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ABSTRACT

Background: As a member of the mitochondrial ribosomal protein family, mitochondrial ribosomal protein L13
(MRPL13) is responsible for synthesizing mitochondrial proteins in cells. Several studies have indicated that
MRPL13 is associated with the proliferation cycle, migration ability, apoptosis and autophagy of cancer cells.
However, a thorough examination of MRPL13 across cancers remains uncertain. Therefore, we tried to clarify
the relationship between MRPL13 and pan-cancer, and verified it in lung adenocarcinoma by various methods.
Finally, our research is expected to reveal new targets for pan-cancer treatment and improve the prognosis of
cancer patients.

Methods: Using bioinformatics tools, we quantified the differential expression of MRPL13 between cancer tissues
and corresponding or noncorresponding normal tissues across cancers. We also analyzed the relationships
between MRPL13 expression levels and several factors, including diagnosis, prognosis, mutation, functional
signaling pathways, immune infiltration, RNA modification, and the relationship with cuproptosis-related genes.
Furthermore, we studied the relationship between the expression level of MRPL13 across cancers and the change
in cancer functional status through single-cell data. In addition, quantitative experiments (PCR and Western blot)
proved that the expression of MRPL13 was significantly different between LUAD and control samples. Finally, the
effect of knocking out MRPL13 on cancer cells was compared by gene silencing experiments. In summary, we used
a combination of bioinformatics and experimental applications to study the potential roles of MRPL13 in cancer.
Results: After conducting a multidimensional analysis, we found that the application of MRPL13 multigroup
analysis can effectively improve the diagnostic efficiency of various cancers and predict the prognosis of cancer.
Moreover, MRPL13 in pan-cancer is related to the cancer immune infiltration pattern, methylation level and
cuproptosis-related genes. Furthermore, single-cell data analysis showed that the modules of metastasis, EMT,
cell cycle, DNA repair, invasion, DNA damage and proliferation were positively correlated with the expression
of MRPL13 in LUAD (Lung adenocarcinoma), while the modules of hypoxia and inflammation were negatively
correlated. Moreover, through quantitative experiments, we observed higher expression of MRPL13 in cancer
tissues at the RNA or protein level. Knockdown of MRPL13 in LUAD led to decreased cancer cell survival,
delayed tumor division and migration, reduced invasion, and increased cancer cell apoptosis.

Conclusions: Our study demonstrates the potential of using MRPL13 as a molecular biomarker for diagnosing
and suggesting the prognosis of certain malignant tumors. Furthermore, our research shows that MRPL13 may
be an effective therapeutic target for lung adenocarcinoma.
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INTRODUCTION

Cancer is widely recognized as the most lethal disease,
causing immense physical and emotional distress
to millions of patients, their families, and society. Lung
cancer is known for its aggressive nature and is
considered one of the deadliest forms of cancer
worldwide. Non-small cell lung cancer (NSCLC) is the
most common type of lung cancer, accounting for 80-
85% of all cases, with the predominant histological
subtype being lung adenocarcinoma. Thanks to the
progress and popularization of imaging technology,
testing methods and treatment methods, remarkable
progress has been made in the screening, diagnosis and
clinical treatment of lung adenocarcinoma. However,
the 5-year survival rate remains low. Consequently,
there is an urgent need to conduct in-depth research on
the pathogenesis of lung adenocarcinoma, elucidate the
relevant pathological principles and molecular markers,
and establish a theoretical foundation to improve the
screening rate, diagnostic accuracy and treatment level
of the disease.

Mitochondrial ribosomal proteins (MRPS) are a group
of proteins responsible for translating the mitochondrial
code. They are located within the mitochondria of
eukaryatic cells and have been associated with various
tumors. MRPL13, a member of this family, is believed
to drive tumor initiation and progression. On the
theoretical basis of previous research, MRPL13 plays a
part in polarization-related metabolic reprogramming of
M2 macrophages, promoting the translation of PI3K
and the STAT3 signal pathway activator Ric8b in a
codon-dependent manner. This ultimately leads to the
promotion of Wnt-driven intestinal tumor initiation [1].
Furthermore, MRPL13 is closely related to the cancer
cell cycle, RNA processing (degradation/splicing) and
the M-TORC1 pathway. In vitro, MRPL13 silencing
significantly inhibits the proliferation of breast cancer
cells and changes the expression pattern of EMT-
related genes by eliminating the positive contribution of
AKT and mTOR phosphorylation [2]. Furthermore, the
dual fusion of MRPL13-ALK and PPP1-CB-ALK is
related to the acquired drug resistance of high-grade
first-line chemotherapy drugs for lung neuroendocrine
tumors with EGFR mutation [3]. MRPL13 is involved
in regulating cancer through potential pathways such
as the MYC target, oxidative phosphorylation, PI3K/
AKT/mTOR signal transduction, and the G2/M check-
point. This promotes the transformation of macrophages
to the M1 state and reduces the infiltration of antitumor
T cells into the tumor microenvironment. MRPL13
knockdown inhibits the proliferation of lung adeno-
carcinoma cells [4]. In summary, MRPL13 plays a role
as a tumor promoter in some cancers, promoting tumor
growth, invasion, and drug resistance by affecting the

conduction of carcinogenic signaling pathways, the change
in the immune microenvironment, and the proliferation
of the vascular matrix. However, there is still a lack
of systematic research to explain the significance of
MRPL13 in pan-cancer and lung adenocarcinoma.
Our research aims to reveal the function of MRPL13
in multiple cancers in a groundbreaking way through
biological information analysis and experimental
verification, suggesting the possibility of MRPL13 as a
new target to treat cancer.

After the rapid development of biosequencing tools,
biosequencing data have been widely used to elucidate
cancer mechanisms and screen molecular markers.
In this study, we utilized TCGA, UCSC XENA, and
GEO databases to extract multiple datasets, which
were subsequently subjected to a variety of cutting-
edge information analysis applications. For example,
the UCSC dataset is used to detect the differential
expression of MRPL13 between normal tissues and
pan-cancerous tissues. The DESeq2 package was used
to analyze the differentially expressed genes between
patients with high and low expression of MRPL13, and
based on this, the genetic differences between patients
with high and low expression of MRPL13 were studied
[5]. The interacting proteins of MRPL13 were screened
in the IMEX database, and Cytoscape was used to
visualize the protein—protein interaction (PPI) network
[6, 7]. Based on our analysis, we identified MRPL13
as a potential regulator of tumor progression in various
cancers. Further experimental validation showed that
MRPL13 in lung adenocarcinoma tissue is higher than
that in corresponding normal tissue in many aspects
(RNA or protein). Knockdown of MRPL13 in lung
adenocarcinoma inhibited cancer cell survival, delayed
tumor division, reduced metastasis, and increased cancer
cell apoptosis. Therefore, we believe that targeting
MRPL13 is an important part of anti-lung adenocarcinoma
pharmacological therapy.

MATERIALS AND METHODS

Comparative analysis of MRPL13 expression across
cancers

We utilized the UCSC dataset (https://xenabrowser.net/
datapages/) to examine the comparative expression of
MRPL13 in 33 cancers and normal tissues. This dataset
is primarily designed for the analysis of specific gene
expression in tumors and normal tissues and provides
visualization of contrast data as needed. Specifically,
initially, the homogenized and standardized pan-cancer
dataset was downloaded from TCGA. Subsequently, the
expression data for the ENSG00000172172 (MRPL13)
gene were extracted from each sample. Additionally, we
screened the sample sources and transformation on each
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expression value. Finally, we eliminated any cancer
type with fewer than 3 samples, resulting in a dataset of
33 cancer type expression data.

Survival prognosis analysis

In addition to extracting the pan-cancer dataset and
MRPL13 gene expression data from UCSC, we also
extracted and transformed the data about the prognosis
of pan-cancer from a prognosis study published in
the journal Cell [8]. Subsequently, we obtained and
transformed the data of TARGET’s follow-up time of
more than 30 days from UCSC as a supplement. The
exclusion criteria were cancers with fewer than 10
samples in total. Finally, according to the consensus,
the relationship between gene expression and prognosis
in each tumor was analyzed by constructing a
Cox proportional hazard regression model, and the
significance of prognosis was obtained by using the log-
rank test. The overall survival and progression-free
interval data of the top ten cancer types with differential
MRPL13 expression were selected for visualization.

After dividing the patients equally according to the
expression level, a Kaplan—-Meier curve was used to
draw the prognosis (OS, PFI) of cancer patients who
expressed MRPL13 to different degrees. Finally, we
utilized the GEO database (GSE81538/GSE68465/
GSE65858/GSE66229) to verify the influence of
MRPL13 expression level on prognosis in four types
of cancer patients (BRCA/LUAD/HNSC/STAD).

Diagnostic value of MRPL13 across cancers

We obtained the receiver operating characteristic
(ROC) curve through the R package pROC to evaluate
the diagnostic value of MRPL13 in 13 cancers with
different expression levels [9]. The area under the ROC
curve is directly proportional to the diagnostic accuracy.
In detail, by setting multiple critical values with
differences for genetic variables and then calculating the
evaluation index corresponding to each critical value in
real time, the most efficient variable is selected, and
then a curve with sensitivity as the ordinate and 1-
specificity as the abscissa is drawn.

Protein level analysis

We obtained the protein expression data of MRPL13
in BRCA, LUAD, HNSC and their corresponding
normal tissues from the CPTAC database [10]. Since
the CPTAC database does not provide data on gastric
adenocarcinoma and its corresponding normal tissue,
we utilized samples with high and low microsatellite
instability as substitutes. Additionally, we selected
representative immunohistochemistry (IHC) images of

BRCA, LUAD, HNSC, and STAD and representative
immunohistochemical images of corresponding normal
tissues in the HPA database. This database contains
a vast number of IHC images of tumors and normal
tissues.

