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Abstract. Mitochondrial ribosome protein L51 (MRPL51) 
is a 39S subunit protein of the mitochondrial ribosome. Its 
dysregulation may be involved in non‑small cell lung cancer. 
The present study aimed to explore MRPL51 expression in 
lung adenocarcinoma (LUAD) and normal lung tissues, as 
well as its regulatory effects on malignant LUAD behaviors. 
In addition, the role of forkhead box protein M1 (FOXM1) in 
MRPL51 transcription was studied. Bioinformatics analysis 
and subsequent in vitro experiments, including western blot‑
ting, immunofluorescent staining, Transwell invasion assay, 
dual‑luciferase assay and chromatin immunoprecipitation 
quantitative PCR were conducted. The results demonstrated 
that MRPL51 expression was upregulated at both the mRNA 
and protein levels in LUAD tissues compared with normal 
lung tissues. Gene Set Enrichment Analysis demonstrated 
that LUAD tissues with higher MRPL51 expression also had 
higher expression levels of genes enriched in multiple gene 
sets, including ‘DNA_REPAIR’, ‘UNFOLDED_PROTEIN_
RESPONSE’, ‘MYC_TARGETS_V1’, ‘OXIDATIVE_​
PHOSPHORYLATION’,  ‘MTORC1_ SIGNALING’, 
‘REACTIVE_OXYGEN_SPECIES_PATHWAY’, ‘MYC_​
TARGETS_V2’, ‘E2F_TARGETS’ and ‘G2M_​CHECKPOINT’. 
MRPL51 expression was positively correlated with ‘cell cycle’, 
‘DNA damage’, ‘DNA repair’, epithelial‑mesenchymal transi‑
tion (‘EMT’), ‘invasion’ and ‘proliferation’ of LUAD cells at the 
single‑cell level. Compared to the negative control, MRPL51 
knockdown decreased N‑cadherin and vimentin expression 
but increased E‑cadherin expression in A549 and Calu‑3 cells. 
MRPL51 knockdown suppressed cell proliferation, induced G1 
phase arrest and decreased cell invasion. Patients with LUAD 
and higher MRPL51 expression had a significantly shorter 

overall survival (OS). FOXM1 could bind to the MRPL51 gene 
promoter and activate its transcription. In conclusion, MRPL51 
was transcriptionally activated by FOXM1 in LUAD and 
contributed to the malignant behaviors of tumor cells, including 
EMT, cell cycle progression and invasion. High MRPL51 
expression may be a prognostic biomarker indicating poor OS.

Introduction

Lung adenocarcinoma (LUAD) is one of the main histo‑
logical subtypes of non‑small cell lung cancer (NSCLC). 
Mitochondria are complex biosynthetic, bioenergetic and 
signaling organelles. They serve fundamental roles in the 
physiological adaptations and stress responses such as 
bioenergetics, macromolecule biosynthesis, nutrient catabo‑
lism, and redox homeostasis to the cellular environment (1). 
Mitochondrial dysregulation is closely associated with the 
pathological development of LUAD (2,3).

Human mitochondr ia l  DNA (mtDNA) encodes 
13  essential subunits of the mitochondrial respiratory 
chain complexes, 22 mitochondrial transfer RNAs and two 
ribosomal RNAs (rRNAs) (4). The 13 protein components 
are synthesized by mitochondrial ribosomes  (5). Human 
mitochondrial ribosomes comprise three rRNA molecules 
and ~80 interconnected mitochondrial ribosomal proteins 
(MRPs) encoded by nuclear DNA (6). Dysregulation of MRPs 
is involved in cancer development and it may be a potential 
cancer biomarker (7). For example, MRPL42 gene expression 
can be activated by the transcription factor YY1 via promoter 
binding in LUAD (8). Knockdown of MRPL42 could mark‑
edly suppress proliferation, induce cell cycle arrest and 
reduce migration and invasion of LUAD cells in vitro (8). 
MRPL52 upregulation is induced by hypoxia‑inducible 
factor‑1 in human breast cancer (9). Upregulation of MRPL52 
is associated with aggressive clinicopathological features 
(such as higher histological grade, lymph node metastasis, 
and increased tumor size), and contributes to malignant 
behaviors, including epithelial‑mesenchymal transition 
(EMT), migration and invasion of breast cancer cells (9). A 
recent bioinformatics study analyzed the shared dysregulated 
genes of musculoskeletal aging and NSCLC, and revealed 
that MRPL51 is among the shared genes (10). Therefore, it is 
necessary to explore how MRPL51 regulates the malignant 
behaviors of LUAD.
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Forkhead box M1 (FOXM1) is a member of the conserved 
forkhead box transcription factor family. Forkhead box tran‑
scription factors have a conserved winged‑helix DNA‑binding 
domain that recognizes and binds to the canonical forkhead 
motif RYAAAYA (11). FOXM1 upregulation promotes the 
progression of LUAD by enhancing cell proliferation, inva‑
sion, metastasis and resistance to gefitinib by transcriptionally 
activating a series of downstream target genes (12‑15).

