
Frontiers in Oncology

OPEN ACCESS

EDITED BY

Werner J Geldenhuys,
West Virginia University, United States

REVIEWED BY

Vahur Valvere,
North Estonia Medical Centre, Estonia
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Mitochondrial ribosomal proteins (MRPs) are essential components of

mitochondrial ribosomes, responsible for translating proteins encoded by

mitochondrial DNA and maintaining mitochondrial energy metabolism and

function. Emerging evidence suggests that MRPs exhibit significant expression

changes in multiple cancer types, profoundly affecting tumor biology through

modulating oxidative stress levels, inducing metabolic reprogramming,

disrupting cell cycle regulation, inhibiting apoptosis, promoting mitophagy, and

remodeling the tumor microenvironment. Specifically, MRPs have been

implicated in tumor cell proliferation, migration, invasion, and apoptosis,

highlighting their potential as therapeutic targets. This review summarizes the

multifaceted roles of MRPs in cancer, focusing on their impact on the tumor

microenvironment and their potential as prognostic biomarkers and therapeutic

targets. We also explore the implications of MRPs in precision oncology,

particularly in patient stratification and the design of metabolic targeted

therapies, offering new insights and research directions for the precise

prevention and treatment of cancer.
KEYWORDS
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1 Introduction

Cancer has become a major global health challenge, posing a serious threat to human

life and well-being. The Global Cancer Observatory (GLOBOCAN) estimates that by 2022,

there will be about 20 million new cancer cases and 9.7 million deaths annually (1). Among

them, breast, lung, colorectal and stomach cancers are the types of cancers with high

incidence and mortality rates (1). These statistics highlight the enormous burden of cancer

control and emphasize the urgent need for effective strategies to reduce cancer incidence

and mortality.

Cancer is a highly complex biological process involving the interaction of numerous

internal and external factors. Tumor formation is closely linked to intracellular gene
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mutations and epigenetic alterations that contribute to the

transformation of normal cells into malignant cells (2). The

development of tumors depends on the transformation of cells

and their interactions with the microenvironment (3), which

involves major changes in cellular metabolism, signaling, and

gene expression patterns (4). Cancer cells often exhibit changes in

metabolic characteristics. For example, even in the presence of

oxygen, glycolysis can increase (the Warburg effect), which gives

them a growth advantage (5). This metabolic reprogramming is not

only influenced by genetic factors, but is also closely related to

hypoxic environments and mitochondrial dysfunction.

Mitochondria are the energy centers of the cell, responsible for

producing ATP through oxidative phosphorylation (OXPHOS) and

participating in key metabolic pathways (6). However,

mitochondrial dysfunction is associated with a variety of diseases,

including cancer (7). Mitochondrial dysfunction leads to increased

oxidative stress, altered energy metabolism, and impaired cell

signaling, all of which can contribute to the development of

cancer. Recent studies have shown that mitochondrial

dysfunction plays a key role in the carcinogenic process by

affecting metabolic reprogramming, oxidative stress responses,

and treatment responses (8).

Mitochondrial ribosomal proteins (MRPs) are crucial for

maintaining mitochondrial function and synthesizing

mitochondrial proteins (9). MRPs are encoded by nuclear genes

and imported into the mitochondria, where they play an essential

role in mitochondrial protein synthesis. New evidence suggests that

the dysregulation of MRPs drives tumorigenesis by regulating

tumor cell proliferation, migration, invasion, and apoptosis (10).

MRPs can act as metabolic switches, linking mitochondrial

dysfunction to cancer hallmarks such as sustained proliferation,

evasion of apoptosis, and metastasis.

Given the critical role of MRPs in tumorigenesis and cancer

progression, they offer new insights into precision oncology. They

have the potential to serve as dual biomarkers for prognosis and

therapeutic targeting. By linking mitochondrial dysfunction to

cancer hallmarks, MRPs provide a unique opportunity to stratify

patients based on their molecular profiles and design personalized

therapies targeting cancer metabolism. This review aims to

highlight the emerging role of MRPs in cancer research and

explore their potential as prognostic markers and therapeutic

targets to offer new insights and research directions for the

precise prevention and treatment of cancer.
2 The functions of MRPs

Mammalian mitochondrial ribosomes consist of a small 28S

subunit (mt-SSU) and a large 39S subunit (mt-LSU), which together

form the 55S mitochondrial ribosome. The mt-SSU is assembled

from 12S rRNA and 30MRPs, while the mt-LSU is composed of 16S

rRNA and 52 MRPs (11, 12). Mammalian mitochondrial ribosomes

possess unique structural features that significantly distinguish

them from bacterial ribosomes (13). For instance, the L1 stalk
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and P-site finger of mitochondrial ribosomes have distinct

structures that are likely closely related to tRNA recognition and

intersubunit communication (14). Additionally, the ratio of

proteins to rRNA is higher in mammalian mitochondrial

ribosomes, and this difference leads to substantial changes in their

structure and function (15). For example, the reduced content of

rRNA affects the structural characteristics of certain functionally

relevant regions, such as tRNA binding sites and the exit tunnel for

nascent polypeptides (14). Mammalian mitochondrial ribosomes

contain at least 82 MRPs, 36 of which have no homologs in bacterial

or cytoplasmic ribosomes (16). The presence of these unique MRPs,

along with structural extensions of many MRPs that are

homologous to bacterial ribosomal proteins, endows mammalian

mitochondrial ribosomes with distinct functions in recognizing and

translating mitochondrial mRNAs (16). Notably, a gate-like

structural feature exists at the mRNA entrance of the mt-SSU,

which is implicated in the recruitment of leaderless mitochondrial

mRNAs to initiate protein synthesis on the mitochondrial ribosome

(14). This feature reflects the adaptation of the mitochondrial

ribosome to the characteristics of the mitochondrial genome

during evolution and represents an important distinction of

mammalian mitochondrial ribosomes from other ribosome types.

Mitochondrial ribosomes are responsible for translating the 13

proteins encoded by mitochondrial DNA (mt-DNA) (Figure 1),

which are essential components of the mitochondrial respiratory

chain complexes and crucial for mitochondrial energy metabolism

and function (11). These proteins are involved in the process of

OXPHOS, a key step in cellular energy production (12). The normal

function of MRPs ensures efficient translation of mt-DNA-encoded

proteins, thereby maintaining the integrity and functionality of the

mitochondrial respiratory chain (17).

Recent studies have shown that some MRPs not only play

important roles in protein synthesis within the mitochondria but

also have biological functions outside the mitochondria. These

functions involve the regulation of cell signaling, gene

transcription, and associations with various diseases. For example,

certain MRPs participate in the regulation of cell signaling

pathways, affecting cell development and homeostasis.

Abnormalities in MRPs may activate intracellular signaling

pathways, such as the Notch1 and PI3K/AKT pathways (18, 19),

which in turn can further influence cell proliferation, invasion, and

metastasis. Moreover, MRPs regulate the transcription of

mitochondrial genes through various mechanisms. For instance,

MRPL12 can directly bind to mitochondrial RNA polymerase

(POLRMT) to regulate mitochondrial gene transcription (20).

This regulatory mechanism is crucial for maintaining the balance

of mitochondrial gene expression. Abnormalities in MRPs are

associated with the development of various diseases. For example,

mutations in theMRPL12 gene can lead to decreased mitochondrial

oxidative phosphorylation and impaired biosynthetic capacity,

resu l t ing in symptoms such as growth re tardat ion ,

neurodegeneration, and defects in mitochondrial translation in

patients (21). Additionally, abnormalities in MRPs are linked to

the occurrence and development of cancer (10).
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3 MRPs and cancer

The metabolic reprogramming of tumor cells is a key feature

that enables them to adapt to rapid proliferation and harsh

microenvironments (22). The Warburg effect, characterized by

aerobic glycolysis , is a central manifestat ion of this

reprogramming (5) and is closely related to the activation of

oncogenes, inactivation of tumor suppressor genes, hypoxic

conditions, mutations in mitochondrial DNA, and the genetic

background of cancer cells (23). Despite these changes, OXPHOS

remains important in some tumors, providing cancer cells with

necessary energy (24). However, reduced OXPHOS function can

decrease the production of reactive oxygen species (ROS), thereby

inhibiting cancer cell growth and survival (24). MRPs play a crucial
Frontiers in Oncology 03
role in maintaining mitochondrial function and the operation of the

OXPHOS system. Changes in their gene expression and function

are closely related to OXPHOS damage, revealing the potential role

of MRPs in cancer development and progression (25).

Mitochondrial dysfunction is often accompanied by upregulation

of MRP expression, which further promotes the shift of glucose

metabolism towards glycolysis and lactate production (26),

providing a growth advantage for cancer cells and being closely

related to tumor molecular characteristics (27). In recent years,

research has shown that the significant changes of MRPs in multiple

cancers is closely associated with malignant proliferation, invasion,

metastasis, and poor prognosis (Table 1). These findings suggest

that their expression levels may serve as important biomarkers for

tumor diagnosis, prognosis assessment, and treatment response.
FIGURE 1

The function of mitochondrial ribosomes: Mitochondrial ribosomes consist of a small subunit (mt-SSU) and a large subunit (mt-LSU) that accurately
translate mRNA transcribed from mitochondrial DNA (mt-DNA) into polypeptides, which subsequently assemble into subunit proteins of the
respiratory chain complexes.
TABLE 1 The association of MRPs with cancers.

