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prediction using tumor
lipid metabolism genes
for osteosarcoma
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Osteosarcoma is a primary malignant tumor that commonly affects children and adolescents, with
a poor prognosis. The existence of tumor heterogeneity leads to different molecular subtypes and
survival outcomes. Recently, lipid metabolism has been identified as a critical characteristic of cancer.
Therefore, our study aims to identify osteosarcoma'’s lipid metabolism molecular subtype and develop
a signature for survival outcome prediction. Four multicenter cohorts—TARGET-OS, GSE21257,
GSE39058, and GSE16091—were amalgamated into a unified Meta-Cohort. Through consensus
clustering, novel molecular subtypes within Meta-Cohort patients were delineated. Subsequent
feature selection processes, encompassing analyses of differentially expressed genes between
subtypes, univariate Cox analysis, and StepAIC, were employed to pinpoint biomarkers related to
lipid metabolism in TARGET-OS. We selected the most effective algorithm for constructing a Lipid
Metabolism-Related Signature (LMRS) by utilizing four machine-learning algorithms reconfigured
into ten unique combinations. This selection was based on achieving the highest concordance index
(C-index) in the test cohort of GSE21257, GSE39058, and GSE16091. We identified two distinct

lipid metabolism molecular subtypes in osteosarcoma patients, C1 and C2, with significantly
different survival rates. C1 is characterized by increased cholesterol, fatty acid synthesis, and
ketone metabolism. In contrast, C2 focuses on steroid hormone biosynthesis, arachidonic acid,

and glycerolipid and linoleic acid metabolism. Feature selection in the TARGET-OS identified 12
lipid metabolism genes, leading to a model predicting osteosarcoma patient survival. The LMRS,
based on the 12 identified genes, consistently accurately predicted prognosis across TARGET-0S,
testing cohorts, and Meta-Cohort. Incorporating 12 published signatures, LMRS showed robust and
significantly superior predictive capability. Our results offer a promising tool to enhance the clinical
management of osteosarcoma, potentially leading to improved clinical outcomes.
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Osteosarcoma (OS) is a type of bone cancer most commonly found in young people'. The incidence of osteosar-
coma is estimated to be three cases per million of the population annually®. Chemotherapy and surgery are the
primary treatment options for osteosarcoma patients®. However, many osteosarcoma individuals are either resist-
ant to primary treatment or develop metastases, resulting in a 5-year survival rate of only 10-20%*. Currently,
the most important biomarkers for clinical decision-making and risk classification are clinical features, such as
metastasis. However, there was a significant difference in survival outcomes among patients with identical clini-
cal features and therapeutic management. This study aims to identify the molecular subtypes of osteosarcoma,
provide the appropriate treatment for each subtype, and improve the survival rates of these patients.

Lipids, as one of the most vital components of cells, are essential for signaling, preserving structural integrity,
and storing energy®. The class encompasses a wide range of biomolecules, such as fatty acids (FAs), glycerides
(neutral glycerides and phosphoglycerides), nonglyceride lipids (steroids and sphingolipids), and lipoproteins®.
Lipid metabolism influences cancer cells through interactions with the tumor microenvironment and onco-
genic signaling pathways. Crosstalk between lipid metabolism and the tumor microenvironment is essential in
tumor immunogenicity by regulating the function of noncancer cells, especially immune-associated cells. For
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instance, lipid-laden dendritic cells were reported unable to present tumor-associated antigens’, and abnormal
lipid accumulation suppressed dendritic cells’ capacity to facilitate anti-tumor T cells®. Lipid metabolism could
promote cancer stem cells by improving their ability to differentiate, migrate, and develop drug resistance in
osteosarcoma’. Lipid metabolism was increased in malignant and metastatic osteosarcoma cells'. Besides, a pre-
vious study discovered that a critical class of lipids (diacylglycerols) is overexpressed in metastatic osteosarcoma
cells compared to their nonmetastatic or nontumorigenic counterparts''. Inhibiting diacylglycerol synthesis
could reduce the survivability and motility of OS cells.

High-throughput gene detection technologies have enabled the discovery of pivotal genetic features. Previous
studies have tried to identify tumor subtypes by gene expression profiles'?. Studies showed that even if tumor
patients shared the same gender, age, and stage, they could still be classified into molecular subtypes with dis-
tinctive survival outcomes. Molecular subtype discovery could contribute to the development of personalized
therapeutic strategies. Given the critical role of lipid metabolism in osteosarcoma development, there is an urgent
need to investigate molecular subtypes of lipid metabolism in osteosarcoma patients.

This research focused on identifying osteosarcoma subtypes and forecasting patient outcomes by examining
genes involved in lipid metabolism. Through feature selection, which involved identifying genes differentially
expressed across subtypes, we could pinpoint essential genes for creating prognostic signatures. The expression
profiles of these genes were then scrutinized within the TARGET-OS database to construct these prognostic
signatures using gene expression data. The validity of these prognostic signatures was confirmed by testing them
against independent datasets. These findings contribute significantly to improving risk stratification and enhanc-
ing the accuracy of predictions regarding patient prognosis in osteosarcoma cases.