The present study aimed to explore the expression levels of 
MRPL51 in normal lung tissues compared with LUAD tissues, 
its association with the malignant tumor behaviors of LUAD 
and the potential regulatory effect of FOXM1 on its aberrant 
upregulation.

Materials and methods

Retrieval of data from the Genotype‑Tissue Expression 
(GTEx) project database and The Cancer Genome Atlas 
(TCGA). Retrieval of data from TCGA (16) and GTEx (17) 
was performed using the University of California, Santa Cruz 
(UCSC) Xena platform (https://xenabrowser.net/​datapages/​?​
cohort=​TCGA%20TARGET%20GTEx&removeHub=https%​
3A%2F%2Fxena.treehouse.gi.ucsc.edu%3A443) (18). RNA 
sequencing (RNA‑seq) data presented as log2(transcript per 
million +0.001) values were used and compared. Survival 
data, including progression‑free interval (PFI; restricted to 
56 months, the longest time without late‑stage cross‑over) 
and overall survival (OS) data, were obtained for primary 
LUAD cases in TCGA (n=472 with PFI data and n=510 with 
OS data) for Kaplan‑Meier survival analysis. Median gene 
expression was used for the low and high MRPL51 expression 
cut‑off.

MRPL51 protein expression data in the Human Protein Atlas 
(HPA). MRPL51 expression at the protein level in normal lung 
and LUAD tissues was examined using immunohistochemistry 
(IHC) images deposited in HPA (19,20).

Cell culture and treatment. The A549 and Calu‑3 human 
LUAD cell lines were obtained from the Cell Resource Center, 
Peking Union Medical College [which is the headquarters of 
the National Science & Technology Infrastructure‑National 
BioMedical Cell Line Resource (NSTI‑BMCR)]. 293T cells 
were obtained from Procell Life Science & Technology Co., 
Ltd. In brief, all these cell lines were cultured in Dulbecco's 
Modified Eagle Medium (DMEM; Gibco; Thermo Fisher 
Scientific, Inc.), supplemented with 10% fetal bovine 
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1% 
penicillin‑streptomycin solution (100 U/ml penicillin and 
100 µg/ml streptomycin). Cells were cultured in a humidified 
environment with 5% CO2 at 37˚C.

Lentiviral MRPL51 and FOXM1 short hairpin (sh)RNAs 
were produced using the pLKO.1‑puro vector (Addgene, Inc.). 
The following shRNA sequences were used: shMRPL51#1, 
5'‑CGC​ATC​CGC​TAT​CTC​TAC​AAA‑3'; shMRPL51#2, 
5'‑GTT​CGG​AGT​GTA​TGA​CAA​CAT‑3'; shMRPL51#3, 
5'‑CTT​AAT​AAA​CGC​ATC​CGC​TAT‑3'; shFOXM1#1, 
5'‑GCC​CAA​CAG​GAG​TCT​AAT​CAA‑3'; shFOXM1#2, 
5'‑GCA​CTA​TCA​ACA​ATA​GCC​TAT‑3'; and shFOXM1#3, 
5'‑CGC​CGG​AAC​ATG​ACC​ATC​AAA‑3'. A scramble 

sequence was used as the negative control (NC): shNC, 
5'‑CCT​AAG​GTT​AAG​TCG​CCC​TCG‑3'. 

The lentiviruses used for infection were generated using 
the 2nd generation system, which included the psPAX2 pack‑
aging plasmid, the pMD2.G envelope plasmid and 293T cells. 
In total, 1 µg pLKO.1 shRNA plasmid, 750 ng psPAX2 pack‑
aging plasmid and 250 ng pMD2.G envelope plasmid were 
resuspended in 20 µl serum‑free OPTI‑MEM (Gibco; Thermo 
Fisher Scientific, Inc.). Transfection into 293T cells was 
performed using FuGENE 6 transfection reagent (Promega 
Corporation) at room temperature for 30 min, according to 
the manufacturer's instruction. Media from the cell culture 
was harvested and centrifuged at 245 x g for 5 min at 4˚C. 
Then, the media was filtered through a 0.45 µm filter to remove 
the cells.