Cancers MRPs
Association of Transfer Traits with

Expression Patterns
Expression References

Breast cancer

MRPL3 Poor prognosis ↑ (31)

MRPL12
Poor prognosis, proliferation,
migration

↑ (32)

MRPL13
Poor prognosis,
proliferation, migration,
EMT

↑
(29, 30, 32,
42–45)

MRPL15 Tumor recurrence, distant metastasis, drug resistance (146)

MRPL41 ↑ (156)

(Continued)
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TABLE 1 Continued

Cancers MRPs
Association of Transfer Traits with

Expression Patterns
Expression References

MRPL52 Migration, invasion, EMT ↑ (18)

MRPS6
Poor prognosis,
Proliferation

↑ (49)

MRPS18-2 Proliferation, metastasis, invasion (34)

MRPS23 Proliferation, metastasis ↑ (35, 47–49)

MRPS27 Metastasis, drug resistance ↑ (46)

MRPS30 Poor prognosis, proliferation, invasion ↑ (36–41)

Lung Cancer

MRPL9 Poor overall and relapse-free survival, metastasis ↑ (61)

MRPL12
Poor prognosis, proliferation, migration,
metastasis, invasion

↑ (54, 55, 57)

MRPL13
Poor prognosis, proliferation, migration capacity,
metastasis, invasion, EMT

↑ (52, 53)

MRPL15 Poor prognosis ↑ (60)

MRPL41 ↓ (62)

LUAD
MRPL19 Poor prognosis, growth, migration, infestation ↑ (59)

MRPL42 Poor prognosis, proliferation, migration, infestation ↑ (58)

Gastric Cancer

MRPL35 Poor prognosis, migration, infestation, transfer ↑ (72, 73)

MRPL39
Poor prognosis,proliferation, migration,
metastasis, invasion

↓ (76)

MRPS5 Disease-specific survival ↓ (77)

MRPS17 Poor prognosis, infestation ↑ (74, 75)

DAP3 (MRPS29) Poor prognosis, cell migration, drug resistance ↓ (78)

Liver cancer

MRPL13 Infestation (25)

MRPS31 Infestation (86)

MRPL38 (87)

MRPS18A ↑ (81)

MRPS23 Poor prognosis (82, 83)

MRPS5 Poor prognosis ↑ (84)

MRPL48 Proliferation, migration, infestation (85)

MRPL9 ↑ (88–90)

MRPS12 (91, 92)

Colorectal cancer

MRPL52 ↑ (68)

MRPL33 Proliferation (67)

MRPL35 Proliferation ↑ (64)

MRPL43 Poor prognosis, proliferation, infestation, migration ↑ (66)

CRIF1 (MRPL64) ↓ (65)

DAP3 (MRPS29) Poor prognosis ↑ (70)

Thyroid cancer
MRPL44 Lymphatic node transfer (97)

MRPL9 Proliferation, migration ↑ (95)

(Continued)
F
rontiers in Oncology
 04
 frontiersin.org

https://doi.org/10.3389/fonc.2025.1586137
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zhu et al. 10.3389/fonc.2025.1586137
Therefore, in-depth research on the mechanisms of action of MRPs

and their relationship with tumor metabolism is of great

significance for revealing the molecular mechanisms of tumor

development and progression and for developing new prognosis,

diagnostic and therapeutic strategies.
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3.1 MRPs and breast cancer

Breast cancer is one of the most common malignancies among

women worldwide, characterized by high rates of incidence and

mortality (28). Recent studies have highlighted the crucial role of
TABLE 1 Continued

Cancers MRPs
Association of Transfer Traits with

Expression Patterns
Expression References

MRPL14 Proliferation, migration, invasion ↑ (96)

SACC MRPL23 Poor prognosis, metastasis ↑ (98)

OSCC
MRPL23 ↓ (99)

MRPL52 ↑ (100)

OPSCC MRPL33 ↑ (101)

HNSCC
MRPL34 ↑ (101)

MRPL47 ↑ (102)

Head and neck
tumor

MRPL11 ↑ (94)

AML

MRPL49 ↑ (107)

CRIF1 (MRPL64) ↓ (105, 106)

MRPL33 ↑ (108)

ALL MRPL47 (157)

Glioma
MRPL42 Proliferation ↑ (113)

MRPS16 Proliferation, migration, infestation ↑ (19)

Glioblastoma MRPL35 (114)

Ovarian cancer

MRPL15 Poor prognosis ↑ (116)

MRPS31 ↓ (116)

MRPS12 Poor prognosis ↑ (117)

Cervical cancer MRPL11 Proliferation, infestation (119)

Endometrial cancer MRPS18-2 Proliferation ↑ (118)

Neuroblastoma MRPL3 Event-free survival (127)

Cholangiocarcinoma
MRPS18A Poor prognosis (128)

MRPL27 Poor prognosis ↑ (129)

Pancreatic cancer
MRPL28 ↓ (123)

MRPL12 ↓ (123)

Prostate cancer MRPS18-2 Migration ↑ (122)

Bladder cancer
MRPL4 (125)

MRPL23 Poor prognosis ↑ (124)

Uveal melanoma MRPS11 (130)

Renal cancer MRPL41 ↓ (62)

ACC MRPS23 Proliferation ↓ (121)

Osteosarcoma MRPS7 (126)
↑, Increased expression of MRPs is associated with the trait. ↓, Decreased expression of MRPs is associated with the trait. LUAD, lung adenocarcinoma. SACC, salivary adenoid cystic carcinoma.
OSCC, oral squamous cell carcinoma. OPSCC, oropharyngeal squamous cell carcinoma. HNSCC, head and neck squamous cell carcinoma. AML, acute myeloid leukemia. ALL, acute
lymphoblastic leukemia. ACC, adrenocortical carci-noma. EMT, epithelial-mesenchymal transition.
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MRPs in the occurrence, development, and prognosis of breast

cancer (29), suggesting a strong correlation between mitochondrial

function and tumor cell behavior. Specifically, MRPs are involved in

key cellular processes such as cell proliferation, apoptosis, and cell

cycle regulation (30), all of which directly influence breast cancer

formation and progression.

Multiple studies have shown that the expression of several MRP

genes is significantly upregulated in breast cancer cells and tissues,

such as MRPS30, MRPL3, MRPL12, MRPL13, MRPL52, MRPS6,

MRPS18–2 and MRPS23 (18, 31–36). This upregulation

underscores the close link between mitochondrial function and

the proliferation and survival of breast cancer cells.MRPS30 plays a

key role in the development of breast cancer, particularly in

disrupting cell behavior (37). The high levels of MRPS30-DT in

breast cancer patients are positively correlated with poor prognosis,

and knocking down MRPS30-DT in the breast cancer cell

significantly inhibits cell proliferation and invasion and induces

apoptosis (38), suggesting its potential as a prognostic biomarker

and therapeutic target. Genome-wide association studies (GWAS)

have identified several genetic variants within the MRPS30 gene on

chromosome 5p12, such as rs930395, rs10941679, rs2067980, and

rs4415084, which are positively correlated with increased breast

cancer risk (39, 40). The risk allele of rs4415084 is activated by

coordinating the function of the MRPS30 gene, further confirming

its importance in breast cancer development (39, 40). Another

study found that the single nucleotide polymorphism (SNP)

rs7716600 and rs4415084-T risk allele on chromosome 5p12

region is positively correlated with high expression levels of
Frontiers in Oncology 06
MRPS30 and its neighboring long non-coding RNA RP11-

53O19.1 (36, 41). The rs4321755-T allele promotes the

transcription of MRPS30 and RP11-53O19.1 through an enhancer

within a GATA3 binding site, leading to changes in GATA3 binding

and chromatin accessibility (41). TheMRPS30 gene in 5p12 regio is

upregulated in estrogen receptor-positive(ER-positive) breast

cancer, suggesting that this SNP may influence the development

of estrogen receptor-positive tumors by regulating the expression of

MRPS30 (36). Luciferase reporter gene assays have shown that the

functional SNP rs3747479 (MRPS30) significantly alters the

promoter activity of the target gene in both ER-positive and ER-

negative breast cancer cell lines (37), further validating the

functional role of MRPS30 and its genetic variants in breast cancer.

The expression of the MRPL3 is upregulated in breast tumor

tissues, positively correlating with cancer progression, receiver

operating characteristic(ROC) curve and Kaplan-Meier survival

analyses, which indicates its potential as a diagnostic and

prognostic biomarker for breast cancer (31). Similarly, MRPL13

promotes the growth and spread of breast cancer by influencing

cellular metabolism and energy demands, and its high expression is

significantly correlated with clinical pathological factors and

considered a poor prognostic indicator (29, 30, 32, 42–44).