Coexpression gene network and enrichment analysis

The correlation between MRPL13 and other genes was
analyzed through the “STAT” package [version 4.2.2]
(basic package) in R language. The top 30 positively
and negatively related genes were selected for thermal
map display. Then, the genes coexpressed in two or
more cancers were enriched and analyzed, mainly
including KEGG (http://www.genome.jp/kegg/) and
Gene Ontology (http://pantherdb.org/). The Cluster
Profiler package in R language was used for enrichment
analysis, and the visualization of the results was
completed by the ggplot2 package.

Genomic alterations of MRPL.13 in pan-cancer

The protein structure of MRPL13 was visualized
by PYMOL (https://pymol.org/2/). Genetic variation of
MRPL13 in different tumor types was analyzed by
cBioProtal (cBioPortal for Cancer Genomics). The
mutation landscape of MRPL13 was shown by the
processed pan-cancer SNV data. The MRPL13 protein
structure diagram and the mutation’s precise location
were analyzed by the “mutations” module. In addition,
according to the mutation grouping, the prognosis of
patients with four candidate cancers (BRCA, LUAD,
HANC, and STAD) was analyzed. In addition, we also
compared the somatic gene mutation rates of LUAD
patients with high and low MRPL13 expression, and
426 (83.0%) of 513 mutation samples were used to
draw graphs. Finally, the chi-square test was used to
evaluate the difference in gene mutation frequencies in
each group of samples. Furthermore, by downloading
and transforming the tumor dryness score calculated by
methylation characteristics of each tumor in previous
studies and the expression of MRPL13 in pan-cancer,
we drew a Lollipop Chart of their correlation [11].
Finally, we analyzed the pan-cancer correlation of
MRPL13 in TBM, MSI, HRD, and PLO to find out
which patients are the most sensitive and beneficial to
immunotherapy.

Differential gene screening and gene enrichment
analysis

LUAD patients were divided into two groups according
to the median overall expression as the critical point.
(Supplementary Table 1). Then, the differentially
expressed genes of the two groups of patients were
extracted and visualized by using the R language
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DEseq2 and GGPLOT2 volcanic map. (Log FC > 1,
P < 0.05) (Supplementary Material 1) [5]. Then, the
differential genes were subjected to GSEA enrichment
analysis (Supplementary Material 2).

Immune infiltration analysis and immune checkpoints

In this study, we utilized three algorithms from various
databases, TIMER, QUANTISEQ, and XCELL, to
investigate the relationship between MRPL13 and
immune cell infiltration patterns in different types of
cancer. Moreover, we utilized the ssGSEA algorithm
embedded in the GSVA package in R language to
analyze the immune cell infiltration model based on the
high and low expression of MRPL13 in BRCA, LUAD,
HNSC, and STAD in TCGA. The data on immune cells
were obtained from a published article [12]. Additionally,
we used TISIDB analysis to identify five immune
subtypes in BRCA, LUAD, STAD, and HNSC.

Chemokine genes, chemokine receptor genes, MHC-
related immune pathway marker genes, immuno-
suppressant genes, and immunostimulant genes were
collected from a standardized ubiquitin gene expression
dataset. The coexpression relationship between MRPL13
and immune genes in pan-cancer was inferred using the
R package “limma” and determined using the Pearson
statistical method.

By downloading and transforming the uniform and
standardized pan-cancer dataset and screening the
sample sources, the expression profile of MRPL13 in
each tumor was extracted, and then the expression
profile was mapped to Gene-Symbol. Furthermore, the
stromal, immune and ESTIMATE scores of each patient
were counted, transformed and charted [13].

Protein—protein interaction network and enrichment
analysis

We screened for interacting proteins of MRPL13 in the
IMEX database and visualized the protein—protein
interaction (PPI) network using Cytoscape. Moreover,
we performed KEGG/GO enrichment analysis on the
binding proteins associated with MRPL13. We used the
Cluster Profiler package (version 3.14.3) and the
ggplot2 package (version 3.3.3) for enrichment analysis
and visualization, respectively.

Drug sensitivity analysis of MRPL13

We downloaded drug activity data and RNA-seq
expression profiles from CellMiner™ to analyze the
sensitivity of MRPL13 to drugs across cancers [14].
Moreover, to further investigate the possibility of

MRPL13 as a new target for tumor treatment, we
selected a group of genes related to MRPL13 and
analyzed their relationship with drug sensitivity. For our
analysis, we only considered FDA-approved drugs or
drugs currently undergoing clinical trials.

RNA modification analysis

We screened, extracted and homogenized the expression
data of the ENSG00000172172 (MRPL13) gene and
three RNA modification marker genes in each sample
from the UCSC database. Then, we calculated the
correlation between ENSG00000172172 (MRPL13) and
five immune pathway marker genes by the Pearson
correlation algorithm. The correlation heatmap is drawn.
The three RNA methylation patterns analyzed in this
work include m1A, m5C, and m6A. The three types of
genes related to modification are writers, readers, and
erasers.

Correlation between MRPL13 and cuproptosis-
related genes in LUAD

The standardized pan cancer dataset was downloaded
from the TCGA database, and the expression data of
MRPL13 and 13 cuproptosis-related genes expressed
in BRCA, CHOL, ESCA, HNSC, LUAD, PPAD, and
STAD were extracted. Moreover, the expression data
of MRPL13-related genes and 13 cuproptosis-related
genes expressed in LUAD were extracted. The Pearson
correlation was calculated by log2(x+1) transformation
of each expression value.

Effects of MRPL13 on 14 functional states in cancer

The single-cell sequence data from the Cancer-SEA
website were extracted [15], and the functional status
changes in 14 cancers caused by MRPL13 were
analyzed in pan-cancer by the Xiantao academic online
tool. The effects of MRPL13 expression on tumor
metastasis, EMT, the cell cycle, DNA repair, invasion,
DNA damage, proliferation, hypoxia, and inflammation
were extracted and shown.

The result of querying candidate causal
perturbations of MRPL13

A creative database of the human perturbation database
(GPSAdb, https://www.gpsadb.com/) was used for
genetic perturbation similarity analysis (GPSA) [16].
GPSA compared the DGE of 3048 disturbed datasets
from GPSAdb to determine which genes lead to a
similar trend of MRPL13 expression changes after
knockout. To put it more succinctly, through the
GPSAdb database, we found a gene that leads to
changes in the expression of MRPL13 after knockout.
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To clarify the possible upstream regulatory factors of
MRPL13.

Specimen collection

We collected twenty fresh LUAD samples and twenty
fresh normal lung tissues adjacent to the tumor from
Zhejiang Provincial People’s Hospital (Hangzhou,
China). The extracted sample was first placed at the
liquid nitrogen lock temperature. This was followed by
cell extraction, fragmentation, RNA and protein
extraction, and other related steps. We employed qRT—
PCR assays and Western blot analysis to analyze the
samples. In addition, we obtained 50 IHC samples
from the Pathology Department of Zhejiang Provincial
People’s Hospital (Supplementary Table 2). All human
samples were solely used for research purposes and
were approved by the Ethics Committee of Zhejiang
Provincial People’s Hospital (QT2023121).

In vitro experiment

We used a gqRT-PCR assay, immunohistochemistry
(IHC) staining, and WB analysis to investigate the
expression of MRPL13 in LUAD samples versus
normal samples. Furthermore, we used CCK-8 reagent
to evaluate the cell proliferation characteristics and
cytotoxicity of each group and flow cytometry to
evaluate apoptosis and cell cycle progression in the
control and experimental groups. Finally, the distant
metastasis ability of tumor cells was determined by
the number difference of the same cells passing through
the Transwell chamber at the same time. Please refer
to Supplementary Material 3 for technical details.

Statistical methods

Bioinformatics analysis was performed using R
software and bioinformatics tools, including the Cancer-
SEA database (CancerSEA - Database Commons
(https://www.cncb.ac.cn/) and GPSAdb database
(https://www.gpsadb.com/). Statistical analysis was
performed with SPSS software version 25.0 (IBM
Corp.,, USA) and GraphPad Prism version 7.0
(GraphPad Software Inc., USA). The differential
expression of MRPL13 among different samples and
groups was determined by t tests. The “survival”
and “forest-plot” packages were used to determine the
HRs of MRPL13 across cancers. Kaplan—Meier curve
reveals the relationship between MRPL13 expression
and prognosis of patients with pan-cancer. The
correlation coefficient is quantified by Pearson or
Spearman. The Wilcox test was used to analyze
immune infiltration genes. P-values less than 0.05 (*p
< 0.05) were considered significant.

Availability of data and material

The datasets generated during and/or analyzed during
the current study are available from the corresponding
author on reasonable request.

RESULTS

Differential expression of MRPL13 between tumor
and normal tissue samples

By comparing cancer and normal tissue data
from TCGA, we identified differential expression of
MRPL13 in 18 types of cancer, except for cancers
lacking comparative data or differences. Compared with
normal tissues, the expression of MRPL13 in BLCA,
BRCA, CESC, CHOL, COAD, ESCA, GBM, HNSC,
LIHC, LUAD, LUSC, PRAD, STAD, and UCEC is
completely opposite to that in KICH, KIRC, PCPG, and
THCA. The former was higher than that in normal
tissue, while the latter was lower than that in normal
tissue (Figure 1A). Paired samples showed similar
results to unmatched samples in BLCA, BRCA, CHOL,
ESCA, HNSC, KICH, KIRC, LIHC, LUAD, LUSC,
STAD, UCEC, and THCA (Figure 1B). Additionally, to
verify these findings at the protein expression level, we
analyzed relevant immunohistochemical images from
HPA data (Supplementary Figure 1A-1H).