Materials and methods

Data collection and processing

We obtained gene expression and survival profiles for osteosarcoma samples from the TARGET database by
utilizing the TCGAbiolinks package, explicitly selecting the TARGET-OS’ project!®. Additionally, we identified
three independent validation datasets for osteosarcoma: GSE21257', GSE39058'%, and GSE16091'¢, chosen for
their availability of both gene expression and survival profiles. Following this preprocessing step, the resulting
sample counts were 84 for TARGET-OS, 53 for GSE21257, 37 for GSE39058, and 34 for GSE16091. We opted
for the median expression value when a gene had multiple values to ensure data consistency.

Identification of molecular subtypes

Tumor lipid metabolism genes (TLMGs) from genecard

We conducted a search on the Genecard database (https://www.genecards.org) using the query term "[all] (tumor)
AND [all] (lipid AND metabolism)" to identify genes related to lipid metabolism in the context of tumors'’. We
obtained a list of genes from the Genecard database, each associated with relevance score values. The relevance
score is computed by considering the significance of various resources associating the gene with the disease. We
set a threshold to focus our study on genes strongly connected to tumor lipid metabolism, opting only for genes
with a relevance score exceeding 10. This filtering criterion led us to identify a subset of genes called Tumor Lipid
Metabolism Genes (TLMGs). Our subsequent analysis was confined to TLMGs for which gene expression data
were accessible in the TARGET-0S, GSE21257, GSE39058, and GSE16091 datasets. After this initial screening,
we found 1,815 TLMGs had available gene expression values across these datasets.

Molecular subtype of osteosarcoma

To uncover distinct lipid metabolism patterns, we utilized unsupervised class discovery through the consensus
clustering algorithm, facilitated by the "ConsensusClusterPlus" package!®. This approach provides a solid basis for
determining the optimal cluster number and composition, enhancing the precision of potential sample groupings.
Notably, the sample sizes in the TARGET-OS, GSE21257, GSE39058, and GSE16091 datasets are relatively small,
with the largest containing only 84 samples. To bolster the reliability of subtype identification, it was imperative
to amalgamate samples from these four datasets into a single, unified dataset. However, directly merging these
samples introduces the challenge of batch effects, which can skew the results. To mitigate this issue, we applied
a binary transformation to the gene expression values within each cohort, categorizing them as 0 or 1 based on
whether they were below or above the median expression level respectively. This step, known as binary transfor-
mation, has been proven to significantly minimize batch effects and is a well-adopted strategy in studies'. After
this processing step, we aggregated the expression profiles from the TARGET-OS, GSE21257, GSE39058, and
GSE16091 datasets into a unified Meta-Cohort. The clustering algorithm used the expression profiles of Tumor
Lipid Metabolism Genes (TLMGs) within the Meta-Cohort, employing designated parameters: clusterAlg ="hc"
for hierarchical clustering, and distance ="pearson” to measure correlation-based distances. To ensure the robust-
ness of our classification, we executed the clustering process 500 times. This repetition aids in validating the
stability and consistency of the identified clusters and determining the optimal number of molecular subtypes
involved in thoroughly evaluating silhouette values, consensus matrices, delta area, and tracking plots.

The difference between molecular subtypes

To elucidate the survival variations among different molecular subtypes, we employed Kaplan-Meier survival
curves, augmented with log-rank tests, to assess the survival discrepancies among these subtypes. Addition-
ally, we utilized the Gene Set Variation Analysis (GSVA) package to compute enrichment scores about lipid
metabolism pathways?’. This method allowed for a detailed comparison of lipid metabolism scores across the
molecular subtypes identified, thus providing insight into the unique biological functions and pathways defining
each subtype. A prior study identified 114 metabolic pathways, of which 21 were dedicated to lipid metabolism,
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serving as a valuable resource for calculating the enrichment scores of lipid metabolism pathways?!. Leveraging
this information, we measured the activity levels of these 21 lipid metabolism pathways in two molecular subtype
samples from our study. Such measurement facilitated the comparison of lipid metabolism between subtypes.

The pRRophetic package in R was employed to conduct an extensive drug sensitivity analysis, aimed at dis-
cerning differential sensitivities across two subtypes of osteosarcoma. This analysis facilitated the identification
of drugs that exhibit variant responses among these subtypes, thereby assisting in selecting potential therapeu-
tic agents tailored for specific osteosarcoma subtypes. The selection criteria were stringently set, focusing on
drugs that showed a significant Benjamini & Hochberg adjusted p-value of < 0.05 and a notable group difference
exceeding 0.2.

Construction and validation of signature

Feature selection for signature

To address the issue of potential overfitting, we chose the TARGET-OS cohort from four cohorts to select the
feature/gene. Firstly, we applied Fisher’s exact test to analyze Tumor Lipid Metabolism Genes (TLMGs) between
two subtypes, chosen for their suitability with small, binary datasets to identify genes with significant expression
differences. Results were ranked by p-values and adjusted using the Benjamini-Hochberg method to reduce false
positives, focusing on genes with adjusted p-values below 0.05 to denote differential expression. These genes,
identified as differentially expressed genes (DEGs), were selected for further analysis. (2) We conducted univariate
Cox proportional hazards analyses on the DEGs within the TARGET-OS cohort to evaluate their correlation with
patient survival outcomes, identifying genes with notable prognostic significance. (3) We utilized the stepwise
Akaike Information Criterion (stepAIC) approach to enhance our feature selection and mitigate overfitting risks.
This method pinpointed the most prognostically informative genes incrementally, emphasizing model accuracy
and simplicity. Through this process, we identified and selected pivotal genes for constructing our prognostic
signature, prioritizing those offering the most substantial predictive value for survival in osteosarcoma patients.