Functional studies have shown that MRPL13 promotes

proliferation and migration as well as epithelial-mesenchymal

transition (EMT) process by triggering activation of the PI3K/

AKT/mTOR signaling pathway in breast cancer cells (Figure 2)

(45). This highlights its significant role in breast cancer metastasis

and invasion. Similarly, knocking down MRPL12 and MRPL13 in
FIGURE 2

MRPL13 regulates the PI3K/AKT/mTOR signaling pathway to promote proliferation, migration, and EMT in breast cancer cells. (1) Upregulation of the
MRPL13 gene increases the synthesis of MRPL13 protein, (2) which in turn causes mitochondrial dysfunction. (3) This alteration in mitochondrial
function aberrantly activates PI3K, (4) which phosphorylates PIP2 on the cell membrane to generate PIP3. (5) PIP3 recruits and activates AKT, (6) and
phosphorylated AKT subsequently activates mTOR. Phosphorylated mTOR promotes proliferation and migration of breast cancer cells, as well as the
EMT process. PI3K, Phosphoinositide 3-Kinase. PIP2, phosphatidylinositol-4,5-bisphosphate. PIP3, phosphatidylinositol-3,4,5-trisphosphate. AKT,
Protein Kinase B. mTOR, Mechanistic Target of Rapamycin. EMT, epithelial-mesenchymal transition.
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vitro significantly inhibits breast cancer cell activity and migration

(32). The expression of MRPL52 is upregulated in breast cancer,

particularly in hypoxic breast cancer cells, which regulates the ROS/

Notch1/Snail signaling pathway to promote EMT, migration, and

invasion (Figure 3), which enhances apoptotic resistance and

metastatic potential (18).

In triple-negative breast cancer (TNBC), MRPS27 expression is

closely related to tumor staging and lymph node involvement, and

reducing its expression can effectively inhibit the stem cell

properties and malignant phenotypes of TNBC, which highlights

its potential as a therapeutic target (46). Similarly, the

phosphorylated form of MRPS23 by mitogen-activated protein

kinase may be involved in the proliferation of breast cancer cells

(35). The amplification ofMRPS23 is positively correlated with high

proliferation rates and the emergence of non-basal subtypes in

breast cancer (47). The overexpression of MRPS6 and MRPS23 in

breast cancer cells and tissues is associated with increased tumor cell

proliferation. Knocking down these two genes inhibits cell

proliferation, reduces the expression of oncogenes and

mesenchymal markers, and promotes the expression of tumor

suppressor genes (48, 49). Immunohistochemical analysis also

shows that the expression of MRPS18–2 is significantly higher in

high-proliferation tumors (such as luminal A and basal types) than

in low-proliferation tumors, indicating that MRPS18–2 may be a

potential marker for the aggressiveness of breast cancer (34).

In summary, specific SNPs located in the 5p12 region, such as

rs7716600 and rs930395, are closely associated with breast cancer

susceptibility and high expression of MRP genes. These findings

suggest that genetic variation in MRPs may be one of the genetic
Frontiers in Oncology 07
bases for breast cancer susceptibility. Moreover, MRPs not only

participate in tumor proliferation and invasion through upregulated

gene expression but also regulate mitochondrial function, cellular

metabolism, and cell signaling through various mechanisms,

thereby promoting the malignant transformation of breast cancer.

High MRP expression is typically closely related to tumor

aggressiveness and poor prognosis.
3.2 MRPs and lung cancer

Lung cancer is one of the most common malignant tumors

globally and the leading cause of cancer-related deaths (50). Due to

the lack of obvious early symptoms and effective early diagnostic

methods, many patients are diagnosed with advanced lung cancer

(51). In recent years, research has found that MRPs play a

significant role in the occurrence, development, and drug

resistance of lung cancer, providing new insights for the diagnosis

and treatment of this disease.

Multiple studies have shown that the expression levels of several

MRPs are significantly upregulated in lung cancer tissues and are

closely related to tumor proliferation, invasion, and drug resistance.

For example, MRPL13 is highly expressed in lung adenocarcinoma

(LUAD) and is positively correlated with biological processes such

as proliferation, invasion, DNA repair, cell cycle progression, EMT,

and metastasis (52). Additionally, the expression of MRPL13 is

negatively correlated with hypoxia and inflammation modules,

further supporting its role in the tumor microenvironment (52).

Gene set enrichment analysis (GSEA) results suggest that MRPL13
FIGURE 3

MRPL52 regulates the ROS/Notch1/Snail signaling pathway to promote EMT, migration, and invasion in hypoxic breast cancer cells. (1) Upregulation
of MRPL52 expression leads to increased synthesis of MRPL52 protein. (2) The increased MRPL52 protein causes mitochondrial dysfunction.
(3) Mitochondrial dysfunction induces increased production of ROS. (4) ROS activates the Notch1 receptor, which is cleaved to release the NICD.
(5) NICD translocates to the nucleus and activates the expression of Snail gene, leading to increased Snail protein synthesis. The Snail protein
promotes EMT, migration, and invasion in hypoxic breast cancer cells. EMT, epithelial-mesenchymal transition. ROS, reactive oxygen species.
NICD, Notch intracellular domain.
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may participate in the development and progression of lung cancer

by modulating key signaling pathways such as MYC targets, PI3K/

AKT/mTOR signaling, oxidative phosphorylation, and the G2/M

checkpoint (53). Experimental findings also indicate that the

expression of MRPL13 is significantly higher in lung cancer

tissues than in normal tissues. Knocking down MRPL13 in LUAD

significantly reduces cancer cell viability, delays tumor division and

migration, diminishes invasive capacity, and promotes apoptosis

(52). Therefore, MRPL13 not only holds potential value for the

diagnosis of LUAD but may also serve as a prognostic biomarker for

certain malignancies.

MRPL12 is upregulated in LUAD and promotes tumor

progression by enhancing mitochondrial OXPHOS. Studies have

shown that MRPL12 is highly expressed in human LUAD tissues,

mouse LUAD tissues driven by Tp53fl/fl and KrasG12D, LUAD

patient-derived organoids (PDO), and LUAD cell lines, correlating

with poor patient survival (54–57). Overexpression of MRPL12

significantly promotes LUAD tumorigenesis, metastasis, and PDO

formation, while MRPL12 knockdown elicits the opposite

phenotype (54–57). Additionally, YTHDC2 has been identified as

a factor that inhibits the proliferation, invasion, and migration of

LUAD cells by binding to m6A-modified MRPL12 mRNA and

disrupting its stability, thereby promoting apoptosis. However, the

upregulation of MRPL12 expression attenuates the inhibitory effect

of YTHDC2 on cancer cell proliferation (54, 56, 57). Furthermore,

research has shown that the phosphorylation of MRPL12 at the Y60

site is crucial for its oncogenic functions. The dephosphorylation of

MRPL12 Y60 by UBASH3B inhibits the binding of MRPL12 to

POLRMT, thereby downregulating mitochondrial metabolism in

LUAD cells. In-depth in vivo, in vitro, and organoid model

validations have confirmed that the MRPL12 Y60 mutation

significantly inhibits LUAD progression (55). In summary,

MRPL12 acts as a novel oncogene in LUAD, promoting tumor

development through mitochondrial metabolism reprogramming

towards OXPHOS.

The upregulation of MRPL42 in early-stage LUAD tissues and

cell lines is significantly associated with patient prognosis (58).

Knocking down MRPL42 not only reduces the proliferation and

colony-forming ability of LUAD cells but also leads to cell cycle arrest

at the G1/S phase, thereby inhibiting cell migration and invasion. In

vivo experiments have also confirmed that the absence of MRPL42

significantly suppresses tumor growth (58).Bioinformatics analysis

suggests that the transcription factor YY1 may promote the

transcription of the MRPL42 gene by binding to its upstream

promoter region (58). This finding has been validated by

chromatin immunoprecipitation (ChIP) and dual-luciferase

reporter assays (58). Further qRT-PCR experiments show that

knocking down YY1 significantly reduces the expression level of

MRPL42 (58). This indicates that MRPL42 acts as an oncogene in

LUAD, with its expression regulated by YY1.The expression of

MRPL19 is upregulated in LUAD and is associated with lymph

node metastasis, tumor differentiation, and pathological status,

indicating poor prognosis (59). Functional network analysis

suggests that MRPL19 may be regulated by multiple miRNAs and

the E2F family and is involved in processes such as the cell cycle, cell
Frontiers in Oncology 08
adhesion molecules, spliceosome, and T-helper cell differentiation

(59). GSEA and protein-protein interaction (PPI) network analysis

indicate that MRPL19 is closely related to lung cancer proliferation

signaling pathways (59). In vitro experiments have shown that

knocking down MRPL19 significantly inhibits the growth,

migration, and invasion of LUAD cells, further confirming its

oncogenic role in LUAD (59).

In non-small cell lung cancer (NSCLC), the expression of

MRPL15 is significantly upregulated and is closely associated with

gender, clinical stage, lymph node status, and TP53 mutation status.