Prognostic significance of MRPL13 in cancer

To explore the influence of MRPL13 expression level
on the prognosis of patients with pan-cancer from
the macro level and to narrow the scope of our
investigation, we analyzed the influence of MRPL13 as
a single factor on the prognosis of each cancer by two
indicators: overall survival (OS) and progression-free
interval (PFI). The Cox proportional hazard model
analysis revealed that the increased expression level of
MRPL13 leads to poor prognosis in patients with
BRCA and LUAD, and the result was statistically
significant (P = 2.3e-5) (p=5.3e-4). MRPL13 was
identified as a higher risk factor (Figure 1C). This result
is consistent with the Kaplan—Meier survival analysis
(Figure 1E).

The relationship between MRPL13 and PFI revealed
that an increase in MRPL13 expression leads to an
increase in adverse events in HNSC patients. (p = 1.8e-
3), while it acted as a protective factor for STAD (p =
0.02) (Figure 1D). Kaplan—Meier survival analysis
confirmed this trend (Figure 1F). Finally, using Kaplan—
Meier survival analysis of the validated dataset in GEO,
we confirmed that MRPL13 is a reliable factor for
predicting the prognosis of cancer (Supplementary
Figure 11).
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Figure 1. Differential expression of MRPL13 in pan-cancer and the relationship between MRPL13 expression and prognosis
of pan-cancer. (A) Comparison of MRPL13 expression between tumor and normal samples. (B) Comparison of MRPL13 expression between
tumor and paired normal samples. (C) Forest plot of OS associations in 33 types of tumors. (D) Forest plot of PFI associations in 33 types of
tumors. (E, F) Kaplan—Meier analysis of the association between MRPL13 expression and OS/PFI. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not

statistically significant.
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Diagnostic value of MRPL13 across cancers

Evaluation of the receiver operating characteristic
(ROC) curve confirmed the diagnostic value of
MRPL13 across cancers. The AUC value, ranging
from 0.5 to 1, measures the accuracy of the diagnostic
effect. An AUC of 1 indicates a better diagnostic
effect. Analyzing the ROC curve of 13 cancers with
differential MRPL13 expression obtained from the
TCGA analysis of matched and unmatched samples,
we found that the diagnostic accuracy of the AUC
analyzed by this model was high in 9 cancers, relatively
high in 1 cancer, and low in 2 cancers (Figure 2A).
Finally, we constructed a Venn diagram to compare
the cancer model with differences among unmatched
sample comparison, matched sample comparison,
ROC diagnosis model, and survival analysis, which
identified BRCA, LUAD, STAD, and HNSC as
significant cancers (Figure 2B).

Coexpression network analysis of MRPL13 across
cancers and coexpression network enrichment
analysis

We analyzed the sequencing data of BRCA, LUAD,
HNSC, and STAD in TCGA using R language, and the
genes related to the expression of MRPL13 in each
cancer were identified. We then generated a heatmap
based on the log value of the top 30 genes (Figure 3A).
Further analysis of the intersection of the genes that co-
occur in at least two cancers was performed using the
Cluster Profiler package in R, with GO terminology and
KEGG pathway analysis. The results showed that genes
were mainly related to the regulation of mitotic cell
cycle phase transition, mitochondrial inner membrane,
translation factor activity, and RNA binding in GO
enrichment analysis. In KEGG enrichment analysis,
the genes were mainly enriched in amyotrophic
lateral sclerosis, Huntington disease, and prion disease
(Figure 3B), which was visualized with the ggplot2 R
language pack (Figure 3C). Crossing the genes related to
MRPL13 in each cancer resulted in a gene set of 40
genes (Figure 3D) and (Supplementary Material 4).
Finally, we performed a variety of enrichment analyses
of these 40 genes in Metascape, and the results showed
that in GO analysis, the top three were neddylation,
ribonucleoprotein complex biogenesis and gastric cancer
network 2. The cell cycle ranked fifth, which is
consistent with the fact that MRPL13 may promote
the growth of cancer cells by affecting the cell cycle.
In addition, in the summary of enrichment analysis
in cell type signatures, TRAVAGLINI LUNG
PROLIFERATING NK T CELL ranks second. In
the summary of enrichment analysis in DisGeNET,
Monosomy is the closest. In the final summary of
enrichment analysis in Transcription Factor Targets,

the top three are PPARGC1A TARGET GENES,
ZNF581 TARGET GENES and HSF2 TARGET
GENES. Enrichment analysis revealed the common
biological function of these 40 genes, which provides
useful value for expounding the role of MRPL13
(Supplementary Figure 1J-1M).

The genetic alterations of MRPL13

Initially, the protein structure of MRPL13 was visualized
using the PYMOL website (Figure 4A). The cBioPortal
database revealed that the highest incidence of gene
alterations in MRPL13 is in ovarian cancer, while it is
also amplified in the majority of pan-cancer patients,
including those with breast cancer, esophageal cancer,
liver cancer, uterine cancer, pancreatic cancer, gastric
adenocarcinoma, prostate cancer, head and neck
squamous cell carcinoma, bladder cancer, and lung
adenocarcinoma. Amplification, deletion mutation, and
deep deletion are the most common types of genetic
variation observed in MRPL13 (Figure 4B). The types,
sites, and cases of MRPL13 gene modification are
presented, with MRPL13 missense mutation being the
most common mutation type and P8 mutation detected in
2 cases of SKCM and 1 case of LUAD (Figure 4C).
Subsequently, we conducted an analysis of the patient
prognosis across four types of cancer based on mutation
groups, revealing a poor prognosis for patients in the
MRPL13 mutation group in STAD (Figure 4D—-4G).
Moreover, to further explore the gene mutation caused by
MRPL13 in patients with LUAD, we divided the patients
into two groups and compared the mutation frequency
differences between groups. The results showed that
the top three gene mutation rates of cells with high
and low expression of MRPL13 were TP53 (54.0%),
TTN (51.3%) and CSMD3 (41.7%) (Supplementary
Figure 2A) and (Supplementary Material 5).

We compared the correlation of TMB, MSI, HRD, and
PLOIDY with MRPL13 across various cancer types.
TMB was positively correlated with MRPL13 in six
cancers, GBM, LUAD, STES, UCEC, STAD, and
DLBC, but negatively correlated with MRPL13 in
UVM, COADREAD, COAD, and READ (Figure 4H).
MSI analysis showed that MRPL13 had a significant
positive correlation with eight types of cancers. UVM,
DLBCM UCS, STES, TGCT, HNSC, STAD, and
CHOL were negatively correlated in six cancers,
namely, GBMLGG, COADREAD, COAD, READ,
PCPG, and ACC (Figure 4l). In addition, we observed
that MRPL13 was significantly associated with HRD in
23 cancers, with a positive correlation in ESCA, UVM,
KIRC, DLBC, KIPAN, STAD, STES, ACC, KIRP,
GBM, CESC, LUSC, BLCA, PRAD, GBMLGG,
LUAD, HNSC, SARC, BRCA, 0OV, PAAD, LGG, and
THYM and a negative correlation with UCS (Figure 4J).
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Figure 2. AUC of ROC curves verified the diagnosis performance of MRPL13 in the TCGA cohort. (A) ROC curve shows the value of
MRPL13 in the diagnosis of patients with Pan-cancer, including UCEC, THCA, STAD, LUSC, LUAD, LIHC, KIRC, KICH, ESCA, CHOL, BRCA, BLCA,

HNSC. (B) Venn diagram showed the intersection of cancer in pan-cancer, which was significant in expression, diagnostic performance and
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Figure 3. Co-expression network analysis of MRPL13 in pan-cancer and co-expression network enrichment analysis. (A) The
top 30 positive and negative genes related to the expression of MRPL13 in BRCA, LUAD, HNSC and STAD. (B) GO and KEGG analyses for genes
related to the expression of MRPL13 in at least two cancers (C) the result of GO and KEGG analyses visualize with R language pack ggplot2
(red: molecular: blue: enrichment results). (D) Veen map shows the intersection of genes related to the expression of MRPL13 in BRCA, LUAD,

HNSC and STAD.
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Figure 4. The genetic alterations of MRPL13. (A) The protein structure of MRPL13. (B) Analysis of MRPL13 alteration frequency in
different tumor types according to cBioPortal dataset. (C) The mutation types, number, and sites of MRPL13 in pan-cancer analysis according
to cBioPortal dataset. (D—G) Relationship between MRPL13 mutation status and overall survival in BRCA, LUAD, HNSC and STAD. (H-K) The
association of TMB, MSI, HRD, PLOIDY with MRPL13 in pan-cancer.
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Moreover, polyploidy, an indicator of cancer, was
positively correlated with 19 cancers, including
DLBC, LUAD, HNSC, MESO, PRAD, LUSC, CHOL,
SKCM, THYM, UCS, ESCA, SARC, COAD, STES,
STAD, COADREAD, READ, LIHC, and BRCA, but
negatively correlated with seven cancers, including OV,
UVM, UCEC, PCPG, TGCT, GBMLGG, and KICH
(Figure 4K). Furthermore, the correlation between
MRPL13 and the tumor dryness score in pan-cancer
showed that MRPL13 was positively correlated with the
tumor dryness score in most cancers (Supplementary
Figure 2B-2G).

