decades, the discovery of regulated cell death
(RCD) pathways has markedly contributed to improving tumor
treatment [6]. Ferroptosis, a novel type of RCD mediated by the
pathological accumulation of reactive oxygen species, has piqued
the interest of oncologists [7]. Several studies have demonstrated
the potential therapeutic value of ferroptosis in various cancers,
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such as lung and breast cancers [8,9]. Ferroptosis-related genes
(FRGs) were subsequently identified as new therapeutic targets
with prognostic value in OS [10,11]. Furthermore, ferroptosis can be
triggered in OS cells, inhibiting the growth and development of OS
[12]. These findings have provided the theoretical foundation for
oncologists to confirm ferroptosis activation as a novel and potential
therapeutic approach for OS.

Non-coding RNAs (ncRNAs), such as microRNAs (miRNAs), are
reported to be potential therapeutic targets for various diseases,
including cancer [13]. miRNAs are small and highly conserved
single-stranded ncRNAs with a length of 17-25 nucleotides [14].
Additionally, miRNAs mediate diverse fundamental biological
processes, including the occurrence and development of cancers,
by regulating gene transcription [13,15]. Phase II or III clinical trials
of drugs targeting miRNAs are currently ongoing [14]. Previous
studies have examined the correlation between OS and miRNAs.
For example, one study reported that several miRNAs (such as miR-
223 and miR-224-3p) can interact with mRNAs or IncRNAs and
regulate the malignant behaviors of OS, including cancer cell
proliferation, invasion, and drug resistance [16]. Furthermore,
metastasis is the major hallmark of the advanced development of
0OS. The mechanisms underlying OS metastasis are complex.
miRNAs are reported to be involved in several signaling pathways
that inhibit OS metastasis. Clinical trials on drugs that target
miRNAs to treat OS are ongoing [17]. Therefore, the foundation of
treating OS by targeting miRNAs is available. Moreover, the
correlation between miRNAs and ferroptosis, which are novel
therapeutic targets, has been examined in some cancers. For
example, miR-522 suppresses ferroptosis and promotes chemo-
resistance in gastric cancer [18]. To the best of our knowledge,
although FRGs have been previously identified in patients with OS
[10,11], limited studies have focused on the correlation between
miRNAs and ferroptosis, as well as the prognostic value of
ferroptosis-related miRNAs (FR_miRNAs) in the progression of OS.

This study aimed to construct and validate a prognostic signature
based on FR_miRNAs for patients with OS. Additionally, bioassays
were performed to further explore the role of FR_miRNAs in OS.

Materials and Methods

Data collection and screening

The transcriptome sequencing data and relative clinical information
of 101 patients with OS were retrieved from the Therapeutically
Applicable Research to Generate Effective Treatments (TARGET)
database. The inclusion criteria were as follows: (1) unduplicated
samples; (2) samples with active follow-up and confirmed survival
status data; and (3) samples of patients whose survival duration
was >0 months. Additionally, the GSE39040 dataset was down-
loaded from the Gene Expression Omnibus (GEO) database and
used as the external validation cohort. The transcript kilobase per
million values were generated for normalization in the training
cohort. Meanwhile, the data in the validation cohort were normal-
ized using the R package “limma”. FRGs were obtained from the
Human Gene Database (https://www.genecards.org) by searching
the keyword “ferroptosis”, as well as from previous literature.

Identification of miRNAs associated with ferroptosis

The total numbers of FRGs and miRNAs identified in this study were
111 and 1301 (Supplementary Tables S1 and S2), respectively.
Univariate Cox regression analysis was performed to identify FRGs
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associated with the prognosis of patients with OS. FRGs with
P<0.05 were screened as candidate genes. Next, the correlation
between miRNAs and candidate genes was examined using
Pearson’s correlation test. miRNAs with |Pearson coefficient| > 0.4
and P<0.001 were used for further analyses [19-21].