Reverse transcription‑quantitative PCR (RT‑qPCR). The 
knockdown efficiency of lentiviral MRPL51 and FOXM1 
shRNAs in A549 and Calu‑3 cells was examined 48 h after 
infection (MOI=10) by RT‑qPCR. Total RNAs were extracted 
from cells using TRIzol Reagent (Thermo Fisher Scientific, 
Inc.). cDNA was reversely transcribed using the High‑Capacity 
cDNA Reverse Transcription Kit (Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instruction. qPCR was 
performed using FastStart Universal SYBR Green Master 
Mix (Roche Diagnostics), with a 7900HT Fast Real Time 
PCR System (Thermo Fisher Scientific, Inc.). The following 
primers were used: MRPL51 forward, 5'‑GAT​CGT​TGG​
AAC​GAG​AAA​AGG​GC‑3' and reverse, 5'‑CCC​TTT​CCA​
ACC​TCG​AAG​CCA​T‑3'; FOXM1 forward, 5'‑TCT​GCC​AAT​
GGC​AAG​GTC​TCC​T‑3' and reverse, 5'‑CTG​GAT​TCG​GTC​
GTT​TCT​GCT​G‑3'; and β‑actin (ACTB) forward, 5'‑CAC​
CAT​TGG​CAA​TGA​GCG​GTT​C‑3' and reverse, 5'‑AGG​TCT​
TTG​CGG​ATG​TCC​ACG​T‑3'. The following thermocycler 
conditions were used: Stage 1, 50˚C for 2 min and 95˚C 
for 10 min; Stage 2, 95˚C for 15 sec and 60˚C for 1 min, 
40 cycles; Stage 3 (dissociation curve), 95˚C for 15 sec, 60˚C 
for 15 sec and 95˚C for 15 sec. Relative gene expression was 
calculated using the 2‑ΔΔCq method (21), and ACTB was used 
as the control gene.

Western blotting. In brief, A549 and Calu‑3 cell samples were 
collected and lysed using RIPA lysis buffer following the manu‑
facturer's instruction (Beyotime Institute of Biotechnology). 
The concentration of proteins in the supernatant was measured 
using a BCA kit (Beyotime Institute of Biotechnology). A 
total of 25 µg per lane of each sample was separated by 10% 
SDS‑PAGE and transferred onto nitrocellulose membranes. 
The membranes were washed with 1X TBST (0.1% Tween‑20 
in 1X TBS), blocked with 1X TBST containing 5% non‑fat dry 
milk for 1 h at room temperature, and incubated with primary 
antibodies at 4˚C overnight. The following primary anti‑
bodies and dilutions were used: Anti‑MRPL51 (1:1,000; cat. 
no. PA5‑58988; Thermo Fisher Scientific, Inc.), anti‑E‑cadherin 
(1:1,000; cat. no.  20874‑1‑AP; Proteintech Group, Inc.), 
anti‑N‑cadherin (1:1,000; cat. no. 22018‑1‑AP; Proteintech 
Group, Inc.), anti‑Vimentin (1:1,000; cat. no. 10366‑1‑AP; 
Proteintech Group, Inc.), anti‑FOXM1 (1:1,000; cat. 
no. 13147‑1‑AP; Proteintech Group, Inc.) and anti‑β‑tubulin 
(1:1,000; cat. no.  10094‑1‑AP; Proteintech Group, Inc.). 
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Subsequently, the membranes were washed with 1X TBST and 
incubated with HRP‑conjugated AffiniPure goat anti‑rabbit 
IgG (H+L) (1:5,000; cat. no. SA00001‑2; Proteintech Group, 
Inc.) for 1 h at room temperature. The protein bands were 
developed using BeyoECL Star reagent (Beyotime Institute of 
Biotechnology) with a ChemiDoc Imaging System (Bio‑Rad 
Laboratories, Inc.). β‑tubulin served as the endogenous protein 
expression control.

Cell Counting Kit‑8 (CCK‑8) assays. CCK‑8 assays were 
conducted using a commercial CCK‑8 (Beyotime Institute 
of Biotechnology). In brief, A549 and Calu‑3 cells with 
or without lentiviral‑mediated MRPL51 knockdown were 
seeded into 96‑well plates (2,000 cells/well) and allowed to 
attach for 2 h; 2 h after seeding was considered the 0 h time 
point. Cell viability was measured at 0, 24, 48 and 72 h after 
seeding according to the manufacturer's protocol. For this, 
10 µl CCK‑8 solution was added to each well and incubated 
in a cell incubator at 37˚C for 2 h. Absorption at 450 nm was 
measured using a microplate reader. All CCK‑8 experiments 
were repeated three times with three technical repeats.