Patients with high expression of MRPL15 have poorer overall

survival (OS), progression-free survival (PFS), disease-free

survival (DFS), and recurrence-free survival (RFS) (60). These

results suggest that MRPL15 may serve as a potential prognostic

biomarker for NSCLC. Further functional network analysis

indicates that MRPL15 is involved in metabolic-related pathways,

DNA replication, and cell cycle processes through various signaling

pathways involving kinases, miRNAs, and transcription factors

(60). Immunohistochemical (IHC) experiments further validate

the high expression of MRPL15 in NSCLC and confirm its

potential as a prognostic marker (60).The expression of MRPL9 is

upregulated in lung cancer tissues and is associated with OS and

RFS in patients (61). Knocking down MRPL9 significantly reduces

the proliferation, colony formation, and migration capabilities of

lung cancer cells. Further research indicates that MRPL9 may

promote lung cancer progression by regulating the transcription

of c-MYC, especially in lung cancer tissues with high c-MYC

expression (61). In A549 cells, the expression of MRPL9 remains

unchanged after c-MYC is knocked down, suggesting that MRPL9

may promote lung cancer metastasis by regulating c-MYC

transcription, thereby affecting the expression of migration-

related molecules (61).

In contrast,MRPL41 is expressed at lower levels in various small

cell lung cancer cell lines, and its downregulation is associated with

tumor progression. Studies have shown that MRPL41 enhances the

stability of p53 and promotes apoptosis induced by p53 under

growth-inhibitory conditions such as actinomycin D treatment and

serum starvation (62). This suggests thatMRPL41may act as a tumor

suppressor in lung cancer, and its downregulation could be one of the

important mechanisms for tumor malignant transformation.
3.3 MRPs and colorectal cancer

Colorectal cancer is one of the most common malignant tumors

globally and is the second leading cause of cancer-related deaths

(63). In recent years, studies have found that multiple MRPs play

important roles in the occurrence, development, and metastasis of

colorectal cancer. MRPL35 is highly expressed in colorectal cancer

tissues, and its high expression is significantly associated with

shortened OS in patients (64). In vitro experiments have shown

that downregulation of MRPL35 significantly increases the

generation of ROS, leading to DNA damage, inhibiting cell

proliferation, and triggering G2/M phase arrest (64). Additionally,

downregulation of MRPL35 reduces mitochondrial membrane
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potential and induces apoptosis and autophagy. In a colorectal

cancer xenograft model in nude mice, knockdown of MRPL35

effectively inhibits tumor proliferation (64). These results suggest

that MRPL35 may play a significant role in the development and

progression of colorectal cancer by regulating ROS generation and

cell cycle progression. CRIF1 (also known asMRPL64), recruited to

the promoter region of the p53 gene, was initially identified as an

interacting protein of Gadd45g and can inhibit cell growth and

tumor formation by interacting with p53 and Gadd45 family

proteins, and was also found to be associated with good prognosis

in colorectal cancer, suggesting its potential as a tumor

suppresso (65).

The expression of MRPL43 is significantly increased in

colorectal cancer tissues. Bioinformatics analysis has revealed that

the rs4919510 variant G allele in miR-608 is associated with high

expression of MRPL43, and knockdown of the MRPL43 gene

effectively inhibits the proliferation, invasion, and migration

capabilities of the colorectal cancer HCT-116 cell line and

promotes apoptosis (66), suggesting that the rs4919510 variant G

allele in miR-608 may influence the occurrence and progression of

colorectal cancer by upregulating the expression of MRPL43. The

absence of the long isoform of MRPL33 (MRPL33-L) results in

impaired cell proliferation and increased apoptosis. Further analysis

has found that the deficiency of MRPL33-L is accompanied by

mitochondrial dysfunction, including the accumulation of ROS,

reduced ATP generation, and decreased levels of 16S rRNA (67). In

human colorectal cancer tissues, the expression of MRPL33

containing exon 3 is upregulated, and its expression level is

highly correlated with that of hnRNPK. This suggests that

hnRNPK may play a significant role in tumorigenesis by

regulating the splicing of MRPL33 pre-mRNA (67).Through

proteomics analysis and public transcriptomics data, MRPL52 has

been identified as a key protein in colon cancer cells. Its expression

level is significantly higher in colon tumor samples than in normal

colon samples (68). Gene dependency analysis shows that silencing

the expression of MRPL52 effectively inhibits the proliferation of

colon cancer cells (68). Moreover, the characteristics of theMRPL52

gene may significantly predict the survival of colorectal cancer

patients, with significant prognostic performance in both the

training and test sets (69). In colorectal cancer tissues, the

transcription and protein levels of DAP3 (also known as

MRPS29) and DELE1 are significantly higher than those in

normal tissues. Their expression levels are closely related to the

clinical outcomes and local recurrence of patients, suggesting that

they may serve as potential prognostic biomarkers (70).
3.4 MRPs and gastric cancer

Gastric cancer is the fifth most common cancer globally and is

often diagnosed at an advanced stage, resulting in a poor prognosis

(71). Due to the difficulty in early clinical detection and the poor

outcomes of late-stage treatments, there is an urgent need to identify

new tumor biomarkers and therapeutic targets to aid in the

prevention, diagnosis, and treatment of gastric cancer (72, 73).
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The expression of MRPL35 is significantly upregulated in gastric

cancer tissues and is closely associated with patient age, lymph node

metastasis, and pathological tumor-node-metastasis (TNM) staging,

both in vivo and in vitro experiments have shown that knocking

down MRPL35 significantly inhibits the proliferation and colony

formation of gastric cancer cells and induces apoptosis (72). This

indicates thatMRPL35may play a significant role in the development

and progression of gastric cancer, with its high expression potentially

enhancing the proliferation and anti-apoptotic capabilities of gastric

cancer cells, thereby affecting disease progression and prognosis.

Additionally, the expression levels of MRPS17 are also typically

higher in gastric cancer tissues than in normal tissues. A follow-up

study of 100 gastric cancer patients showed that patients with positive

MRPS17 expression had a significantly worse prognosis than those

with negative expression, and high MRPS17 expression, as an

independent prognostic factor, was closely related to the

aggressiveness of gastric cancer (74). Another study also

demonstrated that high expression levels of MRPS17 are

significantly associated with OS and RFS in patients with gastric

adenocarcinoma (75). This suggests that MRPS17 may influence the

progression of gastric cancer by affecting cellular behaviors such as

proliferation and invasion, with its high expression potentially

indicating a greater likelihood of the disease progressing towards

more aggressive and metastatic directions, thus having an adverse

impact on patient survival. Conversely, the expression of MRPL39 is

significantly downregulated in gastric cancer tissues and cell lines,

and low expression is closely associated with clinical features of the

tumor, especially tumor size and TNM staging. Gastric cancer

patients with low levels of MRPL39 expression have significantly

shorter OS and DFS (76). Further functional validation experiments

have shown that overexpression ofMRPL39 significantly inhibits the

growth, proliferation, migration, and invasion of gastric cancer cell

lines BGC823 and SGC-7901 (76). Based on qRT-PCR analysis of

data from cancerous and adjacent normal tissues in the GTEx and

TCGA databases, immunohistochemistry data from the Human

Protein Atlas (HPA) database, and analysis of clinical surgical

samples from gastric cancer patients, the expression levels of

MRPS5 in gastric cancer are significantly lower than those in

adjacent normal tissues (77). Research has found that high

expression of DAP3 in gastric cancer is associated with better

prognosis, suggesting its potential as a prognostic biomarker.

Additionally, knocking down the expression of DAP3 can promote

cell migration by inhibiting apoptosis (78). This suggests that the

roles of MRPL39,MRPS5,and DAP3 in gastric cancer may be

complex. Their high expression may, to some extent, inhibit the

malignant progression of tumors, while their downregulation may

weaken the apoptotic capacity of cells, thereby promoting the survival

and migratory ability of tumor cells and influencing the invasiveness

and metastatic potential of gastric cancer.
3.5 MRPs and liver cancer

Liver cancer is one of the most common malignant tumors

globally, with a complex pathogenesis and significant biological
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heterogeneity. These characteristics pose substantial challenges for

treatment and are major reasons for treatment failure and

recurrence (79). Recent studies have shown that mitochondria

play a key role in apoptosis and metabolism, and their

dysfunction may be associated with cancer development (80).

Changes in the expression of MRPs in liver cancer are closely

related to cancer development and progression. Different MRP

genes influence the biological characteristics of liver cancer and

patient prognosis by regulating mitochondrial function, metabolic

pathways, and cellular invasion activity. MRPL13-mediated defects

in OXPHOS were found to enhance hepatoma cell invasiveness by

increasing the expression of claudin-1 (CLN1) (25). MRPS18A has

been identified as a downstream target of miR-514a-5p, with its

expression increased in hepatocellular carcinoma cells. Recent

studies have shown that upregulation of MRPS18A can restore

the inhibitory effects of TRIM52-AS1 downregulation on the

biological functions of hepatocellular carcinoma cells (81).

Moreover, the expression of MRPS18A is closely related to the

prognosis of hepatocellular carcinoma patients, with high

expression potentially indicating a worse prognosis (81). In vitro

and in vivo experiments indicate that high expression ofMRPS23 in

hepatocellular carcinoma is associated with low patient survival

rates (82, 83). High expression of the Sirtuin-1 and MRPS5

enhances metabolic flexibility and is associated with poor

prognosis in patients with hepatocellular carcinoma (84).