Construction of lipid metabolism-related signature (LMRS)

To develop a lipid metabolism-related signature (LMRS) with enhanced accuracy and robustness, we leveraged
the strengths of four distinct machine learning algorithms, creating ten different algorithmic configurations. This
ensemble included four standalone algorithms—random survival forest (RSF), CoxBoost, generalized boosted
regression models (GBM), and survival support vector machine (survival-SVM)—and six combined approaches
integrating these techniques. This selection and combination of algorithms aimed to harness each method’s
unique predictive capabilities and strengths, thereby optimizing the predictive performance of the LMRS.

The development of the signature involved a comprehensive and sequential methodology. Initially, we applied
ten distinct algorithm combinations to the selected prognostic genes from the step "2.3.1. Feature Selection for
Signature ". This initial step was succeeded by a thorough assessment of each algorithm’s performance across three
distinct cohorts, specifically: (1) TARGET-OS, (2) a combined cohort of GSE21257, GSE39058, and GSE16091,
and (3) the Meta-Cohort. This approach ensured an exhaustive evaluation across various cohorts. Due to the
relatively limited sample sizes of GSE21257, GSE39058, and GSE16091, it was necessary to amalgamate these
into a single cohort. This amalgamation was essential for accurately validating the Lipid Metabolism-Related
Signature (LMRS) performance, as conducting fivefold cross-validation on each dataset separately would have
resulted in errors from insufficient data. Notably, evaluating LMRS within the combined GSE cohort was criti-
cal because gene selection had been finalized in the TARGET-OS cohort, making GSE21257, GSE39058, and
GSE16091 entirely independent datasets for testing LMRS. The conclusive phase of this process entailed the
calculation of Harrell’s Concordance Index (C-index) for each model across all validation datasets. The model
demonstrating the highest C-index was subsequently identified as optimal.

Evaluation of the LMRS model

The optimal model, capable of producing a predictive probability, was utilized to define the LMRS score for
each patient. Based on the median LMRS score, we computed these LMRS scores for patients across different
cohorts and subsequently categorized them into two groups—high and low. This stratification validated the
effectiveness of LMRS. To quantitatively evaluate the performance of the LMRS, we calculated the Area Under
the Receiver Operating Characteristic Curve (AUC) values. These values measure the signature’s ability to effec-
tively discriminate between patients with different outcomes. Then, we conducted a log-rank test to rigorously
assess the differences in overall survival between the high- and low- LMRS groups. This statistical test compares
the survival distributions of two groups, allowing us to determine whether survival times are significantly dif-
ferent. The analysis was complemented by plotting survival curves, visually representing both groups’ survival
probability over time.

Comparison of LMRS with other signatures from publications

To benchmark the performance of the Lipid Metabolism-Related Signature (LMRS) performance against existing
benchmarks, we conducted an exhaustive search for published signatures, culminating in the acquisition of 12
distinct signatures. These signatures were developed using a variety of algorithms, including stepwise Cox regres-
sion and Lasso regression, reflecting a broad spectrum of methodological approaches. Furthermore, these sig-
natures encapsulate a wide range of biological processes, including but not limited to ferroptosis, stemness, fatty
acid and lactate metabolism, aging, hexosamine biosynthesis, hypoxia, immune response, disulfidptosis, drug
sensitivity, and oxidative stress. This diversity underscores the multifaceted nature of the biological mechanisms
they represent. For each of these signatures, we meticulously calculated Harrell’s concordance index (C-index)
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across all cohorts to gauge their predictive accuracy and effectiveness in prognostication. This comprehensive
comparison highlights the relative performance of LMRS and showcases its potential advantages.

Relationship between LMRS scores and molecular subtypes

T-tests were used to compare the mean values of LMRS Scores between two molecular subtypes, identifying
significant differences. Boxplots were then used to visually display the distribution of LMRS scores for each
subtype. These plots show the median, variability, and any outliers in the LMRS scores, making it easier to see
how the subtypes differ in terms of their LMRS distributions.

Results

Osteosarcoma molecular subtypes

The workflow of this study is shown in Fig. 1. For further analysis, we kept the samples with available expression
data and survival information. Following this step, the resulting sample counts were 84 for TARGET-OS, 53 for
GSE21257, 37 for GSE39058, and 34 for GSE16091. Through the search criterion "[all] (tumor) AND [all] (lipid
AND metabolism)" in the GeneCards database, we got a list of genes, each assigned a relevance score. Selecting
genes with an excellent relevance score of 10 yielded 2,759 genes associated with tumor lipid metabolism. Of
these, 1,815 genes were represented with expression data across all datasets (TARGET-OS, GSE21257, GSE39058,
and GSE16091). The expression data from these datasets were amalgamated into a Meta-Cohort, encompassing
208 osteosarcoma samples, with its clinical information detailed in Supplementary Table 1.