Immunofluorescent staining. In brief, A549 and Calu‑3 cells 
(1x105 cells per well/24‑well plate) grown on coverslips were 
fixed with 4% paraformaldehyde for 15 min at room tempera‑
ture, permeabilized using 0.1% Triton X‑100 in PBS for 15 min 
at room temperature, and blocked using 2% BSA (Beyotime 
Institute of Biotechnology) in PBST (0.1% Tween‑20) for 
30 min at room temperature. For MRPL51 and mitochondria 
double labeling, cells were incubated with MRPL51 rabbit 
polyclonal antibody (1:400; cat. no.  PA5‑58988; Thermo 
Fisher Scientific, Inc.) overnight at 4˚C. After washing, 
cells were incubated with Alexa Fluor® 488‑conjugated 
anti‑rabbit IgG (H+L), F(ab')2 (1:2,000, cat. no. 4412, Cell 
Signaling Technology, Inc.) for 1 h at room temperature in 
the dark. Mitochondria were labeled using MitoTracker Red 
CMXRos (Beyotime Institute of Biotechnology) according 
to the manufacturer's instructions. For E‑cadherin and 
Vimentin double labeling, cells were incubated with mouse 
anti‑Vimentin (1:500; cat. no. 60330‑1‑Ig; Proteintech Group, 
Inc.) and rabbit anti‑E‑cadherin (1:250; cat. no. 20874‑1‑AP; 
Proteintech Group, Inc.) overnight at 4˚C. After washing, 
cells were incubated with Alexa Fluor® 488‑conjugated 
anti‑mouse and Alexa Fluor® 594‑conjugated anti‑rabbit 
(1:2,000; cat. nos. 4408 and 8889; Cell Signaling Technology, 
Inc.) secondary antibodies for 1 h at room temperature in the 
dark. The nucleus was stained with DAPI (1 µg/ml) at room 
temperature for 1 min. Fluorescence images were captured 
using an Olympus IX81 widefield fluorescence microscope 
(Olympus Corporation).

Gene Set Enrichment Analysis (GSEA). GSEA was 
performed using GSEA Desktop version 4.1.0 (https://www.
gsea‑msigdb.org/gsea/index.jsp). In brief, the RNA‑seq data of 
primary LUAD cases from TCGA were separated into high 
and low MRPL51 expression groups based on the median 
MRPL51 expression. The difference in gene set enrichment 
was explored in the Human (H): hallmark gene sets within 
the Molecular Signatures Database (MSigDB_v2022.1; 
https://www.gsea‑msigdb.org/gsea/msigdb/index.jsp). The 

following parameters were set to run GSEA: Number of 
permutations, 1,000; permutation type, phenotype. Only 
the gene sets with |normalized enrichment score (NES)|>1, 
nominal (NOM) P<0.05 and false discovery rate (FDR) q<0.05 
were included.

Characterization of the correlation between MRPL51 
expression and cellular functional states in LUAD cells at 
the single‑cell level. MRPL51 expression at the single‑cell 
level was characterized using the single‑cell RNA‑seq dataset 
from Kim et al (22) based on patient‑derived xenograft (PDX) 
tumor cells from patients with LUAD (n=126). Subsequently, 
its correlation with 14 single‑cell functional states of each 
tumor cell in this dataset, including ‘stemness’, ‘invasion’, 
‘metastasis’, ‘proliferation’, ‘EMT’, ‘angiogenesis’, ‘apoptosis’, 
‘cell cycle’, ‘differentiation’, ‘DNA damage’, ‘DNA repair’, 
‘hypoxia’, ‘inflammation’ and ‘quiescence’, was calculated. 
single‑cell functional state scores were obtained from 
CancerSEA (23). In this database, the 14 single‑cell functional 
states were scored by individual cells. Subsequently, the corre‑
lations between gene expression and the functional states were 
assessed by calculating the Pearson's correlation coefficients.

Transwell assay of cell invasion. A Transwell assay of A549 
and Calu‑3 cells (with or without MRPL51 knockdown) inva‑
sion was performed using a 6.5‑mm Transwell chamber (8‑µm 
pore size; Corning, Inc.) coated with Matrigel (1 mg/ml), 
according to a previously described protocol (24). In brief, 
2x105 cells in 100 µl serum‑free DMEM were seeded into 
the top chamber. The bottom chamber was filled with 0.6 ml 
DMEM supplemented with 10% FBS as the attractant. The 
plate was further incubated at 37˚C for 24 h. Then, the invaded 
cells on the bottom side were visualized using a light micro‑
scope (Shenzhen Aowei Optical Instrument Co., Ltd.) and 
counted manually.

Cell cycle distribution. In brief, 48 h after lentiviral infec‑
tions, A549 and Calu‑3 cells (1x106) were collected, fixed 
using pre‑chilled 70% ethanol (‑20˚C) for 3 h, washed with 
FACS buffer [Multisciences (Lianke) Biotech Co., Ltd.] 
twice and resuspended in 500 µl DAPI (1 µg/ml), according 
to a previously described protocol (25). Cell cycle distribu‑
tion was examined using a BD FACSCalibur flow cytometer 
(BD Biosciences). Cell cycle distribution was analyzed using 
the Watson Pragmatic algorithm with NovoExpress software 
(v.1.5.4; Agilent Technologies, Inc.).