Development and evaluation of a prognostic signature
based on FR_miRNAs

To construct the optimal prognostic signature, FR_miRNAs were
subjected to univariate Cox regression analysis, followed by least
absolute shrinkage and selection operator (LASSO) regression and
multivariate Cox regression analysis. Only FR_miRNAs with
P<0.05 in univariate Cox regression analysis were subjected to
subsequent LASSO and multivariate Cox regression analyses to
develop the prognostic signature. The risk score for each patient
was calculated as follows:

n
Risk score = Z(Coeﬁ‘icientFR mirNAs < Expressiongy o)
7

Based on the optimal cutoff value of the risk score, 95 patients
with OS were categorized into low-risk and high-risk groups. The
log-rank test was used to compare the survival curves of the high-
risk and low-risk groups. Additionally, the risk score of each
sample was reordered, and the risk curve and survival status-
related scatterplot are shown together with the heatmap of
FR_miRNA expression. The accuracy of this signature was assessed
using the area under the receiver operating characteristic (ROC)
curve (AUC) values. For the validation process, each individual in
the GEO dataset was assigned a risk score based on the same
formula and coefficients derived from the training cohort, which
resulted in the stratification of all samples into two risk groups.
Kaplan—Meier (KM) and ROC curves, survival-related scatterplots,
and heatmaps were generated for the two subgroups. All analyses
were performed using the “survminer”, “survival”, and “survival-
ROC” R packages.

Development of a nomogram based on the "risk score”
and clinical factors

The “risk score”, which was defined as a binary variable (low-risk/
high-risk group), was subjected to univariate and multivariate Cox
regression analyses with other clinical variables (age, sex, and
metastatic status) to develop a prognostic nomogram. Components
with P<0.05 were used to develop a nomogram to predict the
individual survival probability of patients with OS. The nomogram
was constructed using the R package “rms”. The accuracy of the
nomogram was assessed using ROC and calibration curves.
Additionally, the effect of the risk levels on the prognosis of
patients in distinct clinical variable groups was examined using the
log-rank test.

Cell culture and transfection
The cell line human bone marrow-derived mesenchymal stem cells
(BMSCs) and OS cell line HOS were both obtained from the National
Collection of Authenticated Cell Cultures (Shanghai, China). BMSCs
were cultured in MEM Alpha Modification (HyClone, Logan, USA),
while HOS were cultured in DMEM (Gibco, Grand Island, USA). All
media were supplemented with 10% (v/v) fetal bovine serum
(Gibco) and 1% (v/v) penicillin-streptomycin.

The miRNA mimics transfection was performed using the
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lipofectamine 3000 (Invitrogen, Carlsbad, USA) according to the
manufacturer’s instructions when the cells were at an appropriate
confluency per well (60%—-70%) in a 6-well plate. The sequence of
two miRNA mimics and the negative control were as the following:
miR-635 mimics: 5-ACUUGGGCACUGAAACAAUGUCC-3'; miR-
593-3p mimics: 5-UGUCUCUGCUGGGGUUUCU-3’; negative control
mimics: 5-UUUGUACUACACAAAAGUACUG-3'. The oligo se-
quences were synthesized by Shanghai Zorin Biological Technology
Co., Ltd (Shanghai, China).

Quantitative real-time polymerase chain reaction
(qRT-PCR)

The expression levels of miR-635 and miR-593 in BMSCs and the OS
cell line HOS were examined using qRT-PCR method. The whole
process of qRT-PCR was performed using a commercial kit
(Accurate Biology, Changsha, China) following the manufacturer’s
instructions, including extracting total RNA, reverse transcription
PCR and quantitative real-time PCR. The results were calculated by
the 2-22Ct method. The primer sequences were as follows: miR-635,
5-CATTGTTTTGTGTCCATTGAGCT-3' (forward) and 5-AGTGCA
GGGTCCGAGGTATT-3' (reverse); miR-593-3p, 5'-CGCGTGTCTCT
GCTGGG-3' (forward) and 5-AGTGCAGGGTCCGAGGTATT-3' (re-
verse).

Cell viability and migration assay

Cell viability was evaluated using the cell counting kit-8 (CCK-8)
assay (Dojindo Laboratories, Rockville, USA) following the manu-
facturer’s instructions. Briefly, the cells were seeded in a 96-well
plate at a density of 5 x 103 cells/well and cultured for the indicated
durations. Next, the cells were incubated with CCK-8 reagent (10
uL/well) for 2 h at 37°C. The absorbance of the reaction mixture
was measured at 450 nm with three duplicates.