Using expression data from 1815 genes, consensus clustering was conducted on the Meta-Cohort to identify
molecular subtypes of osteosarcoma. The silhouette width plot (Fig. 2A) and tracking plot (Fig. 2B) confirmed
’two’ as the optimal number of subtypes, despite the consensus cumulative distribution function (CDF) plot
(Fig. 2C) and delta area plot (Fig. 2D) suggesting “four’ might be optimal. The decision to focus on two subtypes
was based on two key considerations: (1) the tracking plot (Fig. 2B) indicated that most samples fell into two
categories even when *four’ was considered optimal subtype number, and (2) a smaller number of subtypes is
beneficial for developing machine learning prediction models, simplifying analysis and application. In the Meta-
Cobhort, there were 115 samples categorized under molecular subtype 1 (C1) and 93 samples under molecular
subtype 2 (C2), as shown in Fig. 2E. The Kaplan-Meier survival analysis indicated that patients classified within
C2 exhibited significantly longer survival time compared to those in C1, as depicted in Fig. 2F.

The significant differences between molecular subtypes

We utilized the Gene Set Variation Analysis (GSVA) package to compute enrichment scores for 21 lipid metabo-
lism pathways of samples in the Meta-Cohort. We plotted them using a heatmap (Supplementary Fig. 1). Among
the 21 lipid metabolism pathways, 14 were found to be significantly different between the two subtypes by T-test.
The C1 subtype is characterized by enhanced cholesterol, fatty acid biosynthesis and elongation, and ketone
metabolism. In contrast, the C2 subtype is distinguished by its emphasis on steroid hormone (including aldos-
terone, cortisol, estradiol, and testosterone) biosynthesis, arachidonic acid metabolism, and glycerolipid and lin-
oleic acid metabolism, indicating a more active role in lipid and hormone metabolism. Utilizing the pRRophetic
package, we conducted a comprehensive analysis to quantify the differences in drug sensitivity between two
distinct subtypes (Supplementary Table 2). This analysis uncovered that a total of 48 drugs exhibited heightened
sensitivity towards the C1 subtype, characterized by lower IC50 values, indicating a more pronounced therapeutic
response in this group. Conversely, a smaller subset of 5 drugs demonstrated greater sensitivity towards the C2
subtype, suggesting a tailored therapeutic potential for each subtype based on specific drug responses.

Identification of Molecular Subtypes Construction and Validation of Survival Prediction Signature

Construction of Lipid
Metabolism-Related

Tumor Lipid Signature (LMRS)
Metabolism Genes
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Figure 1. The workflow of this study.
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Figure 2. Meta-cohort osteosarcoma sample subtype consensus clustering. (A) The optimal number of
subtypes is two, as indicated by the peak in silhouette width, which measures the similarity of samples within
clusters. A higher silhouette width means more accurate clustering. (B) This plot depicts how samples are
divided into subtypes, with the color intensity of each row showing the proportion of samples in each subtype.
This plot helps track cluster changes over time, highlighting items frequently switching clusters as indicators of
unstable cluster membership. (C) Demonstrates the cumulative distribution function (CDF) plot to identify the
best number of subtypes by showing where the CDF curve peaks, indicating the highest clustering reliability.
(D) Changes in the area under the CDF curve when comparing subtype counts (k) to k-1, showing the point of
consensus maximization. This helps identify the optimal number of subtypes by finding where the increase in
consensus becomes negligible, marking the most reliable clustering configuration. (E) The consensus matrices
for two subtypes, with values ranging from 0 (no clustering) to 1 (perfect clustering), use color gradations to
represent consensus levels. (F) Kaplan-Meier survival curves for the two molecular subtypes, offering insights
into their prognostic significance.

Construction of a consensus signature
The feature selection process
Our research is dedicated to developing a dependable machine-learning model that avoids overfitting during its
training phase. To achieve this, we limited the feature selection process to the TARGET-OS cohort, one among
four cohorts studied. This selection involved a multifaceted pipeline that incorporated the analysis of differen-
tially expressed genes (DEGs), univariate Cox analysis, and the stepwise Akaike Information Criterion (stepAIC)
methodology, all aimed at identifying the most informative genes for constructing our model’s signature. (1)
Initially, we performed Fisher’s exact test on all 1,815 Tumor Lipid Metabolism Genes (TLMGs) to distinguish
between the two subtypes. By applying p-value adjustment, we identified 698 genes that showed significant dif-
ferential expression in the TARGET-OS (adjusted p-value <0.05). These DEGs were then subjected to further
scrutiny. (2) Then, univariate Cox analysis of 698 DEGs enabled us to pinpoint 35 genes with prognostic value.
This subset was further categorized based on the Cox model coefficient values, distinguishing 17 genes as protec-
tive (due to their negative coefficients) and 18 as risky (given their positive coefficients). (3) We employed the
stepwise Akaike Information Criterion (stepAIC) approach to refine our gene selection. This iterative process,
which evaluates the addition or removal of genes based on their effect on the Akaike Information Criterion, aims
to strike an optimal balance between the model’s complexity and explanatory power. Ultimately, this rigorous
methodology led us to identify 12 genes as the most suitable for signature construction, marking a significant
step forward in our model’s development.