Dual luciferase assays. The wild‑type (WT) MRPL51 
promoter sequence (Fig. S1) and the mutant (MT) sequence 
were chemically synthesized using an automated DNA synthe‑
sizer [General Biology (Anhui) Co., Ltd.] and inserted into the 
pGL3‑basic plasmid (Promega Corporation). A549 and Calu‑3 
cells with or without lentiviral‑mediated FOXM1 knock‑
down were seeded into 24‑well plates (5.0x104 cells/well). 
After 24 h, cells were transfected with 0.5 µg of either WT 
or MT luciferase reporter plasmid together with the Renilla 
luciferase reporter plasmid pRL‑TK (0.02  µg; Promega 
Corporation, using FuGENE 6 transfection reagent (Promega 
Corporation). After 24 h, cells were washed, lysed using the 
passive lysis buffer (Promega Corporation) and then subjected 



ZHANG et al:  MRPL51 upregulation, FOXM1 and lung adenocarcinoma4

to the measurement of firefly and Renilla luciferase activities 
using the Dual‑Luciferase Reporter Assay System (Promega 
Corporation). Firefly luciferase activity was normalized to 
Renilla luciferase activity. The experiments were performed 
in triplicate.

Kaplan‑Meier survival analysis in the Kaplan‑Meier plotter. 
To validate the prognostic significance of MRPL51 expression 
in patients with LUAD, it was meaningful to perform survival 
data from other databases. Therefore, validation analysis was 
performed using survival data collected from Kaplan‑Meier 
plotter (http://kmplot.com/analysis/) (26), which integrated 
data from both TCGA and multiple datasets in the Gene 
Expression Omnibus (GEO). Accession numbers of the specific 
databases extracted from the GEO can be obtained from the 
supplemental materials section of the Kaplan‑Meier plotter 
website (http://kmplot.com/analysis/index.php?p=download). 
To avoid analysis duplication, survival data collected from 
TCGA were excluded. First progression‑free survival (FPS) 
and OS were compared between patients with the top 50% and 
bottom 50% of MRPL51 expression.

Chromatin immunoprecipitation (ChIP)‑qPCR assay. To 
understand the mechanisms of aberrant upregulation of 
MRPL51 in LUAD tumor cells, the transcription factors with 
potential binding to the MRPL51 promoter were investigated 
using available ChIP sequencing (ChIP‑seq) data in the 
Cistrome Data Browser (CistroDB; http://cistrome.org/db/; 
accession no. 53260)  (27). In CistroDB, no ChIP‑seq data 
were available for LUAD cells. Therefore, 293 cells exhibiting 
epithelial morphology were selected for bioinformatics predic‑
tion. A ChIP assay was performed using the SimpleChIP Plus 
Enzymatic Chromatin IP Kit (Agarose Beads; cat. no. 9004; 
Cell Signaling Technology, Inc.) according to the manufac‑
turer's protocol. In short, 4x106 cells with or without FOXM1 
knockdown were collected, fixed 1% with formaldehyde for 
10 min at room temperature and lysed using RIPA lysis buffer 
following the manufacturer's instruction (Beyotime Institute 
of Biotechnology). Subsequently, fragmented chromatin was 
prepared via partial digestion with micrococcal nuclease for 
20 min at 37˚C. ChIP‑validated rabbit anti‑FOXM1 antibody 
(3 µg/106 cells; cat. no. 13147‑1‑AP; Proteintech Group, Inc.) 
and ChIP‑Grade Protein G Agarose Beads were used. Rabbit 
IgG (3 µg/106 cells, cat. no. 30000‑0‑AP; Proteintech Group, 
Inc.) served as the negative control. DNA samples were 
collected, purified and subsequently used as template for 
qPCR as described above. The primers covering the predicted 
FOXM1 binding site were designed as follows: Forward, 
5'‑TTT​CAA​GTC​GGC​GGA​GAA​T‑3' and reverse, 5'‑GAA​
CTC​GGT​ATT​TGT​GGC​TTT​G‑3'.

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism (version  8.10; Dotmatics). For quantita‑
tive data, mean ± SD values were calculated based on three 
biological repeats of three technical repeats. For samples with 
assumed normal distribution by Shapiro‑Wilk test, one‑way 
ANOVA with Tukey's post hoc test was used for multiple 
group comparisons. For data without normality assumption, 
Kruskal‑Wallis test with Dunn's post hoc test was performed. 
Pearson's correlation coefficient was calculated to estimate 

correlations. The log‑rank test was conducted to estimate the 
difference between survival curves. P<0.05 was considered to 
indicate a statistically significant difference.

Results

MRPL51 is aberrantly upregulated in LUAD tissues compared 
with normal lung tissues. RNA‑seq data were retrieved for 
normal lung tissues in the GTEx database and for the LUAD 
dataset in TCGA. MRPL51 expression was compared among 
normal lung tissues (n=287), LUAD tumor‑adjacent normal 
tissues (n=59) and LUAD tissues (n=513; Fig. 1A). The results 
demonstrated that MRPL51 expression was significantly higher 
in LUAD tissues compared with that in either normal lung or 
LUAD tumor‑adjacent normal tissues (Fig. 1A). IHC staining 
data of MRPL51 expression in normal lung and LUAD tumor 
sections were retrieved from HPA (28), an open and accessible 
database providing protein expression data in human cells, 
tissues and organs. MRPL51 expression in alveolar epithe‑
lial cells was nearly undetectable (Fig. 1D; left). However, 
medium to high MRPL51 expression was observed in LUAD 
tissue sections (Fig. 1D; middle and right). To visualize the 
distribution of MRPL51 in LUAD cells, mitochondria were 
double‑labeled using MitoTracker and MRPL51 in A549 and 
Calu‑3 cells (Fig. 1B and C). Florescence images confirmed 
the localization of MRPL51 in the mitochondria found in the 
cytoplasm of these two cell lines (Fig. 1B and C).