Finally, to obtain the alterations of MRPL13 and its
expression data in pan-cancer, the expression difference
of MRPL13 in different samples in each tumor was
calculated by R software (version 4.1.3). The copy
number data and gene expression data of each tumor
sample were integrated, and the difference between two
samples was analyzed by using unpaired Wilcoxon rank
sum and signed rank tests. The difference between
multiple groups of samples was tested by the Kruskal—
Wallis test. Significant differences were observed in 23
tumors, including BRCA, LUAD, STAD and HNSC.
MRPL13 mutation and gene expression significantly

affect many cancer types (Supplementary Figure 3A).
The mutation of MRPL13 in individual tumors analyzed
by Sanger-Box is shown in Supplementary Figure 3B.

In general, MRPL13 acts as a potential marker
of genomic stability in a variety of cancer species,
including LUAD, and affects patient prognosis and
therapeutic responses.

GSEA enrichment analysis of differentially
expressed genes in patients with different degrees of
MRPL13 expression

After analyzing the MPRL13 expression count of LUAD
patients in the TCGA database. All LUAD patients were
divided into high and low expression groups with the
median MRPL13 expression as the critical point. By
using R language DEseq2, the differentially expressed
genes of the two groups were extracted (Log FC > 1, P <
0.05) and visualized by using a GGPLOT2 volcanic map
(Figure 5A). Second, the differentially expressed genes
were subjected to GSEA. The differentially expressed
genes between the two groups were significantly
enriched in several biological pathways, including
REACTOME SIGNALING by RHO GTPASES,
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Figure 5. DEGs between MRPL13 high and low expression groups in LUAD. (A) The volcano map of DEGs (red: upregulation; blue:
downregulation). (B) GSEA enrichment analysis results of high and low MRPL13 differential genes visualized in Ridgeline plot. (C—G) GO and

KEGG analyses for samples with high and low MAZ expression in LUAD.
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REACTOME TRANSCRIPTIONAL REGULATION by
TP53, REACTOME CELL CYCLE CHECKPOINTS,
REACTOME MITOTIC G2/G2 M PHASES, and KEGG
CELL CYCLE (Figure 5B-5G). Based on the above
results, we speculate that MRPL13 may participate in the
regulation of tumor occurrence and development by
affecting the cell cycle.

Relationship of MRPL13 expression with immune
infiltration analysis

To reveal the change in the immune cell infiltration
pattern caused by MRPL13 in patients, we analyzed
immune cell infiltration data extracted from various
databases and algorithms. Using TIMER, QUANTISEQ,
and XCELL, we mapped the MRPL13 gene expression
of pan-cancer patients in the TCGA dataset to the

corresponding immune cell infiltration and constructed
|a correlation heatmap. Infiltration of immune cells,
including B cells and T cells from lymphocytes,
monocytes, macrophages and dendritic cells from the
myeloid system, appeared in four cancers (BRCA,
LUAD, HNSC, and STAD). The results indicate a
negative correlation between MRPL13 expression and
the infiltration of various immune cells, such as CD8" T
cells, macrophages, and B cells (Figure 6). In addition,
in a more detailed comparison, there were significant
differences in the composition of immune cell in-
filtration, including CD8 T cells and NK cells, and the
group with low expression of MRPL13 had a better
antitumor immune cell infiltration microenvironment.
(Supplementary Figure 4A-4D). These findings suggest
that MRPL13 may affect tumor prognosis by modulating
the host immune response.
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Figure 6. The relationship between MRPL13 and tumor immune infiltrating cells in BRCA, LUAD, HNSC and STAD. (A—C) The
correlation between MRPL13 expression and immune cell infiltration was analyzed by XCELL, QUANTISEQ and TIMER algorithm. *p < 0.05,

**p < 0.01, ns, not statistically significant.
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We also analyzed the relationship between MRPL13 and
immune infiltration-related genes by a coexpression
algorithm. The results indicated that MRPL13 and most
immune-related genes had the same change trend in
specific cancer types. such as UVM, GBML GG, SKCM,
KIHC, LGG, OV, ACC, PAAD, and BLCA. However, in
BRCA, STAD, STES, LUAD, ESCA, HNSC, and
LUSC, it was negatively correlated. In particular,
chemokines, including CXCL8, CXCL10, CXCL11,
CXCL16, CCL26, and CCL7, as well as chemokine
receptors, including CXCR3, CCR2, CCR5, and CCR1,
were positively correlated with MRPL13 expression in
various cancer types. (Figure 7A, 7B). MHC genes and
MRPL13 were coexpressed in almost all tumor types,
except TGCT, STAD, STES, LUAD, ESCA, HNSC, and
LUSC (Figure 7C). Furthermore, immune-stimulating
factors and immunosuppressive factors were closely
associated with the expression of MRPL13 across
cancers. Almost all cancers showed a significant
relationship between MRPL13 and immune checkpoint
suppressor genes, such as VEGFA, CD274 (PD-L1), and
CTLA4 (Figure 7D, 7E). Finally, TISIDB analysis
demonstrated that MRPL13 expression was considerably
enriched in six immune subtypes, including wound
healing, IFN dominance, inflammation, lymphocyte
depletion, immune calm, and TGFB dominance, in
BRCA, LUAD, HNSC, and STAD (Supplementary
Figure 4E-4H).

Furthermore, MRPL13 was negatively correlated with
the infiltration of various stromal immune cells in the
immune microenvironment. Specific B cells, CD4+ T
cells, macrophages, and neutrophils are shown in
Supplementary Figure 5A.

Finally, we extracted and mapped the expression profile
of MRPL13 in patients with LUAD according to the
coordination relationship between MRPL13 and
immune gene expression. The results were counted and
converted into related scores by using the R language
package. It was concluded that the expression of
MRPL13 in patients with LUAD was inversely
proportional to these three scores (Supplementary
Figure 5B-5D). Overall, the above results show that
MRPL13 is closely associated with the biological
functions of several immune-related cells and genes.

PPI network and enrichment analysis of MRPL13-
binding proteins

We used the IMEX database to identify the targeted
binding protein of MRPL13 (Figure 8A). Subsequently,
we analyzed the KEGG/GO enrichment of these targeted
binding proteins and found that they mainly participate
in several biological processes for instance mitochondrial
gene expression, protein complex disassembly, and

mitochondrial translation. The molecular function
analysis revealed involvement in nuclear-transcribed
MRNA catabolic process and protein targeting to
the endoplasmic reticulum. The cellular component
analysis indicated an association with ribosomes and
mitochondrial protein complexes. Moreover, KEGG
analysis showed that MRPL13 binding proteins were
mainly involved in cellular respiration and the acetyl-
CoA biosynthetic process from pyruvate (Figure 8B,
8C).

Drug sensitivity analysis of MRPL13

Using the Cell Miner database, we conducted further
screening for therapeutic drugs related to MRPL13 and
analyzed the effect of MRPL13 expression on the
sensitivity of patients to molecular drugs. Our results
showed that the expression of the MRPL13 gene in
patients with LUAD was positively correlated with
patients’ sensitivity to tramadol, CI-1040, navitoclax,
TGX221 and nutlin-3A. Conversely, the expression
of MRPL13 was negatively correlated with sensitivity
to vorinostat, SB590885, VX-1le and bleomycin.
(Figure 9A-9I). These findings suggest that high
MRPL13 expression may significantly impact the
effectiveness of drug treatment for cancer patients,
including immunotherapy.

Furthermore, by drawing a correlation heatmap between
MRPL13-related genes and the sensitivity to 20
common drugs, we found a direct proportion between
MRPL13 and most related gene expression levels and
the sensitivity to TGX221, trametinib, and selumetinib
and an inverse proportion to navitoclax, NPK76-11-72-1,
vorinostat, and other drugs (Figure 9J). These findings
demonstrate the crucial role that MRPL13 and its
related genes play in influencing drug treatment
sensitivity, which suggests potential targeted therapies
for cancer through MRPL13 and related genes.

MRPL13 and RNA methylation modification
markers

The expression data (UCSC database) of MRPL13 and
44 marker genes of three RNA modification genes in
each sample of the pan cancer dataset were extracted and
converted by formula. Then, we drew a heatmap between
MRPL13 and the marker genes of five immune pathways
through the results of the Pearson correlation algorithm.
The results demonstrate a strong positive correlation
between MRPL13 and most genes involved in modifying
RNA methylation in some types of cancer, including
ACC, KICH, BRCA, LUAD, and STAD. However,
there is no obvious correlation between MRPL13 and
methylation genes in other types of cancer, for instance
UCS, DLBC, LIHC, GBM, and CHOL. These results
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MRPL13 and MHC genes. (D) Co-expression between MRPL13 and Immunoinhibitors genes. (E) Co-expression between MRPL13 and

between MRPL13 and chemokine genes. (B) Co-expression between MRPL13 and chemokine receptor genes, (C) Co-expression between
Immunostimulators gene. *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, and ****p-value < 0.0001.

Figure 7. Heatmaps indicating the co-expression of MRPL13 with immune-relevant genes in pan-cancer. (A) Co-expression
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provide direct evidence that MRPL13 is involved in the
regulatory network and complexity of multiple cancers
(Supplementary Figure 6). The alteration of RNA
methylation is highly significant in cancer development
and treatment response.

Correlation between MRPL13 and cuproptosis-
related genes in LUAD

We wused the expression data of MRPL13 and
cuproptosis-related genes in the TCGA database to study
the relationship between them through a correlation
algorithm. Our analysis revealed that in CHOL, there was
no correlation between MRPL13 and most cuproptosis-
related genes. However, in BRCA, HNSC, LUAD,
PPAD, and STAD, MRPL13 showed a significant
correlation with GCSH, FDX1, DLST, and DLD (Figure
10A). To further discuss the relationship between
MRPL13 and cuproptosis in detail, we also drew a
correlation heatmap between MRPL13-related genes and
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cuproptosis-related genes. Our findings indicate that
except for ATP7A and ATP7B, most cuproptosis-
related genes are directly proportional to MRPL13-
related genes (Figure 10B). These results indicate that
MRPL13 regulates cancer cell status in some types
of cancer through cuproptosis-related mechanisms.