Following our analysis, 12 genes were further examined using a machine learning-based integrative approach,
creating a Lipid Metabolism-Related Signature (LMRS). We implemented ten distinct prediction models within
a fivefold cross-validation setup to evaluate our model’s robustness and predictive performance. These models
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underwent rigorous testing across various cohorts to ensure a thorough evaluation. The cohorts examined
included TARGET-OS (84 samples), a combination of three cohorts (GSE21257, GSE39058, GSE16091) total-
ing 124 samples, and a Meta-Cohort comprising 208 samples. The C-index was utilized to gauge the predictive
accuracy of the ten models, with three machine-learning combinations displaying consistent precision across
the datasets. Notably, the CoxBoost and GBM combination achieved a C-index of 0.874 within the TARGET-OS
cohort, which is expected since the feature selection was conducted specifically within this cohort. Our signa-
ture also secured a C-index of 0.713 in the combined cohort of GSE21257, GSE39058, and GSE16091 through
randomForestSRC & CoxBoost. The relatively small sample sizes of GSE21257, GSE39058, and GSE16091 neces-
sitated their combination into a single cohort to validate the performance of LMRS, as performing fivefold cross-
validation on each individually would lead to errors due to insufficient data. This combined cohort, independent
of the feature selection process, served as an independent validation set for the machine learning models. The
randomForestSRC & CoxBoost combination, yielding the highest average C-index of 0.713 (Fig. 3A), was identi-
fied as the most optimal model. This highlights the model’s robustness and effectiveness in predicting outcomes

across diverse datasets.
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Figure 3. Analysis of Lipid Metabolism-Related Signature (LMRS) Performance Across Different Cohorts and
Its Prognostic Value. (A) The efficacy of the Lipid Metabolism-Related Signature (LMRS) across various cohorts
is quantified by the concordance index (C-index). Given the relatively small sample sizes of cohorts GSE21257,
GSE39058, and GSE16091, these cohorts were amalgamated into a single cohort for validation. This approach
was necessitated to ensure the robustness of LMRS validation, as executing fivefold cross-validation on each
cohort failed from the limited data available. (B) Kaplan-Meier curves illustrating overall survival stratified by
LMRS within the Meta-Cohort cohort. (C) Kaplan-Meier survival analysis of overall survival based on LMRS
in TARGET-OS. (D) Kaplan-Meier curves for overall survival according to LMRS in the combined cohort
comprising GSE21257, GSE39058, and GSE16091.
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Evaluation of the LMRS score

Next, an LMRS score value was calculated by the optimal model (randomForestSRC & CoxBoost) model,
which demonstrated the highest C-index. All patients were assigned into high- and low-score groups accord-
ing to the median value. As illustrated in Fig. 3B-D, patients in the high-score group had significantly dis-
mal overall survival relative to the low-score group in the datasets of the Meta-Cohort (Fig. 3B), TARGET-OS
cohort (Fig. 3C), and the combined cohort of GSE21257 + GSE39058 + GSE16091 (Fig. 3D; all p-value <0.05).
ROC analysis measured the discrimination of LMRS, with 1-, 3-, and 5-year AUCs of 0.745, 0.743, and 0.730
in Meta-Cohort, 0.765, 0.788, and 0.785 in TARGET-OS; 0.741, 0.708, and 0.692 in the combined cohort of
GSE21257 + GSE39058 + GSE16091; respectively (Fig. 4A). All these indicators suggested that LMRS had stable
and robust performance in multiple independent cohorts.

Comparison of gene expression-based prognostic signatures

Recently, advancements in next-generation sequencing and big data technologies have led to the development
of numerous prognostic and predictive gene expression signatures utilizing machine learning. To evaluate
the performance of the Lipid Metabolism-Related Signature (LMRS) relative to other existing signatures, we
methodically collected published signatures, including 12 distinct signatures (Table 1). These signatures are
linked to various biological processes, including ferroptosis, cellular stemness, metabolism of fatty acids and
lactate, aging, hexosamine biosynthesis, hypoxia, immune response, disulfidptosis, drug sensitivity, and oxida-
tive stress. Following the same methodology described in section "Construction of lipid metabolism-related
signature (LMRS)" for the construction of LMRS, we calculated the maximum Concordance Index (C-index)
for each signature across all datasets using ten different machine learning models. LMRS achieved its highest
C-index values of 0.748 in the Meta-Cohort, 0.874 in the TARGET-OS dataset, and 0.713 in a combined cohort
(GSE21257, GSE39058, GSE16091). In comparison, the published signatures reached maximum C-index values
of 0.664 in the Meta-Cohort (Fig. 4B), 0.815 in the TARGET-OS (Fig. 4C), and 0.700 in the combined cohort
(GSE21257, GSE39058, GSE16091) (Fig. 4D). These findings underscore the superior performance and stability
of LMRS across all evaluated datasets.
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Figure 4. Robust performance of LMRS alongside comparisons of gene expression signatures. (A) Time-
dependent ROC (Receiver Operating Characteristic) analysis depicts the efficacy of LMRS in predicting overall
survival at 1, 3, and 5 years. (B) The C-index evaluation of 12 published signatures within the Meta-Cohort. (C)
The C-index assessment of 12 published signatures within the TARGET-OS dataset. (D) The C-index analysis of
the combined cohort of GSE21257, GSE39058, and GSE16091.
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32,514,876 | KRT5, HIPK2, MAP3K5, CD5 2
34,733,853 | DLL1, EOMES, ERCC2, FOLR1, MEF2C, PSMAS5, PTN, SPI1 | %
35,282,067 | RP2, PHB, MYO6, MLH1, CSNK2B, RPL37A, CEBPA %
36,119,478 | SLC7A7, MYC, ACSS2 »
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36,345,453 | IGF2, CTSO, NPC2, APBBIIP 2
37,031,292 | WAS, CORT, WNT16, GLBIL2 30
37,892,851 | LRPPRC, MYH9 3
37,937,197 | CPE, LASP1, PDK1, LACTB 2
38,039,294 | ZYX, GJA5, GAL, GRAMDI1B, CKMT2 3