Bioinformatic analysis and in vitro model studies show that

knockdown of MRPL48 reduces the proliferation, migration, and

invasion of hepatocellular carcinoma cells (85). This suggests that

MRPL48 may play a significant role in the development of

hepatocellular carcinoma, with its high expression potentially

promoting the malignant behavior of hepatocellular carcinoma

cells. However, inhibition of MRPS31 can lead to mitochondrial

dysfunction, thereby enhancing the invasiveness of hepatocellular

carcinoma cells (86).This suggests that MRPS31 may play a

balancing role in maintaining mitochondrial function and cellular

invasiveness in hepatocellular carcinoma cells. Additionally, several

genetic association studies have shown significant correlations with

liver cancer. Whole-exome sequencing (WES) results from four

subjects revealed that the C.430G>C (p.Gly144Arg) variant in the

MRPL38 gene is a key genetic factor for hepatocellular carcinoma

(87). This provides genetic evidence for the potential role of

MRPL38 in liver cancer, with its variation potentially affecting the

risk of liver cancer development. MRPL9 is a protein-coding gene

involved in mitochondrial translation, which is most closely related

to mRNA stemness index (mRNAsi) in hepatocellular carcinoma

tissues and is significantly overexpressed in hepatocellular

carcinoma patients, making it a potential prognostic biomarker

for hepatocellular carcinoma (88–90). MRPS12 is associated with

the prognosis of HBV-related hepatocellular carcinoma and drives

the malignant phenotype of hepatocellular carcinoma by regulating

mitochondrial metabolism (91, 92). This indicates that MRPS12

may play a significant role in the metabolic reprogramming and

disease progression of liver cancer.
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3.6 MRPs and head and neck cancer

Head and neck cancer refers to malignant tumors that occur in

the head and neck region, including cancers of the thyroid, salivary

glands, oral cavity, and larynx (93). The development of many head

and neck cancers is closely related to mitochondrial dysfunction,

especially in energy metabolism and apoptosis (94). Therefore,

mutations in mt-DNA that encode OXPHOS proteins are

considered to have an important association with the occurrence

of human head and neck cancer.

In the study of thyroid cancer, the overexpression of several

MRP genes is closely related to the occurrence and development of

tumors. For example, MRPL9 is overexpressed in papillary thyroid

carcinoma (PTC) cells, significantly promoting cell proliferation

and migration capabilities, while its knockdown inhibits these

abilities. PTC cells with MRPL9 gene knocked out were

transplanted subcutaneously into nude mice, which not only

inhibits the growth of subcutaneous xenograft tumors in nude

mice but also significantly reduces the incidence of lung

metastasis (95), indicating that MRPL9 may serve as a potential

biomarker for PTC. MRPL14 also exhibits significant oncogenic

effects in thyroid cancer. Its overexpression is closely related to

advanced tumor stages, extrathyroidal invasion, and lymph node

metastasis (96).MRPL14 accelerates the proliferation and migration

of thyroid cancer cells by promoting the expression of EMT-related

proteins (96). Conversely, the knockdown of MRPL14 leads to

decreased expression of mitochondrial respiratory chain complex

IV (MTCO1) and increased intracellular ROS levels. When cells are

co-treated with ROS scavengers, their proliferation and migration

capabilities are restored, further confirming the key role of ROS in

the oncogenic mechanism of MRPL14 (96). Additionally, the

mRNA expression level of MRPL44 is closely related to the

OXPHOS metabolic phenotype in PTC and is significantly

associated with lymph node metastasis (97). Based on OXPHOS

levels, the expression of MRPL44 may serve as a representative

biomarker of the metabolic phenotype and has the potential to

become an important biomarker for predicting lateral neck lymph

node metastasis in thyroid cancer patients (97).

In salivary gland adenoid cystic carcinoma (SACC), the high

expression of MRPL23-AS1 is significantly associated with

pulmonary metastasis and OS in patients. MRPL23-AS1 promotes

the EMT process by forming an RNA-protein complex with

Enhancer of Zeste Homolog 2 (EZH2), which enhances the

binding of EZH2 to the H3K27me3 mark on the E-cadherin

promoter, thereby promoting cell migration and invasion (98).

Furthermore, MRPL23-AS1 not only functions within tumor cells

but also influences tumor metastasis through exosomes. MRPL23-

AS1-containing exosomes interact with pulmonary microvascular

endothelial cells, affecting microvascular permeability and thereby

facilitating the metastasis of SACC (98). However, the expression

pattern of MRPL23-AS1 is not consistent across different tumors.

For example, in oral squamous cell carcinoma (OSCC), MRPL23-

AS1 is expressed at lower levels compared to normal tissues (99).
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Conversely, MRPL52 is significantly upregulated in OSCC, and

Kaplan-Meier survival analysis shows that patients with high

MRPL52 expression have significantly worse PFS and DSS,

indicating that MRPL52 may serve as a poor prognostic

biomarker for OSCC (100).

In human papillomavirus (HPV)-positive oropharyngeal

squamous cell carcinoma and HPV-negative head and neck

squamous cell carcinoma (SCCHN), MRPL33 is abnormally

overexpressed and shows significant differential expression (101).

Furthermore, high expression of MRPL47 is closely related to a

high-risk score in patients with SCCHN. This risk score is

significantly associated with patient prognosis, indicating the

potential of MRPL47 as a prognostic indicator (102).
3.7 MRPs and leukemia

Leukemia is a malignant tumor of the hematopoietic system,

characterized by the abnormal proliferation of leukemia cells.

Mitochondria, as key organelles for cellular energy metabolism

and biosynthesis, play an important role in the occurrence and

development of leukemia (103). MRPs are responsible for

synthesizing proteins encoded by the mitochondrial genome,

which are core components of the electron transport chain and

OXPHOS, essential for maintaining normal cellular function (104).

Therefore, mitochondrial dysfunction may directly impact the

proliferation and survival of leukemia cells.

The role of CRIF1 in leukemia has attracted the attention of

researchers. Studies have found that the mRNA and protein

expression of CRIF1 are significantly reduced in patients with

acute myeloid leukemia (AML), a phenomenon that may be

associated with the uncontrolled proliferation of leukemia cells

(105). Further experiments indicate that CRIF1 overexpression

induces G0/G1 phase cell cycle arrest in Jurkat cells, while its

depletion reduces this arrest, highlighting the crucial role of

CRIF1in cell cycle regulation (105). Additionally, CRIF1 depletion

can reverse the cell cycle arrest induced by bone marrow stromal

cells in leukemia cells, further confirming the importance of CRIF1

in regulating leukemia cell growth (105). Immunoprecipitation

experiments have revealed that CRIF1 specifically binds to CDK2

during cell cycle arrest, suggesting that CRIF1 may control the cell

cycle process by regulating CDK2 activity (105). Notably, CRIF1 is

also one of the interacting proteins of Lymphocyte-specific protein

tyrosine kinase (Lck). Immunofluorescence microscopy and

immunoprecipitation experiments have further confirmed the

association between CRIF1 and Lck in the nucleus, where Lck

promotes cell survival and may inhibit the activity of CRIF1

through its interaction. Silencing of CRIF1 also promotes the

survival of leukemia T cells in the absence of growth factors,

further validating its role in leukemia cell survival (106).

In addition to the role of CRIF1 in leukemia, other MRPs have

also been implicated in the progression of leukemia. For example,

MRPL49 is identified as a potential target gene in AML. The

upregulation of miRNAs, including hsa-mir-520a, 599, 606, 137,

and 362, may increase the prognostic risk for AML patients by
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regulating the expression of MRPL49 (107). Another study

demonstrated that MRPL33 expression is elevated in AML cell

lines and correlates with receptor tyrosine kinase expression, such

as TrkA or KIT, suggesting MRPL33 as a potential prognostic

biomarker for AML (108).
3.8 MRPs and glioma

Gliomas are brain tumors that originate from glial cells in the

central nervous system, with the most common and aggressive type

being glioblastoma multiforme (109, 110). Glioma cells are

characterized by rapid proliferation and invasion, and they

exhibit significant metabolic reprogramming (111). This

metabolic shift confers a growth advantage on tumor cells.

Moreover, mitochondria in glioma cells not only contribute to

energy metabolism but also play a crucial role in regulating cellular

metabolism and the oxidative stress response (112). By analyzing

the TCGA database, researchers have found that MRPL42 is

significantly upregulated in glioma tissues (113). Further studies

have shown that knocking down MRPL42 significantly inhibits the

proliferation of U251 and A172 glioma cells, while activating

apoptosis and caspase 3/7 activity (113). This suggests that

MRPL42 may play an important role in the development of

glioma. Additionally, silencing MRPL42 leads to an increase in

cell cycle distribution at the G1 and G2/M phases, and a decrease in

the S phase, further confirming its key role in tumor cell growth

(113). Therefore, MRPL42 is considered a potential oncogene in

glioma. Similarly, the expression of MRPS16 in glioma has also

garnered significant attention. Through Western blot, qRT-PCR,

and IHC analyses, researchers have found that MRPS16 expression

is significantly increased in tumor tissues compared to normal brain

tissues, especially in high-grade gliomas. Knockdown experiments

of MRPS16 have shown that it can inhibit tumor cell growth,

migration, and invasion, while overexpression of MRPS16

enhances these tumor characteristics (19). Additionally, silencing

MRPS16 significantly reduces the expression levels of proteins such

as Snail, p-AKT, and p-PI3K in U-138MG and U-87MG cells (19),

further indicating that MRPS16 promotes glioma cell proliferation

and invasion through the PI3K/AKT/Snail signaling axis (Figure 4).