Effects of MRPL13 on 14 functional states in cancer

By downloading the single-cell sequencing data from
the CancerSEA database and using Xiantao Academic’s
online mapping service, we explained the influence of
MRPL13 on the functional status of 14 kinds of cancers.
In most cancers, MRPL13 is directly proportional to
most cell cycle-related marker genes. Among CML and
LUAD, MRPL13 is most closely related to all fourteen
cancer functional states. Interestingly, MRPL13 was
negatively associated with hypoxia in most tumors
(Figure 11A). In LUAD, the expression of MRPL13
was directly proportional to metastasis (r=0.476),

C
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Figure 8. PPl network and enrichment analysis of MRPL13-binding proteins. (A) PPl network; (B) visual network of GO analysis (red:

molecular; blue: enrichment results). (C) KEGG/GO analysis.
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Figure 10. Correlation between MRPL13 and the genes that MRPL13-related with cuproptosis related genes in pan-cancer.
(A) Correlation between the expression levels of MRPL13 and cuproptosis related genes in pan-cancer. (B) Correlation between the
expression levels of the genes that MRPL13-related and cuproptosis related genes. * p <0.05, ** p < 0.01.
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EMT (r=0.382), the cell cycle (r=0.631), DNA repair
(r=0.601), invasion (r=0.576), and DNA damage
(r=0.424). However, it was inversely proportional
to hypoxia (r=-0.622) and inflammation (r=-0.427)
(Figure 11B).

The result of querying candidate causal perturbations
of MRPL13

In GPSAdb, we collected 3048 RNA-seq datasets of
gene knockdown/knockout and analyzed them for
differences. Using the query tool in GPSAdb, we
identified the genes regulating MRPL13 from the 3048
RNAseq datasets with genetic perturbations. We found
that FOXM1 knockout caused changes in MRPL13
expression in LUAD. Subsequently, we analyzed the
correlation between FOXM1 and MRPL13 across
various cancers and created a correlation map. The
results showed that MRPL13 was directly proportional
to FOXML1 in BLCA (r=0.468), BRCA (r=0.406), LGG
(r=0.318), LUAD (r=0.349), OV (r=0.487), PAAD
(r=0.567), PRAD (r=0.28), STAD (r=0.5), and TGCT
(r=0.694) (Supplementary Figure 7).

MRPL13 expression and functional analysis in
LUAD

The above analysis results show that the expression
level of MRPL13 is not only different between various
tumor samples and normal tissues but also leads to the
occurrence and development of many cancers. Given
the comprehensive nature of these findings and the
replication of previous studies, we deemed it necessary
to conduct additional experiments to explore its
differential expression in lung adenocarcinoma and
normal tissues, as well as its general function in lung
adenocarcinoma.

We began by investigating whether MRPL13 functions
as a tumor-promoting factor in lung adenocarcinoma.
Real-time fluorescence quantitative PCR was employed
to examine the expression of 20 clinical samples of lung
adenocarcinoma, confirming once more that compared
with the normal tissue group, the expression of
MRPL13 in the LUAD group was higher (Figure 12A).
To confirm these results at the protein level, we
employed western blotting to assess three representative
specimens and immunohistochemistry to assess 50
pathological sections. The comprehensive evaluation
score of MRPL13 protein was significantly different
between the cancer tissue group and adjacent normal
tissue group (Supplementary Material 6). The former
is obviously higher than the latter (Figure 12B-12E).
The expression score was independently assessed by
three experienced pathologists and confirmed through
independent inspection and analysis.

We chose A549 and NCI-H1975 lung cancer cell lines for
further experiments based on their expression of MRPL13
and experimental feasibility. We successfully knocked
down MRPL13 expression in these cell lines using
SiRNA, as confirmed by RT-PCR analysis (Figure 13A).

CCK8 assays and colony-forming tests showed
that MRPL13 knockdown significantly reduced the
proliferation of both A549 and NCI-H1975 cells
compared to the control groups (Figure 13B, 13C).

Additionally, MRPL13 knockdown led to a significantly
higher percentage of apoptotic cells in both cell lines
(Figure 13D). Flow cytometry analysis revealed that
MRPL13 knockdown altered the cell cycle distribution in
both A549 and NCI-H1975 cells. The percentage of cells
in G1 phase in the MRPL13 knockout group increased,
while the percentage of cells in S and G2 phases
decreased. (Figure 13E). These results revealed that
MRPL13 can promote the growth of tumor tissue by
regulating the proliferation and apoptosis of lung
adenocarcinoma cells.

The migration and invasion abilities of lung
adenocarcinoma cells were evaluated by comparing the
number of cells passing through the Transwell chamber,
which demonstrated that MRPL 13 knockout significantly
reduced the ability of A549 and NCI-H1975 cells to
migrate and invade. This finding was further confirmed
by the scratch wound healing assay (Figure 14 and
Supplementary Materials 7—-10).

Our findings demonstrate that MRPL13 knockout
negatively impacted the cell activity, proliferation,
periodic differentiation, apoptosis, migration, and
invasion of lung adenocarcinoma cells. Thus, MRPL13
represents a potential therapeutic target for lung
adenocarcinoma and other cancers.

DISCUSSION

As one of the most detrimental diseases in modern
society, cancer imposes an extremely high burden on
patients, families, and society. Despite the improvement
of the tertiary prevention system, there is still a lack
of diversified and individualized plans for tumor
treatment. Pan-cancer analysis can aid in identifying
similarities and differences in the pathogenesis of
cancers and provide a theoretical basis for personalized
cancer treatment. Additionally, it facilitates the efficient
screening of molecular markers and identification of
gene targets for cancer prevention and treatment.

Lung adenocarcinoma is one of the most common
tumors, and research on individualized diagnosis and
treatment is increasingly abundant. MRPL13, a member
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Figure 11. The correlation between MRPL13 expression and 14 cancer functional states using single-cell sequence data from
the Cancer-SEA database. (A) The correlation between MRPL13 expression and 14 cancer functional states in pan-cancer. (B) The
expression of MRPL13 is positively correlated to Metastasis, Cell-Cycle, DNA-repair, Invasion, DNA-damage, Proliferation of LUAD. The
expression of CENPL is negatively correlated to the Hypoxia, Inflammation of LUAD.

10657 AGING

WWWw.aging-us.com



A B C
sk [} ok ok k
o 31 — . | 1.0 s Hokok ok $kk 5 10+  —
8 " normal — M 1 9 e normal
> |
& "s® g cancer g 08 2 gl o 5 » cancer
) £ g oste
o 27 " S 0.6 a oo !F
> . o s 61 & =&
- (] =
s . o (] _a_ -
o .: " o 0.4 2 4 -4 "
Ese 2 R
[ ] (C I
: 'L - 02_ o ? —
o .:08' [ ] Q Y- - 2] e I
[ . & < °
= 0.0- 2,
S ¢ 0—r—
normal cancer T1 N1 T2 N2 T3 N3 b= normal cancer

Figure 12. Expression of MRPL13 in cancer and normal tissues. (A) Fluorescence real-time quantitative PCR was used to detect the
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of the MRPL family, has been mentioned in several
studies. For instance, Liu Y et al. demonstrated that
MRPL13 can be treated as a prognostic molecular
marker that can promote the growth, division,
metastasis and invasion of breast cancer cells as a
catalyst and ultimately lead to poor prognosis of
patients. Min S et al. revealed that low expression of
MRPL13 can lead to ribosome defects and weaken the
oxidative phosphorylation ability of mitochondria [17],
which play a crucial role in tumor progression.
Therefore, targeting MRPL13 may have unexpected
effects on cancer treatment. Moreover, a few studies
have suggested that MRPL13 promotes tumor cell
activity. However, the systematic study of the role of
MRPL13 in the promotion of cancer occurrence,
progression, metastasis, and prognosis, from pan-cancer
to lung adenocarcinoma, is still unclear. Thus, our
research is the first to comprehensively and
systematically investigate this relationship using various
bioinformatics analysis tools and in vitro experiments to
verify our conclusions.

Our findings revealed that the expression level
of MRPL13 between tumor and normal tissue is
significantly different in many cancers. Specifically,
we observed upregulation of MRPL13 in BLCA, BRCA,
CESC, CHOL, COAD, ESCA, GBM, HNSC, LIHC,
LUAD, LUSC, PRAD, STAD, and UCEC, while KICH,
KIRC, PCPG, and HCA exhibited downregulation. To
confirm these results at the RNA and protein levels, we
utilized PCR, WB, and IHC analysis on our samples and
data from public databases for lung adenocarcinoma.
Additionally, our analysis of TCGA data indicated that
MRPL13 expression is a prognostic indicator for several
cancer types, including LUAD, BRCA, HNSC, and
STAD. This study is the first to report a correlation
between MRPL13 and cancer prognosis across multiple
cancer types.

As a well-recognized diagnostic evaluation tool in the
current era [18], the area under the receiver operating
characteristic (ROC) curve can accurately evaluate
the diagnostic efficiency of the gene model, with a
value closer to 1 indicating a better diagnostic effect.
The evaluation of the ROC curve demonstrated that
MRPL13 is highly valuable in diagnosing pan-cancer,
including LUAD, and underscores its significance in
aiding the diagnosis and treatment of clinical patients.