Table 1. The 12 signatures from published papers.

Relationship between LMRS scores and molecular subtypes

By T-test, we found that the C1 subtype has a significantly higher LMRS score than the C2 subtype (Fig. 5A).
Univariate Cox analysis was done for each gene in the signature to determine the impact of the expression of 12
genes in LMRS. Patients with higher expression levels of MUCI, PPP2R1B, and MEI had a worse prognosis for
survival than those with lower expression levels. Additionally, patients with higher expression levels of ABCD3
and CD4 were more likely to survive longer (Fig. 5B).

Discussion
Lipid metabolism plays a critical role in diverse tumor properties, including tumorigenesis, invasion, and
metastasis**. We applied consensus clustering algorithms to gene expression data focusing on lipid metabo-
lism, successfully identifying two prognostic subtypes of osteosarcoma, labeled as C1 and C2. This distinction
paves the way for more personalized approaches in osteosarcoma treatment. The C1 subtype is characterized by
enhanced cholesterol and fatty acid biosynthesis, whereas the C2 subtype primarily involves steroid hormone
biosynthesis. This highlights osteosarcoma’s diverse and complex nature, offering new insights into potential
therapeutic targets.

The incidence of osteosarcoma is estimated to be three cases per million of the population annually. This
limits the number of available samples from being publicly available. For example, the datasets from TARGET-
OS, GSE21257, GSE39058, and GSE16091 are characterized by their notably limited sample sizes, with the
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Figure 5. Analysis of LMRS Scores and Gene Survival Impact in Meta-Cohort. (A) Comparison of LMRS score
distributions between samples C1 and C2 in the Meta-Cohort. (B) Univariate Cox regression analysis examining
the association between gene expression levels and overall survival in the Meta-Cohort.
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most extensive dataset comprising only 84 samples. This scarcity necessitated the consolidation of data from
these sources into a comprehensive dataset to enhance the accuracy of subtype classification. However, such
integration faces the obstacle of batch effects, potentially distorting the analysis. To address this, we introduced
a binary transformation method for the gene expression data, assigning a value of 0 or 1 to indicate expression
levels falling below or surpassing the median, respectively. This approach, known as binary transformation,
effectively reduces batch-related discrepancies, representing a widely recognized method in research to ensure
data consistency.

Our gene selection for cancer prognosis integrated a sophisticated approach that combines Fisher’s exact
test, univariate Cox proportional hazards analyses, and the stepAIC. This methodology is designed to identify
genes with significant differential expression and predictive value and ensure the resulting prognostic model is
both simple and accurate. By achieving a delicate balance between model complexity and predictive accuracy
and carefully selecting a manageable set of clinically relevant genes, our approach transcends the capabilities of
traditional algorithms like Random Forest, SVM, or LASSO. Our strategy emphasizes the importance of specific-
ity in gene selection, the reduction of overfitting risks, and the enhancement of clinical applicability, offering a
practical pathway for developing streamlined, cost-effective diagnostic tools in the context of cancer prognosis.

Computational methods have emerged as a potent tool for analyzing genomic data®>*®. Our study incor-
porated four multicenter cohorts to elucidate the molecular distinctions across various prognostic subtypes
and enhance their clinical relevance. We designated TARGET-OS as the primary discovery cohort for feature
selection, while the remaining three served as independent validation cohorts. We identified the optimal Lipid
Metabolism Related Signature (LMRS) by evaluating ten algorithm combinations to mitigate the biases inherent
in algorithm selection. A significant challenge in biomedical model development with artificial intelligence and
machine learning is overfitting, where models perform well on training data but falter on external validation
sets. In our findings, a machine learning model combining CoxBoost and GBM demonstrated superior per-
formance in the TARGET-OS discovery cohort, with a C-Index of 0.874, which, however, dropped to 0.674 in
the validation cohorts. We prioritized the highest C-index from the independent testing cohorts to counteract
overfitting as our selection criterion. By reducing redundant data through stepAIC, we successfully selected
a 12-gene signature, LMRS, through meticulous feature selection. Kaplan-Meier analysis, ROC curves, and
calibration plots all underscored the exceptional predictive accuracy of LMRS across the training, testing, and
Meta-Cohort. Moreover, compared to 12 previously published signatures, LMRS consistently outperformed the
others in nearly all cohorts, showcasing its robustness. This thorough evaluation confirms the strong prognostic
potential of LMRS in various cohorts, setting it apart from existing models.