These findings suggest that MRPS16 may serve as a potential

prognostic biomarker for glioma. In recent years, other

mitochondrial ribosomal proteins, such as MRPL30, MRPL35,

MRPS17, MRPL20, MRPS31, MRPL58, and MRPL40, have also

been identified as novel biomarkers in the pathogenesis of

glioblastoma (114).
3.9 MRPs and female genital tumors

Female genital tumors, including ovarian cancer, endometrial

cancer, and cervical cancer, pose a significant threat to women’s

health (115). Recent studies have found that MRPs are closely

related to the occurrence and development of these tumors and may

serve as potential diagnostic and prognostic biomarkers. In ovarian
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cancer, six MRP genes (MRPL10, MRPL15, MRPL36, MRPL39,

MRPS16, and MRPS31) were identified as related to ovarian cancer

through the STRING database, and exhibit significant differences in

expression patterns in ovarian cancer tissues, with MRPL10,

MRPL15, MRPL36, MRPL39, and MRPS16 being significantly

upregulated, while MRPS31 is downregulated (116). Kaplan-Meier

survival analysis shows that high expression of MRPL15, MRPL36,

MRPL39, and MRPS16 is significantly associated with poorer OS in

ovarian cancer patients (116). Notably, MRPL15 has the highest

expression level in ovarian cancer and is closely related to cell cycle,

DNA repair, and mTOR1 signaling pathways, potentially

promoting the occurrence and development of ovarian cancer

through gene amplification and hypomethylation (116). In

addition to the aforementioned MRP genes, the overexpression of

MRPS12 in ovarian cancer has also garnered significant attention

from researchers. Analysis using the Oncomine and GEPIA

databases has shown that overexpression of MRPS12 is associated

with poorer OS in ovarian cancer patients, especially in those with

advanced stages (III+IV), serous ovarian cancer, and TP53

mutations (117). These findings suggest that MRPS12 may

function as an oncogene in ovarian cancer and has the potential

to serve as a prognostic biomarker. In endometrial cancer, the

expression level ofMRPS18–2 is elevated and closely correlated with

high expression of E2F1. Both in vitro and in vivo experiments have

further demonstrated that overexpression of MRPS18–2

significantly promotes the proliferation of endometrial cancer

cells (118). Moreover, overexpression of MRPS18–2 in

endometrial cancer cells is associated with decreased signaling of

pan-keratin, b-catenin, and E-cadherin, while showing increased
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vimentin signaling (118).In cervical cancer, univariate analysis has

shown that the expression of MRPL11 and MRPS23 is significantly

associated with PFS, and high expression of these genes is closely

related to rapid proliferation of cervical cancer cells, oxidative

phosphorylation, invasiveness, and tumor size, indicating that

they may play important roles in the progression and metastasis

of cervical cancer (119).
3.10 MRPs and other cancers

In other cancers, MRPs also exhibit significant roles. In adrenal

adenomas, CRIF1 expression is significantly reduced compared to

adjacent normal tissues, suggesting its involvement in tumor

suppression through negative regulation of cell cycle and growth

pathways (120). Similarly, MRPS23 is downregulated in metastatic

adrenocortical carcinoma and correlates with patient survival,

highlighting its potential as a prognostic biomarker (121). In

renal cancer, MRPL41, stabilizing p53, is downregulated in cancer

cell lines compared to pre-cancerous cell lines and promotes its

translocation to the mitochondria, inducing apoptosis., and leading

to cell cycle arrest at the G1 phase in the absence of p53 (62), which

suggests that MRPL41 downregulation may contribute to renal

cancer progression. In prostate cancer, MRPS18–2 expression

increases with disease progression, which promotes EMT via the

TWIST2/E-cadherin pathway, enhancing cell migration (122). In

pancreatic cancer,MRPL28 andMRPL12 downregulation promotes

tumor growth in cell lines such as SU86 and Miapaca2 (123). In

bladder cancer, high expression of MRPL23-AS1 is associated with
FIGURE 4

MRPS16 regulates the PI3K/AKT/Snail signaling axis to promote the growth, metastasis, and invasion of glioma cells. (1) Upregulation of MRPS16
leads to increased synthesis of MRPS16 protein.(2) MRPS16 protein activates PI3K, (3) which PIP2 on the cell membrane to generate PIP3, (4) PIP3
recruits and activates AKT, (5) and phosphorylated AKT activates Snail protein. Phosphorylated Snail protein promotes the growth, migration, and
invasion of glioma cells. PI3K, Phosphoinositide 3-Kinase. PIP2, phosphatidylinositol-4,5-bisphosphate. PIP3, phosphatidylinositol-3,4,5-
trisphosphate. AKT, Protein Kinase B.
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poor prognosis (124), while MRPL4 expression correlates with

overall survival in patients with muscle-invasive bladder cancer

treated with cisplatin-based neoadjuvant chemotherapy (125). In

osteosarcoma, MRPS7 is considered a potential biomarker (126),

and in neuroblastoma, lnc-MRPL3–2 expression predicts event-free

survival (127). In cholangiocarcinoma, high expression of

MRPS18A and MRPL27 is associated with poor prognosis and

shortened survival and with clinical staging, histological grading,

and Child-Pugh classification, indicating its role in disease

progression (128, 129). In uveal melanoma, MRPS11 expression

serves as a prognostic predictor (130). These findings further

underscore the diverse roles of MRPs in promoting cancer

progression through various molecular mechanisms, emphasizing

their broad impact on cancer biology.
4 MRPs and the tumor
microenvironment

The tumor microenvironment (TME) is a complex extracellular

environment surrounding cancer cells, comprising the extracellular

matrix (ECM), blood vessels, immune cells, and non-cancerous host

cells (131). Historically, these components were considered

bystanders in tumorigenesis. However, recent studies have shown

that they play a crucial role in tumor initiation, progression, and

metastasis (131). The cellular composition and functional status of

the TME are influenced by multiple factors, including the organ in

which the tumor is located, the characteristics of cancer cells, the

tumor stage, and individual patient differences (131). In the early

stages of tumor growth, cancer cells dynamically interact with TME

components to support their survival, invasion, and metastasis (132,

133). Specifically, cancer cells recruit and reprogram non-cancerous

host cells, reshape the vascular system and ECM, and create a

supportive environment for tumor growth (131). To overcome the

hypoxic and acidic conditions within the tumor, the TME induces

angiogenesis to restore oxygen and nutrient supply while clearing

metabolic waste (132). Meanwhile, immune cells within the TME

exhibit both pro-tumor and anti-tumor effects, influencing tumor

growth and metastasis (132).

Mitochondria, as the energy metabolism hubs of cells, are closely

related to the formation and maintenance of the TME (134). MRPs

play a crucial role in maintaining mitochondrial function and

regulating cellular metabolism. They not only directly contribute to

the proliferation of tumor cells but also further influence tumor

progression through interactions with the TME. Mitochondria

regulate the functions of immune cells through various mechanisms,

including metabolic pathways, amino acid metabolism, antioxidant

systems, mitochondrial dynamics, mt-DNA, mitophagy, and

mitochondrial reactive oxygen species (mtROS) (135). These

mechanisms play crucial roles in the activation, differentiation, and

survival of immune cells, thereby directly influencing immune function

(135). Mitochondrial translation is essential for synthesizing

mitochondrially encoded proteins, and inhibiting mitochondrial

translation can severely impact the function of immune cells. For

example, certain antibiotics targeting mitochondrial ribosomes, such as
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linezolid, have been shown to have strong immunosuppressive effects

(136). This immunosuppression is linked to the inhibition of

mitochondrial translation in Th17 cells, leading to mitonuclear

imbalance, loss of mitochondrial activity, and reduced cytokine

production (136). These findings indicate that MRPs are crucial for

maintaining the functional integrity of immune cells, and disrupting

them can have profound effects on immune responses.

Moreover, mitochondrial dysfunction can negatively affect the

immune system. For instance, abnormal mitochondrial function

can regulate the expression of PD-L1, and high PD-L1 expression

can, in turn, feedback and affect mitochondrial metabolism, thereby

influencing immune evasion and tumor progression (137).

Mitochondrial dysfunction also leads to significant upregulation

of immune cell infiltration, inflammatory responses, and ECM-

related gene expression, which may create a tumor-promoting

microenvironment by suppressing normal immune responses and

facilitating immune evasion (138).Additionally, mitochondrial

dysfunction can upregulate the expression of lactate

dehydrogenase (LDH), further promoting aerobic glycolysis,

which not only provides energy support for tumor cells but also

acidifies the tumor microenvironment, creating favorable

conditions for tumor cell growth (139).

MRPs interact with the TME, influencing tumor biology

through metabolic reprogramming and regulation of cellular

functions within the TME. Abnormal expression of MRPs can

disrupt immune cell function, leading to tumor immune evasion.

For example, the expression of MRPL13 is associated with immune

infiltration patterns in multiple cancers and is negatively correlated

with M1 macrophages, CD8+ T cells, and CD4+ T cells (52, 53).