The top 30 positively and negatively correlated genes
with MRPL13 were identified in BRCA, LUAD, HANS,
and STAD. The intersection of genes coexpressed in two
or more cancers was analyzed and extracted, and then
the differentially expressed genes were analyzed by
gene ontology and KEGG pathway enrichment through
algorithms. For example, ELOC, located in the 8q area,

can increase the growth rate and invasiveness of
prostate cancer cells and is related to the differentiation
of hormone resistance in prostate cancer [19], bringing
great challenges to the prevention and treatment of
prostate cancer. ELOC-mutant RCC can show variable
behavior ranging from very indolent to aggressive [20].
Additionally, MRPL15, which belongs to the same
family as MRPL13, promotes the malignant progression
of non-small cell lung cancer and affects the inhibitory
effect of the immune system on tumor cells [21].
C8orf76 directly binds to carcinogenic INcRNA, induces
its expression, and activates the MAPK signal. C8orf76
plays a crucial role in the occurrence of gastric cancer
and can serve as an independent prediction model to
evaluate the clinical outcome of patients with gastric
cancer [22]. NUDCD1, ENY2, PNO1, CCT4 and
PSMD14 are considered to promote the proliferation,
invasion and treatment resistance of tumor cells in a
variety of cancers, including pancreatic cancer, rectal
cancer, liver cancer, breast cancer, glial cancer and
head and neck squamous cell carcinoma [23-26].
Furthermore, nivolumab (NIVO) can also protect tumor
cells from treatment by upregulating several genes,
including DCAF13 [27]. Moreover, MRPL13 can also
promote the malignant progression of tumors by
inhibiting the expression of protective genes, such as
NIFX and CBX7 [28, 29]. All of these results indicate
that the MRPL13 gene may interact with many genes
and play a role in multiple cancers through various
pathways, which is an interesting phenomenon that
warrants further investigation. The enrichment analysis
of biological processes indicates that MRPL13 may
regulate mitotic cell cycle phase transition, cell cycle
regulation, and DNA replication across cancers. These
pathways have been mentioned in previous studies [30].
The enrichment analysis of cellular components suggests
that MRPL13 is related to mitochondrial intima and
mitochondrial protein complexes, as well as translation
factor activity and RNA binding. Other enriched
pathways included amyotrophic lateral sclerosis and
Huntington disease. These findings indicate that
MRPL13 can not only affect the tumor process itself but
also form a complex regulatory network by regulating
coexpressed genes and ultimately promote the formation
and development of tumors.

Somatic mutations are critical in determining tumor
heterogeneity. By comparing the mutations of patients
with high and low MRPL13 expression, it is concluded
that MRPL13 may make tumor cells escape the cell
cycle checkpoint, avoid apoptosis and aging, and gain
abnormal proliferation ability by affecting the classical
TP53 mutation. Tumor mutation burden (TMB) is an
immunotherapy biomarker that reflects the genetic
potential of the immune system in resisting tumor
rejection. Patients with TMB mutations are more likely
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to benefit from the efficacy of PD-1/PD-L1 inhibitors
[31]. Cancer with a positive correlation between TMB
and MRPL13 may benefit more from treatment with
immune checkpoint inhibitors. Moreover, microsatellite
instability (MSI) refers to a special mutation of new
microsatellite alleles due to the insertion or deletion of
repetitive units compared with normal tissues. Cancer
cells in MSI patients may have greater variation and are
more easily recognized by the immune system. Patients
with high MSI typically exhibit immunogenicity and
extensive T-cell infiltration, which leads to a good
clinical response to immune checkpoint inhibitors [32].
Furthermore, homologous recombination defects (HRDs)
result in defects in the repair pathway of DNA double-
strand breaks. HRD is highly sensitive to platinum drugs
and PARP inhibitors that cause DNA breaks, making
HRD an essential biomarker in ovarian cancer treatment
[33]. Furthermore, chromosome instability involved
in cancer development is the principle of polyploid
mutation. Polyploidy is a common indicator of tumors
and is closely related to tumor prognosis. Estimating the
tumor’s purity and ploidy is beneficial to understanding
cancer genome evolution and heterogeneity within the
tumor [34]. Finally, in the analysis of gene expression
and dryness score, we found that the expression of
MRPL13 was directly proportional to the dryness score
of cancer cells in most pan-cancers. It has been proven
that MRPL13 can prevent treatment by promoting cell
self-renewal and strengthening drug resistance. The
malignant growth of the tumor is realized. In conclusion,
MRPL13 could be a potential predictive biomarker for
immunotherapy of malignant tumors, including lung
adenocarcinoma (LUAD).

The tumor microenvironment is a complex ecosystem
that includes tumor cells, tumor-related cells, immune
and inflammatory cells, interstitial tissues, microvessels
and various cytokines and chemokines [35, 36]. The type
and quantity of immune cell infiltration largely determine
the effect of immunotherapy, the possibility of immune
escape, and the drug resistance of immunotherapy [37].
Our study showed that high expression of MRPL13 is
negatively correlated with immune cell infiltration in
BRCA, LUAD, HNSC, and STAD. The low expression
group of MRPL13 in lung adenocarcinoma showed
higher levels of CD8* T cells, B cells, NK cells, and
macrophages. These immune cells have positive effects
on antitumor immunity. Macrophages may directly Kill
tumor cells in the early stage, while NK cells, T cells, and
B cells may play an antitumor role in subsequent specific
immunity [38, 39]. Another main finding is that in
most pan-cancers, including UVM, GBMLGG, SKCM,
KICH, and LGG, MRPL13 is positively correlated with
most chemokines, receptors, and immune-stimulation
and immunosuppression marker genes and negatively
correlated with a few pan-cancers, such as ESCA, HNSC,

and LUSC. Additionally, MRPL13 showed a strong
relationship with immune checkpoint suppressor genes
such as VEGFA, CD274 (PD-L1), and CTLA4 across
various tumors. Finally, we obtained inverse relationships
between MRP13 expression and stromal, immune, and
ESTIMATE scores in patients with LUAD. MRPL13 can
weaken the antitumor immune effect by affecting the
tumor immune microenvironment. Therefore, MRPL13
may exert a negative influence in regulating the immune
response of cancer and act as a potential molecular
marker for the benefits of immunotherapy, especially in
LUAD. Patients with low expression of MRPL13 may
benefit more from immunotherapy.

Cuproptosis, a new type of cell death mentioned recently,
is induced by copper ion carriers and differs significantly
from traditional types of cell death, such as apoptosis,
ferroptosis, and necrosis. The discovery of cuproptosis
provides a new approach to exploring the treatment
mechanism of tumors. Therefore, it is essential to
examine the relationship between molecular markers and
cuproptosis-related genes. Our study showed that
MRPL13 and its associated genes were significantly
correlated with cuproptosis-related genes across cancers,
with the most significant ones being FDX1, GCSH,
DLST, and DLD. FDX1, which plays a crucial role in
oxidative stress, trace copper transport, and mito-
chondrial metabolism, and has been shown in previous
studies to be closely related to cuproptosis [40]. GCSH
regulates extracellular acidification by controlling the
release of lactate dehydrogenase, and low expression
leads to damage to cell metabolic activity [41]. DLST, an
important gene related to cuproptosis, controls glutamine
from entering the tricarboxylic acid cycle (TCA) for
oxidative decarboxylation, and its deletion inhibits the
production of NADH and damages OXPHOS, leading to
cell growth stagnation and apoptosis [42]. In head and
neck squamous cell carcinoma, dihydrolipoamide
dehydrogenase regulates cell death through cystine
deprivation [43]. Our results suggest that MRPL13 may
influence genes that regulate tumor progression, which
provides insight into the potential role of MRPL13 in
cuproptosis and tumor treatment.

We investigated the changes in the functional status of 14
cancers caused by MRPL13. By downloading the single-
cell data in the CancerSEA database and uploading the
data to Xiantao Academic to draw a correlation map, it
was found that the expression of MRPL13 is significantly
related to the cell cycle in most cancers. The cell cycle is
a crucial biological process in cancer cell differentiation
and has been a major area of focus in cancer research.
Early studies identified inhibitors of cyclin and the
cyclin-dependent kinase complex as part of the cell cycle
checkpoint and proposed molecular approaches to
prevent DNA-damaged cells from replicating their DNA.
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Recent studies have shown that the cell cycle mechanism
regulates cell adhesion specifically, primarily through
cyclin-dependent kinase 1 (CDK1), and have elucidated
the molecules that mediate crosstalk between cell
adhesion and the cell cycle [44]. In lung adenocarcinoma
(LUAD), MRPL13 expression was found to be directly
proportional to metastasis, epithelial-mesenchymal tran-
sition (EMT), the cell cycle, DNA repair, invasion, DNA
damage, and proliferation but inversely proportional
to hypoxia and inflammation. These findings suggest
that MRPL13 affects tumor prognosis through multiple
pathways.

Moreover, downstream targets of a gene can be easily
identified through the PPI network and related analysis
methods, providing a strong foundation for subsequent
experimental analyses. However, discovering the up-
stream molecules of a target gene has always been
a challenge in bioinformatics analysis. In this study,
the GPSAdb database was employed to identify
the upstream gene FOXM1, which may induce changes
in MRPL13 expression after knockout in lung
adenocarcinoma cell lines. Furthermore, the correlation
between MRPL13 expression and FOXM1 expression
was confirmed in various pan-cancers, which enriches
the theoretical framework of MRPL13’s role in
promoting the occurrence and progression of pan-
cancer. Nevertheless, the limitation of this analysis is
that the obtained relationship between MRPL13 and
FOXML1 is not a clear indicator of correlation but
rather an upstream-downstream relationship derived
from data changes. Therefore, further experiments are
needed to confirm the findings.