Transwell assays were performed using Boyden chambers
(Corning, Steuben County, USA). Briefly, 1 x10° cells (200 pL)
were cultured with 1% fetal bovine serum (FBS) in the upper
chamber. The lower chamber was filled with 500 uL of medium
supplemented with 10% FBS. After 18 h of culture, the cells were
fixed in 4% paraformaldehyde and stained with 0.1% crystal
violet. The cells on the upper surface were removed, and the
number of migrated cells was counted in three random visual
fields using Image-Pro Plus 6.0 (Media Cybernetics, Silver Spring,
USA).

A Pvalue  Hazard ratio |
ACSL3 0.049 0.660(0.436-0.999 l—!—‘
ACSLS 0.010 0.524(0.319-0.859 —a—i
ATG7 0.004 0.472(0.282-0.790 —— :
CBS <0.001  1.636(1.231-2.174) | -
FADS2 0.050 1.312(1.000-1.721 (g
FTH1 <0.001  0.460(0.296-0.712 —— :
FTL 0.009 0.582(0.388-0.873 -
G6PD <0.001  0.489(0.321-0.744) . !
GPX4 0.025 0.559(0.337-0.928 i—l—l:
GSS 0.016 0.553(0.341-0.897 —a—
HILPDA 0.031 1.319(1.026-1.695 (el
HMOX1 0.039 0.785(0.624-0.988 I-I-‘
LPCAT3 0.041 0.649(0.429-0.982 —a—
MucC1 0.006 1.342(1.086-1.659 ]
MYC <0.001  2.054(1.444-2.921 : -
PEBP1 0.009 0.481(0.278-0.830 —a—
PGD 0.008 0.545(0.349-0.852 .
PRNP 0.038 0.684(0.478-0.979 H—‘
SLC39A8 0.031 0.649(0.438-0.961 —-—
SOCs1 <0.001  0.448(0.307-0.654 I

— T T
0.1

Hazard ratio

Statistical analysis

All statistical analyses were performed using R (version 4.0.1;
https://www.r-project.org) and GraphPad Prism 8.0. Quantitative
data are presented as the mean + standard deviation and/or range,
whereas categorical variables are presented as counts and
percentages. KM survival curves were compared using the log-rank
test. Candidate FR miRNAs used to develop the signature were
selected using univariate Cox regression, LASSO regression, and
multivariate Cox regression analyses. Quantitative variables were
compared using Student’s t-test, while categorical variables were
compared using the chi-square test. All statistical tests were two-
tailed unless specified otherwise. Differences were considered
significant at P<0.05.

Results

Screening of candidate FR_miRNAs

Based on the inclusion criteria, data from 95 samples from the
TARGET database were included in this study as the training set.
Univariate Cox regression analysis revealed that 20 FRGs (15
protective FRGs and 5 risk FRGs) were associated with the
prognosis of patients with OS (Figure 1A). Next, 17 miRNAs were
screened as potential FR_miRNAs based on the selection standards
using Pearson’s correlation tests (Figure 1B and Table 1).

Construction of the FR_miRNA-based signature in the
training cohort

To enhance the accuracy of the prognostic model, univariate Cox
regression analysis was performed to identify the prognosis-related
FR_miRNAs among the 17 candidate FR_miRNAs. miR-210, miR-
593, miR-3687, and miR-4664 were identified as risk miRNAs for the
survival of patients with OS, whereas miR-635 and miR-4482.1 were
identified as protective miRNAs (Figure 2A). Additionally, cross-
validation was performed using LASSO regression analysis (Figure
2B,C). Finally, miR-635 and miR-593 (both P<0.001) were used to
construct the prognostic signature (Figure 2D). The hazard ratio
(HR) values of miR-635 and miR-593 were 0.526 (confidence
interval (CI): 0.379-0.729) and 1.963 (CI: 1.411-2.731), respec-
tively. The best cutoff value was 1.52196. Patients were further
categorized into high-risk and low-risk groups. The KM survival
curve revealed that the overall survival rate of the low-risk group
was higher than that of the high-risk group (P<0.001; Figure 3A).
The risk curve and survival status-related scatterplot also revealed

=zz:

SLC39A8

SOCSI

CBS

Figure 1. Selection of candidate ferroptosis-related microRNAs (FR_miRNAs) (A) Univariate Cox regression analysis of FRGs associated with the
prognosis of patients with osteosarcoma. (B) FR_miRNAs correlated with selected FRGs.
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similar prognostic outcomes for the two groups (Figure 3B,C).
Furthermore, miR-635 and miR-593 were mainly expressed in
patients with low and high risk scores, respectively (Figure 3D).
This suggests that miR-635 was associated with improved prog-

Table 1. The results of the analysis of the correlation between FRGs
and miRNAs

nosis, whereas miR-593 was associated with poor prognosis. The
results of the log-rank tests demonstrated that miR-635 (P < 0.001)
and miR-593 (P=0.0012) were significant prognostic factors for
patients with OS (Figure 3E,F), which was consistent with the
assumptions in Figure 3D. The developed signature exhibited good
performance in predicting the prognosis of patients with OS. The
AUC values for 1-year, 2-year, 3-year, and 5-year overall survival

FRG miRNA Correlation index P-value rates were 0.782, 0.781, 0.722, and 0.777, respectively (Figure 3G).
HILPDA miR-210 0.546385301 1.02E-08
MUCI miR-608 0.448140719 5.26E-06 Risk level is an independent factor for OS
PRNP miR-635 0.47635856 1.06E-06 Next, univariate and multivariate Cox regression analyses were
HILPDA miR-593 0.425478537 1.72E-05 performed' to d'etermlne the 1qdepepdenF prognostic factors by
) incorporating risk level (low-risk/high-risk groups), age (<19/
ACSL3 miR-621 0.450778701 4.56E-06 >19 years), gender (male/female), and metastatic status (non-
PGD miR-621 0.415082249 2.88E-05 metastasis/metastasis). As shown in Table 2, the risk level (HR:
ATG7 miR-130 0.541498956 1.46E-08 4.544; 95% CI: 2.281-9.053; P<0.001) and metastatic status (HR:
G6PD miR-589 0.411636307 3.41E-05 4.599; 95% CI: 2.307-9.166; P<0.001) were associated with the OS
MUCI miR-1296 0.401651644 5 48FE-05 of patients (F}gure 4A,B). Next, a nomogram bgsed on the risk level
. and metastatic status was constructed to predict the 1-year, 2-year,
MUCI miR-1255 0.401159016 5.61E-05
ATG7 MiR-1267 0.442940991 6.96E-06 Table 2. Multivariate Cox regression analysis of clinical variables
50CS1 miR-4744 0.439091347 8.53E-06 associated with the overall survival rate
SLC39A8 miR-3687 —-0.44164998 7.45E-06 Variable HR CIL95%L CIL 95%H P-value
MUCI miR-3159 0.415997719 2.76E-05 Age 1.1638141 0.4758023 2.8466932 0.7395748
ATG7 miR-3117 0.402891815 5.17E-05 Gender 1.5179273  0.7585927  3.0373391 0.2382915
CBS miR-4664 0.412285479 3.30E-05 Metastasis ~ 4.5987357 2.3073322 9.1657239 1.45E-05
HILPDA miR-4742 0.497998784 2.82E-07 Risk level ~ 4.5440887  2.2808444  9.0531129 1.67E-05
LPCAT3 miR-4482 0.423749447 1.88E-05 HR, hazard ratio; Cl, confidence interval; L, lower limit; H, upper limit.
A B 6 6 6 6 3
P value Hazard ratio ! <[ ' ' ' '
o
miR-210 0.002 1.425(1.136-1.788) i —
miR-635 0.007 0.659(0.486-0.894) [E—— » o
miR-593  0.002  1.594(1.190-2.133) e T
- O
miR-3687  0.039 1.174(1.008-1.367) bt S o
miR-4664  0.047  1.189(1.003-1.410) pe b o
miR-4482  0.038 0.751(0.573-0.985) 8 Ch >
025 05 1 2 4 <
Hazard ratio =3
40 35 30 -25 -2.0
C 666666666666666665433321 Log Lambda
o N i i
g e | !
© ] 1
S ol ! D :
2 S\ i !
5 | ' P value Hazard ratio ]
8 :- 1 | |
1 1 |
N : ; miR-635  <0.001 0.526(0.379-0.729)  r= |
£ o] — i |
= < (e i |
E o i i miR-593 <0.001 1.963(1.411-2.731) !
B i | 0.1 1 10
40 35 -30 -25 -20 Hiazard ratio
Log(A)