GSEA results. To explore the differences in the behaviors of 
LUAD tumors with high and low MRPL51 expression, patients 
with primary tumors in TCGA‑LUAD (n=513) were separated 
into two groups according to the median MRPL51 expres‑
sion. The enrichment in the hallmark gene sets was compared 
between the two groups. Only the gene sets with |NES|>1, NOM 
P<0.05 and FDR q<0.05 were considered significantly enriched 
(Fig. 2A). The detailed GSEA plots indicating the significantly 
enriched gene sets are shown in Fig. 2B, and the peak point of 
the green plot is the enrichment score (ES). The results demon‑
strated that the high MRPL51 expression group exhibited 
significantly higher expression of genes (reflected by the positive 
ES values in Fig. 2A) enriched in multiple gene sets compared 
with the low MRPL51 expression group, including ‘DNA_​
REPAIR’, ‘UNFOLDED_​PROTEIN_RESPONSE’, ‘MYC_​
TARGETS_V1’, ‘OXIDATIVE_​PHOSPHORYLATION’, 
‘MTORC1_SIGNALING’, ‘REACTIVE _OXYGEN_
SPECIES_PATHWAY’, ‘MYC_​TARGETS_​V2’, ‘E2F_​
TARGETS’ and ‘G2M_CHECKPOINT’ (Fig. 2A and B). In 
the plots of Fig. 2B, the location of the peaks suggested that the 
genes in these gene sets were upregulated in the high MRPL51 
expression group compared to the low MRPL51 expression 
group.

Characterization of the association between MRPL51 expres‑
sion and LUAD cellular behaviors at the single‑cell level. 
To explore the association between MRPL51 expression and 
LUAD cellular behaviors at the single‑cell level, MRPL51 
expression was investigated in the single‑cell RNA‑seq dataset 
from Kim et al (22) based on PDX tumor cells (n=126) from 
patients with LUAD (Fig. 3A). A total of 14 single‑cell func‑
tional state scores of every tumor cell in this dataset, including 
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‘stemness’, ‘invasion’, ‘metastasis’, ‘proliferation’, ‘EMT’, 
‘angiogenesis’, ‘apoptosis’, ‘cell cycle’, ‘differentiation’, ‘DNA 
damage’, ‘DNA repair’, ‘hypoxia’, ‘inflammation’ and ‘quies‑
cence’, were obtained from CancerSEA (23) (Fig. 3B). The 
correlation between MRPL51 expression and the functional 
state scores was assessed by calculating Pearson's correlation 
coefficient. Since the cell number was relatively small (n=126), 
and the bioinformatics analysis only provided directions for 
validation studies, weak correlation (Pearson's r≥0.2) was set 
as the cut‑off. In total, 6 out of the 14 analyzed functional 
states showed weak but significant correlation with MRPL51 
expression (Pearson's r≥0.2; P<0.05). In detail, MRPL51 
expression was positively correlated with ‘cell cycle’, ‘DNA 
damage’, ‘DNA repair’, ‘EMT’, ‘invasion’ and ‘proliferation’ 
of LUAD cells at the single‑cell level (Fig. 3D). 

Knockdown of MRPL51 increases epithelial properties, induces 
G1 phase arrest and weakens the invasion of LUAD tumor 
cells. To validate the regulatory effect of MRPL51 on cellular 
behaviors, lentiviral shRNA was used for MRPL51 knock‑
down in A549 and Calu‑3 cells (Fig. 3C and E). shMRPL51#1 
and shMRPL51#2 were used for further studies due to a 

more optimal suppression of MRPL51 expression. MRPL51 
knockdown was associated with decreased N‑cadherin and 
Vimentin expression, but increased E‑cadherin expression in 
A549 and Calu‑3 cells (Fig. 3E and F). A Transwell invasion 
assay confirmed that A549 and Calu‑3 cells with MRPL51 
knockdown exhibited significantly decreased invasion 
(Fig. 3J‑K). Flow cytometry and CCK‑8 assays demonstrated 
that MRPL51 knockdown induced G1 phase arrest and slowed 
cell proliferation (Fig. 3G‑I and L‑M).