In the in vivo experiment, we utilized CCK-8, flow
cytometry, and Transwell assays to demonstrate that
MRPL13 knockout effectively reduced cell proliferation,
increased the number of cells in the nondividing phase,
and attenuated cell migration. Our findings are consistent
with those of previous studies, further substantiating the
positive impact of MRPL13 on tumor cell proliferation
and metastasis [45]. Decreasing MRPL13 expression
may therefore be a promising strategy to inhibit tumor
initiation and progression.

Our research is also insufficient because pan-cancer
analysis involves a large number of cancer types. The
results of bioinformatics analysis are slightly different,
and even contradictory explanations appear in different
cancer types. In addition, in the experimental veri-
fication, due to the influence of various factors, we
cannot obtain all types of cancer samples, which leads
to our verification only in lung adenocarcinoma. Further
clinical studies are needed in the future to explore the
role of MRPL 13 in tumor diagnosis, prognosis and
treatment.

In conclusion, this study provides the first
comprehensive analysis of the role of MRPL13 in
pan-cancer development. Based on its differential
expression in tumors and normal tissues, MRPL13
can serve as a diagnostic and prognostic marker
for LUAD, BRCA, STAD, and HNSC, as well as gene
mistranslation mutations. Additionally, MRPL13
expression correlated inversely with CD4+ T cells and
macrophages in the immune microenvironment but
directly with most immune genes. The expression
of MRPL13 and its related genes is also directly
proportional to the composition of copper death genes,
suggesting a potential role in cuproptosis. Knockout of
FOXML1 resulted in altered MRPL13 expression,
indicating the possible involvement of FOXML1 in
MRPL13 regulation. Single-cell data further confirmed
the positive association between MRPL13 expression
and various cancer cell states, including the cell cycle,
invasion, metastasis, and proliferation. Moreover,
in vitro experiments confirmed that MRPL13 knockout
reduced cell proliferation, arrested cells in nondividing
phases, altered EMT protein expression, and reduced
cell migration, supporting the potential of MRPL13 as
a therapeutic target for LUAD. Nonetheless, further
research is necessary to investigate the molecular
pathways and functions of MRPL13 in cancer.
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Supplementary Figure 1. Representative immunohistochemical staining (IHC) shows the differences in the expression of
MRPL13 between tumor samples and normal samples in HPA database and verification the relationship between MRPL13
expression and prognosis of pan-cancer in GEO. (A—C) Comparison of MRPL13 protein expression between tumor and normal samples.
(D) Comparison of MRPL13 protein expression between Microsatellite Instability-High and Microsatellite Instability-Low samples. (E-H)
Representative immunohistochemical staining (IHC) images of pan-cancer in HPA database. (I) Kaplan-Meier analysis verifies the relationship
between MRPL13 expression and OS in GEO database. (J-M) Enrichment analysis results of MRPL13 expression-related genes in BRCA, LUAD,

HNSC and STAD. *p < 0.05, **p < 0.01, ***p < 0.001.
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Supplementary Figure 2. Relationship between MRPL13 expression and somatic mutation and tumor dryness score.
(A) Somatic mutation in high and low MRPL13 expression groups. (B—G) Correlation between MRPL13 expression and tumor dryness score
(DNAss, EREG-METHss, DMPss, ENHss, RNAss, EREG.EXPss).
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Supplementary Figure 3. The relationship between genetic alterations of MRPL13 and its expression in general cancer.
(A) MRPL13 mutation and gene expression in pan-cancer. (B) The mutation of MRPL13 in individual tumors.

WWw.aging-us.com 10669 AGING



A BRCA.

08 e D e e Y e
gos *’ " MRPL13
' “ M' HM}“T' MMHWHH B
E’_:Z T T T T T

o«a\b\» 3 @,é\ﬁ\%ﬁ\b \aa,\,\’\é \a\bae
&

08
S 0 L2 4
o el ""ww”"Hw

¢ i‘:i@‘"f iﬁ,\é"& i@"i&‘f@ . \;f;efﬁ\\b ¢ «i PR &é,@\i\« 'if\h

c S

. Luso.
, 08
g i ” MRPL13
B ”H ””””””M’ “"MHHHH’ 3
fé 02
S . s :
PRI R, &@,} RN E NIRRT
D e S SIS & <
08 é‘ - .
8 os ” H ” '
2 04 . ‘ " ’ ‘6. Mnma
e H“’H i
-02 5‘0&&0&»0&@ &@&6 &,ﬁ &\9 ;&e &\e & o“ @\a &\a s @é ,\qb @b\ «&ga \9
‘5§’0~X°\§ & & & &; 6@(9 & ’ @qﬁ S Q&
&

MRPL13_exp
Knuskar Was Tost. Py=1. 6e-37
n=C1 369,C2 390,C3 191,C4 92,C6 40

S10
a
I
™ 8
2
c
S 6
7]
g +
g 4
w

Cl C2 C3 Ca4a C6

Subtype
HNSC - MRPLIS oxp
Krusia)

neC1 128.C2 379.C3 5,04 700 3
=
S
L7
§GJ
s
S g |
g 8
g} -
a5l

Cl1 C2 C3 Ca CcCé
Subtype

LUAD :: MRPL13_exp
Kruskal-wallis Test: Pv=1 58e-
11 85,03 147.C3 170.CA 20,00 28

STAD
Kruskal-Wallis

PV=5 Ge-16
.02 10,05 36.04 5,00 7

©

Expression (log2CPM)
S

(o} c2
Subtype

MRPLIS exp

o N ©

Expression (log2CPM)
W s 0

C1 (wound healing) C4 (lymphocyte depleted),
C2 (IFN-g dominant); C5

C3 (inflammatory); C8 (TGF-b dominant)

ally quiet);

Supplementary Figure 4. Relationship between MRPL13 expression and immune cell infiltration and immune subtypes.
(A-D) The infiltration of immune cells according to the high and low expression of MRPL13 in BRCA, LUAD, HNSC and STAD. (E—-H) TISIDB

analysis showed the association between MRPL13 expression level and 5 immune subtypes.
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Supplementary Figure 5. Immune-associated infiltration with MRPL13. (A) Analysis of immune-associated cells infiltration with
MRPL13 expression in BRCA, LUAD, HNSC and STAD. (B-D) The relationship between Stromal, Immune and ESTIMATE scores with MRPL13.
p = 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.
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Supplementary Figure 6. Correlation of RNA modifications (m1A, m5C, and m6A) and MRPL13 in different types of cancers.

*p-value < 0.05.
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Supplementary Tables

Supplementary Table 1. Comparison of clinical characteristics of patients with high and low MRPL13

expression.

Characteristic Low expression of MRPL13  High expression of MRPL13 p

N 267 268

Age, n (%) 0.095
<=65 119 (23.1%) 136 (26.4%)
>65 142 (27.5%) 119 (23.1%)

Gender, n (%) 0.090
Female 153 (28.6%) 133 (24.9%)
Male 114 (21.3%) 135 (25.2%)

Race, n (%) 0.565
Asian 4 (0.9%) 3 (0.6%)
Black or African American 32 (6.8%) 23 (4.9%)
White 204 (43.6%) 202 (43.2%)

T stage, n (%) <0.001
T1 111 (20.9%) 64 (12%)
T2 123 (23.1%) 166 (31.2%)
T3 22 (4.1%) 27 (5.1%)
T4 9 (1.7%) 10 (1.9%)

N stage, n (%) 0.008
NO 187 (36%) 161 (31%)
N1 41 (7.9%) 54 (10.4%)
N2 27 (5.2%) 47 (9.1%)
N3 0 (0%) 2 (0.4%)

M stage, n (%) 0.296
MO 162 (42%) 199 (51.6%)
M1 8 (2.1%) 17 (4.4%)

Pathologic stage, n (%) 0.015
Stage I 164 (31.1%) 130 (24.7%)
Stage I1 56 (10.6%) 67 (12.7%)
Stage 111 34 (6.5%) 50 (9.5%)
Stage IV 9 (1.7%) 17 (3.2%)

Primary therapy outcome, n (%) 0.175
PD 29 (6.5%) 42 (9.4%)
SD 18 (4%) 19 (4.3%)
PR 3 (0.7%) 3 (0.7%)
CR 182 (40.8%) 150 (33.6%)

Smoker, n (%) 0.206
No 43 (8.3%) 32 (6.1%)
Yes 217 (41.7%) 229 (44%)

OS event, n (%) <0.001
Alive 196 (36.6%) 147 (27.5%)
Dead 71 (13.3%) 121 (22.6%)
Age, median (IQR) 67 (59, 73) 65 (58.5,71) 0.078
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Supplementary Table 2. Clinical
characteristics of patients with
tumor samples participating in
immunohistochemistry.

Characteristics
N 50
Age, n (%)
<=65 19
>65 31
Age, median (IQR) 69.2
Gender
Female 32
Male 18
T stage
Tl 26
T2 18
T3 4
T4 2
N stage
NO 43
N1 7
N2 0
N3 0
M stage
MO 50
Ml 0
Pathologic stage
Stage | 32
Stage 11 12
Stage II1 6
Stage [V 0
Smoker
No 39
Yes 11
OS event
Alive 46
Dead 4
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Supplementary Materials

Please browse Full Text version to see the data of Supplementary Materials 1, 2, 7-10.

Supplementary Material 1. Differentially expressed genes in patients with high and low expression of MRPL13

(median expression is the boundary).

Supplementary Material 2. The results of GSEA enrichment analysis of differential genes in patients with high

and low expression of MRPL13.