Figure 2. Selection of optimal FR_miRNAs to develop a prognostic signature

(A) Univariate Cox regression analysis of candidate FR_miRNAs

associated with the prognosis of patients with osteosarcoma. (B) LASSO regression analysis of six FR_miRNAs. (C) Cross-validation using LASSO
regression analysis. (D) Selection of two optimal FR_miRNAs after multivariate Cox regression analysis.
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Figure 3. Construction of a prognostic model based on two FR_miRNAs in the training cohort (A) Survival status of the two risk groups was
compared using the log-rank test. (B) Distribution of risk score of patients in the two risk groups. (C) Distribution of overall survival status of
patients in the two risk groups. (D) Differential expression of two FR_miRNAs between the low-risk and high-risk groups. (E) Kaplan-Meier (KM)
survival curve according to miR-635 expression. (F) KM survival curve according to miR-593 expression. (G) ROC curve with the area under the ROC
curve values for 1-year, 2-year, 3-year, and 5-year survival rates to assess the predictive ability of the prognostic model.

and 3-year OS rates (Figure 4C). As shown in Figure 4D, the ROC risk groups based on distinct clinical variables was analyzed (Table
curve revealed satisfactory accuracy. The AUC values for the 1-year, 3). Age, gender, and metastatic status were not significant factors
2-year, and 3-year survival rates were 0.911, 0.811, and 0.751, affecting the risk level of patients with OS (Supplementary Table
respectively. Furthermore, the predicted and observed outcomes S3). However, the survival probabilities of patients with high risk
were consistent in the calibration plots (Figure 4E-G). scores were lower than those of patients with low risk scores in all

Additionally, the prognosis of patients in the low-risk and high- distinct clinical variable subgroups (Figure SA-F). The expression
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Figure 4. Construction and evaluation of a nomogram to assess the survival probabilities of patients with osteosarcoma
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(A) Results of

univariate Cox regression analysis performed by combining the risk level with other clinical variables. (B) Results of multivariate Cox regression
analysis performed by combining the risk level with other clinical variables. (C) Construction of a nomogram based on two variables to predict the
survival probabilities of patients with osteosarcoma. (D) ROC curve with the area under the ROC curve values for 1-year, 2-year, and 3-year survival
rates to assess the predictive ability of the nomogram. (E-G) Calibration plots for the 1-year, 2-year, and 3-year survival rates to test the

performance of the newly established nomogram.

levels of PRNP (miR-635-associated FRG; P=0.024) and HILPDA
(miR-593-associated FRG; P=0.025) in patients with low risk scores
were significantly lower than those in patients with high risk scores
(Figure 6A,B). These findings were consistent with the data shown
in Figure 1A. Other FRGs exhibiting significant differential expres-
sion between the risk groups were GSS (P=0.019), LPCAT3
(P=0.047), MUC1 (P=0.024), and SOCS1 (P=0.025) (Figure 6C-
F). In contrast, the expression levels of ACSL3 (P=0.21), ACSL5
(P=0.28), ATG7 (P=0.71), CBS (P=0.78), FADS2 (P=0.78), FTHI
(P=0.61), FTL (P=0.84), G6PD (P=0.29), GPX4 (P=0.62),
HMOX1 (P=0.67), MYC (P=0.20), PEBP1 (P=0.26), PGD
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(P=0.91), and SLC39A8 (P=0.77) were not significantly different
between the risk groups (Supplementary Figure S1).

External validation of the FR_miRNA signature

The GSE39040 dataset, comprising data from 65 OS samples, was
used as the validation cohort. According to the algorithm in the
training set, patients in the validation cohort were divided into two
risk groups based on the optimal cutoff value of the risk score. The
overall survival rates of patients with high risk scores were
markedly lower than those of patients with low risk scores
(P=0.011; Figure 7A), which was consistent with the distribution
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Table 3. Multivariate Cox regression analysis of clinical variables
associated with the overall survival rate

Factor Factor P-value
High (n/%) Low (n/%)

Gender Female 15 (50.0) 25 (38.5) 0.404
Male 15 (50.0) 40 (61.5)