CIBERSORT analysis shows that higher MRPL13 expression in

breast cancer is significantly associated with reduced NK cell

infiltration (43). Similarly, MRPL15 expression in NSCLC is

negatively correlated with immune infiltration, including immune

and stromal scores and tumor-infiltrating lymphocytes (TILs) (60).

In ovarian cancer, high expression of MRPL15 is closely related to

the proliferation of CD8 T cells and dendritic cells, as well as the

expression of TGFbR1 and IDO1 (116).Another study on ovarian

cancer indicates that the expression of MRPS12 is positively

correlated with the infiltration of macrophages and neutrophils

(117). Additionally, the expression of MRPL12 in LUAD is

significantly associated with immune regulatory factors,

chemokines, and the infiltration levels of various immune cells

(57), suggesting its potential role in the tumor immune

microenvironment. In functional network analysis, MRPL19 may

be associated with the differentiation process of T helper cells, and

immune infiltration analysis shows that the expression of MRPL19

is closely related to the infiltration of B cells, CD4 T cells, and

dendritic cells in LUAD, which may impact disease progression

(59). In gastric adenocarcinoma, the expression of MRPS17 is

significantly negatively correlated with the abundance of TILs,

indicating that high expression of MRPS17 may reduce immune

cell infiltration and further influence immune evasion mechanisms

(75). Additionally, high expression of MRPL47 is considered a

potential biomarker for immune suppression in patients with

SCCHN (102).
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In summary, MRPs significantly influence immune evasion and

tumor progression through complex interactions with the TME.

Specifically, MRPs alter immune infiltration patterns within the

tumor microenvironment by regulating immune cell functions and

metabolic reprogramming, thereby promoting the growth and

metastasis of tumor cells.
5 The therapeutic potential of MRPs in
cancer

As research into the role of MRPs in tumor initiation,

progression, and drug resistance mechanisms deepens, their

potential as therapeutic targets in cancer is gradually emerging.

MRPs play crucial roles in processes such as metabolic

reprogramming, cell cycle regulation, apoptosis inhibition, and

immune evasion in tumor cells. These multifaceted functions

make them highly promising therapeutic targets.
5.1 MRP-targeted drugs

In recent years, researchers have discovered that various

antibiotics can inhibit tumor cell proliferation by targeting

mitochondrial protein synthesis. For example, tetracycline

antibiotics (such as doxycycline and tigecycline) bind to the

mitochondrial small subunit to inhibit mitochondrial protein

synthesis, thereby suppressing the metabolic function of tumor

cells (140). Studies have shown that doxycycline not only inhibits

tumor cell proliferation but also induces apoptosis and has

demonstrated good anti-tumor effects in various tumor models

(141, 142). Additionally, erythromycin and chloramphenicol inhibit

mitochondrial protein synthesis by blocking peptide bond

formation or the peptide exit tunnel, thereby suppressing tumor

cell metabolism and proliferation (143).

However, long-term use of these antibiotics may lead to side

effects, such as inhibiting cellular energy metabolism and causing

cell proliferation arrest (141). Therefore, the development of MRP-

targeted drugs with higher specificity and fewer side effects has

become a research hotspot. For example, potassium tellurate

(K2TeO3), a strong oxidizing agent, inhibits tumor cell growth

and metabolism by damaging mitochondrial ribosomal function

(144). Moreover, some studies have found that certain compounds

(such as acetaminophen, carbamazepine, and tunicamycin) can

exert anti-tumor effects by targeting specific MRPs (such as

MRPL12 and MRPL13) (32). These findings highlight the

potential of developing novel therapeutic strategies targeting

MRPs to enhance tumor treatment efficacy while minimizing

adverse effects.
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5.2 MRPs in tumor drug resistance and
immunotherapy

The mechanisms underlying the role of MRPs in tumor drug

resistance primarily involve metabolic reprogramming and the

regulation of signaling pathways. For example, in breast cancer,

high expression of MRPL15 is closely related to tamoxifen

resistance. Studies have shown that inhibiting the expression of

MRPL15 can re-sensitize tumor cells to the drug (145, 146).

Similarly, overexpression of MRPS23 in breast cancer cells

enhances resistance to CDK1 inhibitors, while knocking down

MRPS23 using shRNA technology restores drug sensitivity (35).

These findings suggest that targeting MRPs can serve as an effective

strategy for reversing drug resistance.

Moreover, tumor mutation burden (TMB) is significantly

correlated with the expression levels of MRPL13. Abnormal

expression of MRPL13 can affect TMB levels, which in turn

impacts the response to tumor immunotherapy. Therefore,

MRPL13 not only serves as a biomarker for predicting treatment

response in breast cancer patients but also provides a new target for

evaluating and optimizing immunotherapy (30). These results

highlight the potential of MRPL13 as a valuable indicator for

guiding personalized treatment strategies and improving

therapeutic outcomes in cancer patients.

The role of MRPs in the tumor immune microenvironment offers

new insights for immunotherapy. Studies have shown that abnormal

expression of MRPs can influence immune infiltration patterns in

tumors, thereby affecting their ability to evade the immune system. For

example, MRPL13 is closely related to immune cell infiltration in

various cancers, with its high expression negatively correlated with the

infiltration of M1 macrophages, CD8+ T cells, and CD4+ T cells (52,

53). Additionally, the expression of MRPL19 in LUAD is closely

associated with the infiltration levels of B cells, CD4 T cells,

and dendritic cells (59). These findings suggest that modulating the

expression of MRPs can alter the tumor immune microenvironment,

enhancing immune cell infiltration and anti-tumor activity. Moreover,

some studies have found that targeting MRPs can enhance the efficacy

of immune checkpoint inhibitors. For example, in a breast cancer

model, knocking down the expression of MRPS30-DT using shRNA

technology significantly inhibited tumor cell proliferation and invasion

and enhanced the cytotoxic effect of immune cells on tumors (38). This

indicates that MRPs can serve not only as potential targets for

immunotherapy but also as a means to improve treatment outcomes

when combined with other immunotherapeutic approaches.

In summary, MRPs hold broad application prospects in cancer

therapy. By delving into their mechanisms of action in tumor

development, drug resistance, and the immune microenvironment,

it is hoped that more precise and effective cancer treatment strategies

can be developed, offering new breakthroughs for clinical treatment.
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6 The limitations and challenges of
MRP-targeted therapies in cancer

As essential components of the mitochondrial translation

system, MRPs are involved in the translation of mt-DNA and

regulation of energy metabolism (10). In recent years, MRPs have

garnered increasing attention as therapeutic targets due to their

significant roles in cancer. However, there are multiple limitations

and challenges in clinical MRP-Targeted Therapies in cancer.

Firstly, the heterogeneity of tumors complicates treatment.

Tumors are typically composed of multiple clones, and targeting

multiple clones is more likely to reduce the likelihood of drug

resistance due to clonal selection, thereby improving overall patient

response (147, 148). Moreover, the expression and function of

MRPs vary significantly across different tumors. For instance,

MRPL12 is significantly downregulated in pancreatic cancer

(123), but significantly upregulated in breast and lung cancers

(32, 55). This tissue specificity, coupled with differences in

mitochondrial metabolism among various cell types, further

complicates precision targeting. Secondly, the high membrane

potential and the double-membrane structure of mitochondria

limit the penetration of traditional drugs (149). Although

positively charged targeting units such as triphenylphosphonium

ions are widely used, they are prone to non-specific binding with
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proteins or enzymes, leading to drug aggregation and reduced

targeting efficiency (150). Additionally, as MRPs are primarily

located in the mitochondrial inner membrane or matrix (151),

drugs need to cross multiple barriers to reach their target sites.

Thirdly, the multifunctionality of MRPs increases the risk of off-

target effects. MRPs are involved not only in mitochondrial protein

translation but also in the regulation of functions such as OXPHOS

(10). For example, MRPL12 activates mt-DNA transcription

through its interaction with POLRMT, and its abnormality can

affect mitochondrial translation and energy metabolism (152). This

multifunctionality means that targeting interventions may trigger

widespread metabolic disorders or cell apoptosis, resulting in

serious off-target effects. MRP-targeted therapies represent a

promising target in preclinical research. However, various

obstacles hinder the effective clinical translation of these

approaches. In the process of clinical translation, the lack of

biomarkers and individual heterogeneity make it difficult to

precisely identify patient populations that are sensitive to

mitochondrial-targeted therapies (153). Additionally, there may

be some potential toxicity in MRP-targeted therapies. Drug

delivery systems used for these therapies, such as lipid

nanoparticles (LNPs), may cause safety issues, including

inflammation, immunogenicity, and cytotoxicity (154). Some

MRP-targeted drugs may excessively inhibit mitochondrial
FIGURE 5

Mechanisms by which MRPs influence the initiation, progression, and metastasis of cancer cells. The abnormal expression of MRPs can affect the
synthesis of mitochondrial proteins in normal cells, which may lead to tumor initiation, development, and metastasis through mechanisms involving
changes in cellular oxidative stress levels, metabolic reprogramming, cell cycle regulation, apoptosis, mitophagy, and the tumor microenvironment.
MRPs, mitochondrial ribosomal proteins.
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function, affecting healthy tissues (104), and even interfere with

immune cell functions, impacting the immune cell infiltration in the

tumor microenvironment (52). MRP-targeted therapies may also

have cumulative toxicity, with toxic reactions potentially worsening

as treatment duration extends (155). Many MRP-targeted therapies

are still in the research phase, lacking long-term clinical safety data,

which makes it difficult to fully assess their potential risks in clinical

practice. Lastly, the specific mechanisms by which MRPs influence

cancer progression and treatment response have not been fully

elucidated, and insufficient target validation limits the development

of MRP-targeted therapies.
7 Conclusions and future research
directions

Mitochondrial dysfunction, as a central aspect of cancer

metabolism, has positioned MRPs as key regulators of this

process. Aberrant expression of MRPs impairs mitochondrial

ribosome function and leads to abnormal mitochondrial protein

synthesis. These impairments drive tumor initiation, progression,

metastasis, and immune evasion by modulating oxidative stress

levels, inducing metabolic reprogramming, disrupting cell cycle

regulation, inhibiting apoptosis, promoting mitophagy, and

remodeling the tumor microenvironment (Figure 5). Moreover,

changes in MRPs expression levels across different cancer types,

such as breast, lung, gastric, liver, and colorectal cancers, have

significant implications. These changes not only serve as potential

biomarkers for early diagnosis but also provide valuable targets for

prognostic assessment and personalized treatment strategies. By

understanding the role of MRPs in cancer metabolism, researchers

can develop more effective diagnostic tools and therapeutic

interventions to improve patient outcomes.