MRPL51 upregulation is associated with unfavorable OS 
of patients with LUAD. Kaplan‑Meier survival analysis was 
performed using PFI and OS data from TCGA‑LUAD. Patients 
were grouped by median MRPL51 expression. The log‑rank 
test showed that patients with higher MRPL51 expression 
(top 50%) had a similar rate of PFI [hazard ratio (HR), 1.108; 
95% CI, 0.840‑1.462; P=0.47] compared with the patients with 
lower MRPL51 expression (bottom 50%; Fig. 4A). Patients 
with higher MRPL51 expression had a significantly worse OS 
rate than the patients with lower MRPL51 expression (HR, 
1.462; 95% CI, 1.094‑1.953; P=0.011; Fig. 4B). Using the same 
cut‑off of MRPL51 expression, the prognostic significance was 

Figure 1. MRPL51 is aberrantly upregulated in lung adenocarcinoma compared with normal lung tissues. (A) MRPL51 expression at the mRNA level in normal 
lung tissues in the Genotype‑Tissue Expression project database (n=287), and tumor‑adjacent (n=59) and LUAD tissues (n=513) both in The Cancer Genome 
Atlas. Double fluorescence labeling of mitochondria (red) and MRPL51 (green) in (B) A549 and (C) Calu‑3 cells. The nucleus was stained using DAPI. Scale bar, 
20 µm. (D) Representative IHC staining images of MRPL51 protein expression in normal lung and LUAD tissues. Images are available from: Image/gene/data 
available from v21.proteinatlas.org, https://images.proteinatlas.org/39923/86665_A_2_4.jpg, https://images.proteinatlas.org/39923/85691_B_2_2.jpg and 
https://images.proteinatlas.org/39923/85691_B_3_3.jpg. Scale bar in green, 100 µm; scale bar in red, 25 µm. *P<0.05 and ***P<0.001. IHC, immunohistochem‑
istry; LUAD, lung adenocarcinoma; MRPL51, mitochondrial ribosome protein L51; TPM, transcript per million. adj. N, adjacent normal.
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validated using data from LUAD cases in the Kaplan‑Meier 
plotter. The log‑rank test indicated that patients with higher 
MRPL51 expression had a significantly worse FP probability 
(HR, 1.55; 95% CI, 1.12‑2.14; P=0.0077; Fig. 4C) and OS rate 
(HR, 2.58; 95% CI, 1.97‑3.38; P<0.001; Fig. 4D).

MRPL51 transcription is activated by FOXM1 in LUAD tumor 
cells. The transcription factors with potential binding to the 
MRPL51 promoter were investigated using available ChIP‑seq 
data in Cistrome Data Browser (CistroDB; http://cistrome.
org/db/) (27). Only transcription factor genes with a regulatory 

Figure 2. GSEA results. GSEA was conducted to examine the gene set enrichment of the LUAD tumor cases with high and low MRPL51 expression in TCGA. 
(A) Summary table of enriched genesets and (B) the corresponding GSEA enrichment plots. Each chart's green plot corresponds to the ES. The middle red 
and blue bars show where the genes related to the pathways are located in the ranking. The bottom gray graph shows how the metric is distributed along the 
list. ES, enrichment score; FDR, false discovery rate; GSEA, Gene Set Enrichment Analysis; LUAD, lung adenocarcinoma; MRPL51, mitochondrial ribosome 
protein L51; NES, normalized enrichment score; NOM, nominal; TCGA, The Cancer Genome Atlas.
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potential >0.85 in epithelial tissues were identified as candi‑
dates, including PATZ1, POLR2A, MYC, FOXM1, STAT1, 
ERG and MBD2 (Fig. 5A). The expression correlation between 
the transcription factor genes and MRPL51 was assessed using 
RNA‑seq data from TCGA‑LUAD (Fig.  5A). Among the 

transcription factor genes, FOXM1 had the strongest correla‑
tion with MRPL51 expression (Pearson's r=0.52; Fig.  5B, 
data not shown for the other genes since their correlation 
with MRPL51 were all <0.2). FOXM1 expression was also 
significantly higher in LUAD tissues than in normal lung and 