Age (years) <19 25 (83.3) 53 (81.5) 1.000
>19 5 (16.7) 12 (18.5)

Metastasis  Non-metastasis 21 (70.0) 51 (78.5) 0.524
Metastasis 9 (30.0) 14 (21.5)

HR, hazard ratio; Cl, confidence interval; L, lower limit; H, upper limit.
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Figure 5. Identification of risk level as an independent prognostic factor in patients with osteosarcoma
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of risk scores (Figure 7B,C). Moreover, the expression patterns of
miR-635 and miR-593 varied between the two risk groups, which
was consistent with the training cohort analysis results (Figure 7D).
The upregulated expression of miR-635 was correlated with good
prognosis, whereas the downregulated expression of miR-593 was
correlated with improved prognosis (Figure 7E,F). The AUC values
for the 1-year, 2-year, 3-year, and 5-year OS rates in the validation
cohort were 0.684, 0.633, 0.668, and 0.633, respectively (Figure 7G).

miR-635 and miR-593 regulate OS cell proliferation and
migration

Next, the roles of miR-635 and miR-593 in the malignant behaviors
of OS were examined. First, the miRNA expression levels in healthy

Age (>19 years old)
+ Low risk
100 + High risk
50
P<0.05
0
0 5 10 15
Survival time (years)
Female
+ Low risk
100 + High risk
50
P<0.05
0
0 5 10 15
Survival time (years)
Metastasis
+ Low risk
100 + High risk
50
P<0.05
0 L . .
0 5 10 15

Survival time (years)

(A,B) The overall survival rate of patients

in the two risk groups according to age. (C,D) The overall survival status of patients with low and high risk scores according to gender. (E,F) KM

survival curves of risk groups according to metastatic status.
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BMSCs and the OS cell line HOS were examined. Consistent with
our previous findings, compared with those in BMSCs, miR-635
expression was downregulated and miR-593 expression was
upregulated in OS cells (Figure 8A). Transfection with miR-635
mimics inhibited OS cell proliferation and migration, whereas
transfection with miR-593 overexpression constructs promoted OS
cell proliferation and migration (Figure 8B,C). Thus, in vitro
experiments demonstrated the protective effects of miR-635 and
the adverse effects of miR-593 in OS.

Discussion

Several studies have reported that ferroptosis activation is a
potential therapeutic strategy to suppress the development of
cancer [22]. In contrast to other RCD processes, ferroptosis is
associated with distinct cellular morphology, molecular pathways,
and gene expression profiles [7]. Ferroptosis can be induced
through intrinsic (via GPX4) or extrinsic pathways (via serotrans-
ferrin/lactotransferrin) [6,7,23,24]. Various drugs, such as sorafe-
nib and withaferin A, have been developed to target ferroptosis-
related pathways in oncology. Sorafenib was reported to suppress
OS growth, angiogenesis, and metastasis [25]. In phase II clinical
trials, withaferin A was demonstrated to exert therapeutic effects on
0OS and breast cancer [6]. The discovery of miRNAs has provided
oncologists with novel insights for treating cancers [26]. Alterations
in miRNAs and their biogenesis machinery were reported to be
etiological factors for cancers [27]. The tumor microenvironment
plays a crucial role in regulating miRNA biogenesis, methylation,
and transcriptional changes and consequently modulating miRNA
levels in cancer cells. The dysregulation of miRNAs or their
biogenesis is associated with poor survival outcomes in several
cancer types [28]. As miRNAs function as oncogenes (oncomiRs) or
tumor suppressors, novel cancer therapeutic methods can be
developed using miRNA mimics or molecules that target miRNAs
(antimiRs) [14]. For example, miR-155 is associated with the
development of lymphoma and functions as an oncomiR in several
types of solid tumors [29-32]. Meanwhile, miR-16 is downregulated
in some solid tumors, such as melanoma, colon cancer, and bladder
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cancer [33,34]. Clinical trials on several miRNA mimics or antimiRs
are currently ongoing. Targeting miRNAs is a promising therapeutic
approach for cancers.