This study differed from previous studies in the following aspects. (1) We systematically collected four mul-
ticenter cohorts and selected the algorithm with the largest average C-index in the testing cohorts to construct
our signature. (2) To prevent inappropriate modeling methods due to personal preference, we combined four
recognized machine-learning algorithms into ten combinations and selected the best model based on their
accuracy. While we have tried to be as rigorous and comprehensive as possible in our research, some limitations
should be noted. This research has a few limitations that need to be addressed. Firstly, these 12 genes demon-
strated their ability for osteosarcoma subtype identification and survival prediction; however, the study relied
solely on genetic analysis, which is inadequate; experimental validation is required to support these findings
and conclusions. Secondly, the osteosarcoma cohorts used in this study are from Norway and America. The
geographic and racial variation among osteosarcoma patients may pose potential challenges in the application
of our molecular subtype and survival model to Chinese patients. To address this problem, more osteosarcoma
datasets from Chinese patients are required. In the future, we plan to validate the molecular subtype and survival
model on Chinese patients through multicenter collaborations.

Conclusion

The current study utilized consensus clustering to identify two distinct molecular subtypes of osteosarcoma
based on tumor lipid metabolism genes. By a series of feature selection analyses, we have provided a signature
that can accurately predict the survival outcome of osteosarcoma. Our research may provide novel insights into
developing new medications targeting osteosarcoma, establish a theoretical basis for personalized treatment
plans, and facilitate classifying individuals based on their molecular subtype.

Data availability
The data used to support this study are downloaded from the publicly available databases (TRGET-OS and GEO),
and their links were included within the article.

Received: 27 July 2023; Accepted: 31 May 2024
Published online: 05 June 2024

References

1. Long, C. et al. Diosgenin exerts its tumor suppressive function via inhibition of Cdc20 in osteosarcoma cells. Cell Cycle 18, 346-358
(2019).

2. Savitskaya, Y. A. et al. Circulating natural igm antibodies against angiogenin in the peripheral blood sera of patients with osteo-
sarcoma as candidate biomarkers and reporters of tumorigenesis. Biomark. Cancer 2, 65-78 (2010).

3. Picci, P. et al. Survival in high-grade osteosarcoma: improvement over 21 years at a single institution. Ann. Oncol. Off. J. Eur. Soc.
Med. Oncol. 21, 1366-1373 (2010).

4. Yang, Y. et al. Advances in limb salvage treatment of osteosarcoma. J. Bone Oncol. 10, 36-40 (2017).

5. Baenke, E, Peck, B., Miess, H. & Schulze, A. Hooked on fat: the role of lipid synthesis in cancer metabolism and tumour develop-
ment. Dis. Model. Mech. 6, 1353-1363 (2013).