Supplementary Material 3. Experimental details

of gRT-PCR assay, Western blotting analysis,

immunohistochemistry (IHC) staining assay, cell viability assay, Transwell assay and flow cytometry assay.

gRT-PCR assay

Total RNA was extracted using the RNA-Quick
Purification kit. cDNA Synthesis reagent was used
to reverse transcribe RNA into cDNA. Real-time
quantitative PCR (RT-qPCR) was done using the Roche
Light Cycler 480 Detection System. All reagents are
used according to the manufacturer’s instructions. In this
study, the relative expression of the MRPL13 were
normalized to GAPDH levels, and the relative gene
expression was determined by the 2—AACT method. The
primers in gPCR were as follows: GAPDH forward
primer: GGTGAAGGTCGGAGTCAAC. GG, and
reverse primer: GAGGTCAATGAAGGGGTCATTG;
MRPL13 forward primer: CTTCGCATACTGGCTACC,
reverse primer: CTTCTGGAATATACTCATCTGG.

Western blotting analysis

Protein in tissue sample was extracted by the mixture
of RIPA buffer and PMSF (100:1). The protein
concentration of the samples was determined by
the BCA protein assay Kkit. After sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, protein was
transferred to polyvinylidene fluoride membrane (280
mA, 2 h). After sealing with 5% skim milk for 2 hours,
the membrane was incubated with the primary antibody
at 4 C overnight. The second antibody was incubated
at room temperature (22-25 C) for 2 hours. Reactive
protein bands were found using enhanced chemilumi-
nescence (ECL), and the intensity of these membranes
was determined using ChemiDoc™ MP Imaging System
(Bio-Rad, USA). The antibodies used are as follows:
MRPL13 (1:10000, ab190232, Abcam, Cambridge, UK).

Immunohistochemistry (IHC) staining assay

LUAD samples were taken from 50 patients who
underwent surgical treatment in Zhejiang People’s
Hospital from 2020 to 2022. In short, tissue sections were
incubated with antibodies against MRPL 13 (10 g/ml,

Abcam) overnight, then with secondary antibodies, then
stained with DAB, and finally counterstained with
hematoxylin.

Cell viability assay

According to the manufacturer’s suggestion, CCK-8
reagent was used to test the effect of MRPL13 gene
knockout on LUAD cell viability. H1975 cells in the
experimental group and the control group were
inoculated into 96-well plates at a cell density of 5x103
per well. After 12 hours, it was changed to a medium
containing 10% CCK-8 reagent, incubated in the dark,
and then the absorbance at 450 nm was measured by an
enzyme-labeled instrument (Synergy LX, BioTek, USA).

Transwell assay

We used Transwell membrane to detect the invasion and
migration of LUAD cells. LUAD cells were digested with
trypsin, and the same number of cells were inoculated in
the upper layer of 24-well chamber with serum-free
medium, and the lower layer was the control medium
containing 15% serum. At the same time, during the
invasion experiment, a layer of Matrigel matrix (Corning,
USA) was laid on the bottom of the chamber (0.1ml/
24-well plate per hole (the concentration is 200-300
ug/mL)), and after 24 hours of culture at 37° C and 5%
CO2, the cells in the chamber were fixed with 4%
formaldehyde, stained with 1% crystal violet, and the
cells in the upper layer of the chamber were wiped with
cotton swabs. Under the microscope, the number of cells
entering the chamber was counted in five random areas
to evaluate the invasion and migration ability of cells.

Flow cytometry assay
Each group of transfected cells verified by RNA

was collected, and related reagents were prepared
according to the manufacturer’s instructions. Apoptosis
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was detected by Annexin V-FITC/PI double staining, were carried out on a Beckman flow machine. The
and cell cycle was analyzed by PI staining. All tests pictures were visualized with FLOWJO software.

Supplementary Material 4.
Intersection list of genes
related to MRPL13 in BRCA,
LUAD, HNSC and STAD.

DERLI1
C8orf76
DCAF13
POLR2K
ENY2
ELOC
NSMCE2
TMEM70
TATDNI1
MTEREF3
DSCC1
NTAQI
NUDCD1
NDUFB9
MRPL15
RBIS
C8orf33
COPS5
MED30
CYC1
CYRIB
MRPS28
EIF3H
ZFANDI1
PPIL1
PTGES3
EIF3E
MAD2LI1
RAN
H2AZ1
HSPE1
CACYBP
UBE2T
CKS2
BIRCS
LRR1
PSMA4
CKSI1B
CCT4
TNXB
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Supplementary Material 5. The list of
gene mutation rates of cells with high

and low expression of MRPL13.

Tag MutCount 1

TP53 242 0.000000667
TTN 230 0.000728261
CSMD3 187 0.013909758
ZFHX4 153 0.005672077
COLI11A1 99 0.022380166
CSMD1 98 0.029273059
PCDHI15 96 0.004025917
MUC17 93 0.005182263
PAPPA2 87 0.001919859
CDHI10 84 0.038470814
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Supplementary Material 6. The comprehensive evaluation score of MRPL13 protein between the cancer tissue
group and adjacent normal tissue group.

I:ll:erl:-er/ Doctor 1 Doctor 2 Doctor 3 Average Number/normal Doctor 1 Doctor 2 Doctor 3 Average

1 6 6 6 6 0 1 3 3 3 3 0

2 5 5 6 5.333333333  0.471404521 2 3 4 4 3.666666667 0.471404521
3 6 6 5 5.666666667  0.471404521 3 3 4 4 3.666666667 0.471404521
4 3 2 3 2.666666667  0.471404521 4 3 3 4 3.333333333 0.471404521
5 8 7 7 7.333333333  0.471404521 5 6 5 5 5.333333333 0.471404521
6 6 7 7 6.666666667  0.471404521 6 6 6 6 6 0

7 7 6 7 6.666666667  0.471404521 7 6 6 6 6 0

8 7 7 7 7 0 8 6 6 6 6 0

9 7 7 7 7 0 9 6 7 7 6.666666667 0.471404521
10 3 3 2 2.666666667  0.471404521 10 3 2 3 2.666666667 0.471404521
11 3 3 1 2.333333333  0.942809042 11 3 3 3 3 0

12 5 6 6 5.666666667  0.471404521 12 1 2 2 1.666666667 0.471404521
13 4 5 6 5 0.816496581 13 2 3 2 2.333333333 0.471404521
14 7 7 7 7 0 14 3 3 2 2.666666667 0.471404521
15 6 8 7 7 0.816496581 15 5 5 5 5 0

16 7 7 7 7 0 16 4 4 5 4.333333333 0.471404521
17 7 7 7 7 0 17 4 3 4 3.666666667 0.471404521
18 7 7 7 7 0 18 4 3 4 3.666666667 0.471404521
19 7 7 7 7 0 19 7 7 7 7 0

20 5 6 7 6 0.816496581 20 7 7 8 7.333333333 0.471404521
21 3 3 2 2.666666667  0.471404521 21 7 7 7 7 0

22 1 2 2 1.666666667  0.471404521 22 4 5 5 4.666666667 0.471404521
23 2 2 2 2 0 23 7 6 7 6.666666667 0.471404521
24 3 2 2 2.333333333  0.471404521 24 3 4 4 3.666666667 0.471404521
25 6 7 8 7 0.816496581 25 3 4 4 3.666666667 0.471404521
26 7 7 7 7 0 26 3 4 4 3.666666667 0.471404521
27 8 7 7 7.333333333  0.471404521 27 1 2 2 1.666666667 0.471404521
28 7 7 7 7 0 28 3 3 3 3 0

29 7 6 7 6.666666667  0.471404521 29 5 6 6 5.666666667 0.471404521
30 7 6 7 6.666666667  0.471404521 30 5 6 6 5.666666667 0.471404521
31 7 6 7 6.666666667  0.471404521 31 3 5 5 4.333333333 0.942809042
32 7 7 7 7 0 32 7 6 7 6.666666667 0.471404521
33 6 6 7 6.333333333  0.471404521 33 7 6 7 6.666666667 0.471404521
34 2 3 3 2.666666667  0.471404521 34 3 4 4 3.666666667 0.471404521
35 1 2 3 2 0.816496581 35 2 2 2 2 0

36 6 4 5 5 0.816496581 36 6 7 7 6.666666667 0.471404521
37 5 6 6 5.666666667  0.471404521 37 5 6 6 5.666666667 0.471404521
38 4 5 6 5 0.816496581 38 5 6 6 5.666666667 0.471404521
39 8 7 6 7 0.816496581 39 7 8 7 7.333333333 0.471404521
40 8 7 6 7 0.816496581 40 7 9 8 8 0.816496581
41 7 8 8 7.666666667  0.471404521 41 4 5 5 4.666666667 0.471404521
42 6 8 8 7.333333333  0.942809042 42 6 7 7 6.666666667 0.471404521
43 7 8 8 7.666666667  0.471404521 43 7 7 7 7 0

44 7 8 8 7.666666667  0.471404521 44 7 7 7 7 0

45 7 9 8 8 0.816496581 45 7 7 7 7 0

46 3 2 3 2.666666667  0.471404521 46 2 3 2 2.333333333 0.471404521
47 2 2 4 2.666666667  0.942809042 47 3 3 3 3 0

48 3 4 6 4.333333333  1.247219129 48 3 3 3 3 0

49 8 6 5 6.333333333  1.247219129 49 3 3 3 3 0

50 9 7 7 7.666666667  0.942809042 50 9 8 9 8.666666667 0.471404521
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Supplementary Materials 7. Figure 14 invasion raw data.

Supplementary Materials 8. Figure 14 migration raw data.

Supplementary Materials 9. Figure 14 wound healing raw data 1.

Supplementary Materials 10. Figure 14 wound healing raw data 2.
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