This study demonstrated that miR-635 is a protective FR_miRNA
by using the prognostic model. miR-635 was reported to function as
a tumor suppressor in several tumors. Additionally, miR-635
significantly inhibits the tumorigenesis of non-small cell lung cancer
by downregulating the expression of endogenous YY1, a zinc finger
protein that is upregulated in various cancers [35]. The expression of
miR-635 in OS tissues is downregulated compared with that in non-
tumorous tissues [36]. miR-635 inhibits the proliferation and
invasion of OS cells in vitro [36], which is consistent with the
results of the cell viability and migration assays in this study (Figure
8B,C). LncRNA DUXAP8 promotes the development of OS by
upregulating the expression of TOP2A. However, miR-635 mitigates
the DUXAP8-induced upregulation of TOP2A [37]. Thus, miR-635
exerts protective effects in patients with OS.

miR-593, which was demonstrated to be a risk FR_miRNA, is
associated with poor outcomes in patients with OS. To the best of
our knowledge, the role of miR-593 in cancer development remains
controversial. Some studies proposed that miR-593 functions as an
oncomiR and affects the AMP-activated protein kinase signaling
pathway and epithelial-mesenchymal transition process by target-
ing ADIPOR1, which promotes the malignant behaviors of prostate
cancer cells, such as cancer cell proliferation, colony formation,
migration, and invasion [38]. miR-593 is upregulated in peritoneal
lavage fluids of patients with pancreatic cancer. Upregulated miR-
593 expression is significantly correlated with poor overall survival
[39]. In contrast, miR-593 is downregulated in human hepatocel-
lular carcinoma (HCC). The upregulation of miR-593 markedly
decreases the proliferation, migration, and invasion of HCC cells
[40]. Similarly, miR-593 inhibits the tumorigenesis of non-small cell
lung cancer cells by targeting ICAM1 or PLK1 [41,42]. In this study,
miR-593 mimics was found to markedly promote OS cell prolifera-
tion and migration (Figure 8B,C). This indicates that miR-593
suppression can be an alternative therapeutic approach for OS.

Meanwhile, the expression levels of PRNP and HILPDA, which
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are miR-635-associated and miR-593-associated FRGs, respectively,
were significantly different between the low-risk and high-risk
groups (Figure 6A,B). PRNP expression was reported to be
negatively correlated with esophageal squamous cell carcinoma
progression [43]. Ghazi et al. [44] reported that PRNP upregulation

is a risk factor for patients with mesenchymal colorectal cancer,
which indicates that the prognostic value of PRNP varies with the
cancer type. miR-635 expression is positively correlated with PRNP
expression (correlation index=0.476 in Table 1). However, further
experiments are needed to confirm this correlation. The expression
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Figure 8. The expression of FR_miRNAs and its effect on the viability and migration of BMISCs and HOS cells

(A) Compared with those in BMSCs,

miR-635 was downregulated and miR-593 was upregulated in HOS cells. (B,C) OS cell viability and migration were upregulated upon transfection
with miR-593 mimics but downregulated upon transfection with miR-635 overexpression construct (Scale bar: 150 pm).

of HILPDA is upregulated in most tumor types and is correlated with
poor survival [45-47]. The prognostic model based on FRGs and/or
miRNAs developed for various kinds of cancer exhibited good
performance in predicting the prognosis of patients with cancer [48-51].

To the best of our knowledge, this is the first study to incorporate
the ferroptosis process and its related miRNAs to construct a reliable
tool for predicting the prognosis of patients with OS. Nevertheless,
there are still some limitations in this study. The sample size in the
study was small, which can be attributed to the low incidence of OS.
Thus, oncologists encounter a limited number of patients with OS
who consent to undergo gene testing. Studies on miRNAs have
increased in the last decade. However, some miRNAs may have not
yet been detected. The interaction of miRNAs with target FRGs was
not examined in this study. Thus, the miRNAs included in this study
may not be sufficient. Finally, the correlation between FRGs and
miRNAs was not analyzed in the validated cohort, as the miRNA
sequencing data were not sufficient for validation.

Shao et al. Acta Biochim Biophys Sin 2023

In conclusion, this study identified two FR_ miRNAs (miR-635
and miR-593) with contrasting roles in regulating OS cell prolifera-
tion and migration. A nomogram encompassing the FR_miRNA-
based risk score and metastatic status was constructed to predict the
prognosis of patients with OS. miR-635 and miR-593 might be
therapeutic targets for OS treatment.
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