There is still considerable progress to be made in improving

MRP-targeted therapies and translating these findings into effective

clinical applications that can more efficiently achieve therapeutic

goals in cancer. In the future, it will be essential to investigate the

specific mechanisms of MRPs in tumorigenesis in greater depth,

accumulate definitive clinical evidence, and develop effective cancer

therapies based on MRPs. Moreover, focusing on the development

of combination therapy strategies—such as integrating MRP-

targeted treatment with chemotherapy or immunotherapy—may

significantly enhance treatment outcomes by leveraging synergistic

effects or overcoming drug resistance. Furthermore, the discovery

and validation of biomarkers are critical for advancing personalized

treatment approaches and identifying patient populations most

likely to benefit from MRP-targeted therapies. This includes

exploring the potential of MRPs as predictive biomarkers for
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immunotherapy response. Lastly, optimizing drug delivery

systems to enhance mitochondrial penetration—such as designing

lipid nanoparticles (LNPs) with improved mitochondrial targeting

efficiency—and identifying MRP-specific inhibitors with minimal

off-target effects are vital steps in improving treatment efficacy and

reducing potential toxicity. Future efforts should integrate

technological innovations with interdisciplinary research, while

gathering further evidence from both basic and clinical studies to

ensure precision and safety in MRP-targeted therapies.
Author contributions

JZ: Writing – original draft. NW: Supervision, Writing – review

& editing. WC: Conceptualization, Resources, Writing – original

draft. HY: Conceptualization, Resources, Writing – review

& editing.
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. This study was supported

by a hospital-level project of the General Hospital of the Chinese

People’s Liberation Army(Grant No.: ZYY021523).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, et al. Global
cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer J Clin. (2024) 74:229–63. doi: 10.3322/
caac.21834
frontiersin.org

https://doi.org/10.3322/caac.21834
https://doi.org/10.3322/caac.21834
https://doi.org/10.3389/fonc.2025.1586137
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zhu et al. 10.3389/fonc.2025.1586137
2. Yang Y, Wang Y. Role of epigenetic regulation in plasticity of tumor immune
microenvironment. Front Immunol . (2021) 12:640369. doi : 10.3389/
fimmu.2021.640369

3. Hanahan D. Hallmarks of cancer: new dimensions. Cancer Discovery. (2022)
12:31–46. doi: 10.1158/2159-8290.CD-21-1059

4. You M, Xie Z, Zhang N, Zhang Y, Xiao D, Liu S, et al. Signaling pathways in
cancer metabolism: mechanisms and therapeutic targets. Signal Transduct Target Ther.
(2023) 8:196. doi: 10.1038/s41392-023-01442-3

5. Akter R, Awais M, Boopathi V, Ahn JC, Yang DC, Kang SC, et al. Inversion of the
Warburg effect: unraveling the metabolic nexus between obesity and cancer. ACS
Pharmacol Transl Sci. (2024) 7:560–9. doi: 10.1021/acsptsci.3c00301

6. Ryu KW, Fung TS, Baker DC, Saoi M, Park J, Febres-Aldana CA, et al. Cellular
ATP demand creates metabolically distinct subpopulations of mitochondria. Nature.
(2024) 635:746–54. doi: 10.1038/s41586-024-08146-w

7. Annesley SJ, Fisher PR. Mitochondria in health and disease. Cells. (2019) 8:680.
doi: 10.3390/cells8070680

8. Kampen KR, Sulima SO, Vereecke S, De Keersmaecker K. Hallmarks of
ribosomopathies. Nucleic Acids Res. (2020) 48:1013–28. doi: 10.1093/nar/gkz637

9. Cheong A, Lingutla R, Mager J. Expression analysis of mammalian mitochondrial
ribosomal protein genes. Gene Expr Patterns. (2020) 38:119147. doi: 10.1016/
j.gep.2020.119147

10. Wu H, Zhu X, Zhou H, Sha M, Ye J, Yu H. Mitochondrial ribosomal proteins
and cancer. Medicina (Kaunas). (2025) 61:96. doi: 10.3390/medicina61010096

11. Greber BJ, Bieri P, Leibundgut M, Leitner A, Aebersold R, Boehringer D, et al.
Ribosome. The complete structure of the 55S mammalian mitochondrial ribosome.
Science. (2015) 348:303–8. doi: 10.1126/science.aaa3872

12. Lv M, Zhou W, Hao Y, Li F, Zhang H, Yao X, et al. Structural insights into the
specific recognition of mitochondrial ribosome-binding factor hsRBFA and 12 S rRNA
by methyltransferase METTL15. Cell Discovery. (2024) 10:11. doi: 10.1038/s41421-023-
00634-z

13. Sharma MR, Koc EC, Datta PP, Booth TM, Spremulli LL, Agrawal RK. Structure
of the mammalian mitochondrial ribosome reveals an expanded functional role for its
component proteins. Cell. (2003) 115:97–108. doi: 10.1016/s0092-8674(03)00762-1

14. Kaushal PS, Sharma MR, Agrawal RK. The 55S mammalian mitochondrial
ribosome and its tRNA-exit region. Biochimie. (2015) 114:119–26. doi: 10.1016/
j.biochi.2015.03.013

15. Koripella RK, Deep A, Agrawal EK, Keshavan P, Banavali NK, Agrawal RK.
Distinct mechanisms of the human mitoribosome recycling and antibiotic resistance.
Nat Commun. (2021) 12:3607. doi: 10.1038/s41467-021-23726-4

16. Amunts A, Brown A, Toots J, Scheres SHW, Ramakrishnan V. Ribosome. The
structure of the human mitochondrial ribosome. Science. (2015) 348:95–8.
doi: 10.1126/science.aaa1193

17. Pham TCP, Raun SH, Havula E, Henriquez-Olguıń C, Rubalcava-Gracia D,
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157. Abaji R, Ceppi F, Patel S, Gagné V, Xu CJ, Spinella JF, et al. Genetic risk factors
for VIPN in childhood acute lymphoblastic leukemia patients identified using whole-
exome sequencing. Pharmacogenomics. (2018) 19:1181–93. doi: 10.2217/pgs-2018-
0093
frontiersin.org

https://doi.org/10.4161/cbt.12.10.17780
https://doi.org/10.1038/s43018-024-00756-7
https://doi.org/10.1038/s43018-024-00756-7
https://doi.org/10.1158/2159-8290.CD-20-1376
https://doi.org/10.1038/s41392-024-02081-y
https://doi.org/10.1007/s10541-005-0104-5
https://doi.org/10.3390/ijms22083827
https://doi.org/10.1016/j.isci.2020.101428
https://doi.org/10.1016/j.neurot.2024.e00325
https://doi.org/10.1038/s41392-024-02002-z
https://doi.org/10.1093/jnci/djz024
https://doi.org/10.1186/1471-2407-13-502
https://doi.org/10.1186/1471-2407-13-502
https://doi.org/10.2217/pgs-2018-0093
https://doi.org/10.2217/pgs-2018-0093
https://doi.org/10.3389/fonc.2025.1586137
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Mitochondrial ribosomal proteins: potential targets for cancer prognosis and therapy
	1 Introduction
	2 The functions of MRPs
	3 MRPs and cancer
	3.1 MRPs and breast cancer
	3.2 MRPs and lung cancer
	3.3 MRPs and colorectal cancer
	3.4 MRPs and gastric cancer
	3.5 MRPs and liver cancer
	3.6 MRPs and head and neck cancer
	3.7 MRPs and leukemia
	3.8 MRPs and glioma
	3.9 MRPs and female genital tumors
	3.10 MRPs and other cancers

	4 MRPs and the tumor microenvironment
	5 The therapeutic potential of MRPs in cancer
	5.1 MRP-targeted drugs
	5.2 MRPs in tumor drug resistance and immunotherapy

	6 The limitations and challenges of MRP-targeted therapies in cancer
	7 Conclusions and future research directions
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