6. Fu, Y. et al. Lipid metabolism in cancer progression and therapeutic strategies. MedComm 2, 27-59 (2020).

Scientific Reports |

(2024) 14:12934 | https://doi.org/10.1038/s41598-024-63736-y nature portfolio



www.nature.com/scientificreports/

7. Herber, D. L. et al. Lipid accumulation and dendritic cell dysfunction in cancer. Nat. Med. 16, 880-886 (2010).
8. Cubillos-Ruiz, J. R. et al. ER stress sensor XBP1 controls anti-tumor immunity by disrupting dendritic cell homeostasis. Cell 161,
1527-1538 (2015).
9. Li, H, Feng, Z. & He, M.-L. Lipid metabolism alteration contributes to and maintains the properties of cancer stem cells. Thera-
nostics 10, 7053-7069 (2020).
10. Fritsche-Guenther, R. et al. Progression-dependent altered metabolism in osteosarcoma resulting in different nutrient source
dependencies. Cancers 12, 1371 (2020).
11. Roy, J., Dibaeinia, P, Fan, T. M., Sinha, S. & Das, A. Global analysis of osteosarcoma lipidomes reveal altered lipid profiles in
metastatic versus nonmetastatic cells. J. Lipid Res. 60, 375-387 (2019).
12. Rohani, N. & Eslahchi, C. Classifying breast cancer molecular subtypes by using deep clustering approach. Front. Genet. 11, 553587
(2020).
13. Colaprico, A. et al. TCGAbiolinks: an R/Bioconductor package for integrative analysis of TCGA data. Nucleic Acids Res. 44, €71
(2016).
14. Buddingh, E. P. et al. Tumor-infiltrating macrophages are associated with metastasis suppression in high-grade osteosarcoma: a
rationale for treatment with macrophage activating agents. Clin. Cancer Res. Off. . Am. Assoc. Cancer Res. 17,2110-2119 (2011).
15. Kelly, A. D. et al. MicroRNA paraffin-based studies in osteosarcoma reveal reproducible independent prognostic profiles at 14q32.
Genome Med. 5,2 (2013).
16. Paoloni, M. et al. Canine tumor cross-species genomics uncovers targets linked to osteosarcoma progression. BMC Genomics 10,
625 (2009).
17. Stelzer, G. et al. The genecards suite: from gene data mining to disease genome sequence analyses. Curr. Protocols Bioinform. 54(1),
1-30 (2016).
18. Wilkerson, M. D. & Hayes, D. N. ConsensusClusterPlus: a class discovery tool with confidence assessments and item tracking.
Bioinforma. Oxf. Engl. 26, 1572-1573 (2010).
19. Duan, G. et al. Investigating subtypes of lung adenocarcinoma by oxidative stress and immunotherapy related genes. Sci. Rep. 13,
20930 (2023).
20. Hanzelmann, S., Castelo, R. & Guinney, J. GSVA: gene set variation analysis for microarray and RNA-Seq data. BMC Bioinform.
14,7 (2013).
21. Rosario, S. R. et al. Pan-cancer analysis of transcriptional metabolic dysregulation using the cancer genome atlas. Nat. Commun.
9, 5330 (2018).
22. Li, Y, Ge, FE. & Wang, S. Four genes predict the survival of osteosarcoma patients based on TARGET database. J. Bioenerg. Biomembr.
52,291-299 (2020).
23. Xiao, B. et al. A novel overall survival prediction signature based on cancer stem cell-related genes in osteosarcoma. Front. Cell
Dev. Biol. 9, 753414 (2021).
24. Liu, Z., Zhong, Y., Meng, S., Liao, Q. & Chen, W. Identification of a seven-gene prognostic signature using the gene expression
profile of osteosarcoma. Ann. Transl. Med. 10, 53-53 (2022).
25. Wu, Z., Han, T,, Su, H., Xuan, J. & Wang, X. Comprehensive analysis of fatty acid and lactate metabolism-related genes for prognosis
value, immune infiltration, and therapy in osteosarcoma patients. Front. Oncol. 12, 934080 (2022).
26. Ly, Y. et al. Identification and characterization of aging/senescence-induced genes in osteosarcoma and predicting clinical prognosis.
Front. Immunol. 13, 997765 (2022).
27. Su, Z. et al. The hexosamine biosynthesis pathway-related gene signature correlates with immune infiltration and predicts prognosis
of patients with osteosarcoma. Front. Immunol. 13, 1028263 (2022).
28. Ma, ., Guo, Z., Yang, X. & Zhu, Y. Exploration of various roles of hypoxia genes in osteosarcoma. Sci. Rep. 12, 18293 (2022).
29. Liang, J. et al. Bioinformatics analysis of the key genes in osteosarcoma metastasis and immune invasion. Transl. Pediatr. 11,
1656-1670 (2022).
30. Li, G. et al. Integrative analyses of ferroptosis and immune related biomarkers and the osteosarcoma associated mechanisms. Sci.
Rep. 13,5770 (2023).
31. Chen, P. & Shen, J. A disulfidptosis-related gene signature associated with prognosis and immune cell infiltration in osteosarcoma.
Bioengineering 10, 1121 (2023).
32. Jiang, Z. et al. Identification of the methotrexate resistance-related diagnostic markers in osteosarcoma via adaptive total variation
netNMF and multi-omics datasets. Front. Genet. 14, 1288073 (2023).
33. Hong, X. & Fu, R. Construction of a 5-gene prognostic signature based on oxidative stress related genes for predicting prognosis
in osteosarcoma. PLoS ONE 18, 0295364 (2023).
34. Rohrig, F & Schulze, A. The multifaceted roles of fatty acid synthesis in cancer. Nat. Rev. Cancer 16, 732-749 (2016).
35. Tian, S. et al. Exploring pharmacological active ingredients of traditional Chinese medicine by pharmacotranscriptomic map in
ITCM. Brief. Bioinform. 24(2), bbad027 (2023).
36. Tian, S. et al. COIMMR: a computational framework to reveal the contribution of herbal ingredients against human cancer via
immune microenvironment and metabolic reprogramming. Brief. Bioinform. 24, bbad346 (2023).
Acknowledgements

This work was supported by the National Natural Science Foundation of China (grant number: 81871748).

Author contributions

Shuai Li, Zhenzhong Zheng wrote the manuscript, developed software, and conceptualized, visualized, and
investigated the study. Bing Wang edited the manuscript, administered the project, supervised the study, and
acquired funding. Shuai Li and Bing Wang reviewed and revised the proof for publication.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-63736-y.

Correspondence and requests for materials should be addressed to B.W.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2024) 14:12934 | https://doi.org/10.1038/s41598-024-63736-y nature portfolio


https://doi.org/10.1038/s41598-024-63736-y
https://doi.org/10.1038/s41598-024-63736-y
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |  (2024) 14:12934 | https://doi.org/10.1038/s41598-024-63736-y nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Machine learning survival prediction using tumor lipid metabolism genes for osteosarcoma
	Materials and methods
	Data collection and processing
	Identification of molecular subtypes
	Tumor lipid metabolism genes (TLMGs) from genecard
	Molecular subtype of osteosarcoma
	The difference between molecular subtypes

	Construction and validation of signature
	Feature selection for signature
	Construction of lipid metabolism-related signature (LMRS)
	Evaluation of the LMRS model
	Comparison of LMRS with other signatures from publications
	Relationship between LMRS scores and molecular subtypes


	Results
	Osteosarcoma molecular subtypes
	The significant differences between molecular subtypes
	Construction of a consensus signature
	The feature selection process

	Evaluation of the LMRS score
	Comparison of gene expression-based prognostic signatures
	Relationship between LMRS scores and molecular subtypes

	Discussion
	Conclusion
	References
	Acknowledgements