Figure 3. MRPL51 expression and LUAD cellular behaviors. (A) tSNE plots showing the distribution of cells in the single‑cell dataset from Kim et al (22). 
Every point represents a single cell, and the color of the point represents the expression level of MRPL51 in the cell. (B) Heatmap showing the correlation 
between MRPL51 expression and 14 functional states at the single‑cell level in the dataset from Kim et al (22). (C) Reverse transcription‑quantitative PCR was 
performed to detect the expression levels of MRPL51 in A549 and Calu‑3 cells 48 h after lentivirus infection for MRPL51 knockdown. (D) Summary table 
showing the functional states significantly correlated with MRPL51 expression. (E) Western blotting was performed to detect the expression levels of MRPL51, 
N‑cadherin, Vimentin and E‑cadherin in A549 and Calu‑3 cells 48 h after lentivirus infection for MRPL51 knockdown. (F) Immunofluorescence staining was 
performed to visualize the expression of Vimentin and E‑cadherin in A549 and Calu‑3 cells 48 h after lentivirus infection for MRPL51 knockdown. Scale bar, 
10 µm. (G‑I) Flow cytometry (J and K) Transwell assays and (L and M) Cell Counting Kit‑8 assays were performed to detect invasion, cell cycle distribution 
and viability of A549 and Calu‑3 cells with or without MRPL51 knockdown. Cell cycle distribution of (H) A549 and (I) Calu‑3 cells, (K) Relative invaded 
cells (%) and the OD450 values of (L) A549 and (M) Calu‑3 cells were quantified. In all cases, one biological group was set to 100%, while the other groups 
were calculated for relative expression. *P<0.05, **P<0.01 and ***P<0.001 compared with the shNC group. E‑cad, E‑cadherin; EMT, epithelial‑mesenchymal 
transition; exp., expression; LUAD, lung adenocarcinoma; MRPL51, mitochondrial ribosome protein L51; NC, negative control; OD, optical density; RNA‑seq, 
RNA sequencing; sh, short hairpin RNA; tSNE, Distributed Stochastic Neighbor Embedding.
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LUAD tumor‑adjacent normal tissues (Fig. 5D). In CistroDB, 
no ChIP‑seq data were available for LUAD cells. Therefore, 
293 cells exhibiting epithelial morphology were selected for 
bioinformatics prediction. Using the UCSC Xena platform and 
the anti‑FOXM1 based ChIP‑seq data for 293 cells (11), it was 
demonstrated that the binding sites of FOXM1 in the MRPL51 
promoter (5'‑ACAAATA‑3') match the FOXM1 binding motif 
(5'‑RYAAAYA‑3'; Fig. 5C and E) (11). To verify the regula‑
tory effects of FOXM1 on MRPL51 transcription, lentiviral 
FOXM1 shRNAs were generated. FOXM1 knockdown 
decreased the mRNA and protein expression levels of MRPL51 
(Fig. 5F and G). shFOXM1#1 and shFOXM1#3 were used for 
further studies due to a more optimal suppression of FOXM1 
expression. To validate the activating effect of FOXM1 on the 
MRPL51 promoter, a recombinant pGL3‑basic reporter plasmid 
carrying either wild‑type (WT) [MRPL51‑promoter(p)‑WT] 
or mutant (MT) (MRPL51‑p‑MT, 5'‑ACCCCTA‑3') 
MRPL51 promoter fragments was generated (Fig. 5E and I). 

Dual‑luciferase assays confirmed that the knockdown of 
endogenous FOXM1 in A549 and Calu‑3 cells significantly 
impaired the luciferase activity of MRPL51‑p‑WT but had 
limited influence on MRPL51‑p‑MT (Fig. 5I). Subsequently, 
ChIP‑qPCR was conducted using anti‑FOXM1 in A549 and 
Calu‑3 cells with or without FOXM1 knockdown. Primers 
covering the predicted FOXM1 binding site were designed 
(blue arrows; Fig. 5E). qPCR data revealed that the MRPL51 
promoter fragments with the predicted FOXM1 binding site 
were enriched in the samples precipitated using anti‑FOXM1 
compared with IgG controls (Fig. 5H). However, FOXM1 
knockdown significantly impaired the enrichment (Fig. 5H).

Discussion

In mitochondria, MRPL51 interacts with OXA1L and partici‑
pates in the biogenesis of membrane proteins and their insertion 
into the inner mitochondrial membrane (29). A previous study 

Figure 4. MRPL51 expression is associated with unfavorable OS of patients with LUAD. Kaplan‑Meier survival analysis was performed using (A) PFI (months) 
and (B) OS time (months) from TCGA‑LUAD. Patients were grouped by median MRPL51 expression. Kaplan‑Meier survival analysis was performed using 
(C) FPS and (D) OS data for LUAD cases from Kaplan‑Meier plotter. The survival data from Kaplan‑Meier plotter was collected from the Gene Expression 
Omnibus and TCGA. To avoid overlap, TCGA data were excluded from this analysis. Patients were grouped by median MRPL51 expression. The log‑rank test 
was conducted to estimate survival differences. FPS, first progression‑free survival; HR, hazard ratio; LUAD, lung adenocarcinoma; MRPL51, mitochondrial 
ribosome protein L51; OS, overall survival; PFI, progression‑free interval; TCGA, The Cancer Genome Atlas.
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based on Saccharomyces cerevisiae revealed that MRPL51 
is required for mtDNA integrity and stability, respiratory 
growth and mitochondrial redox homeostasis (30). However, 
the involvement of MRPL51 in carcinogenesis remains poorly 
understood. The upregulation of MRPL51 in lung cancer was 
observed in a previous study (10), which may be related to 
gene promoter hypomethylation (31). In addition, MRPL51 is a 
nitric oxide (NO)‑inducible gene in NSCLC cells, with >5‑fold 
upregulation post‑NO treatment (32).

In the present study, upregulation of MRPL51 mRNA and 
protein expression was observed in LUAD tissues compared 
with normal lung tissues. GSEA based on bulk tissue 
RNA‑seq data indicated that the LUAD cases with higher 
MRPL51 expression also had upregulated genes enriched in 
multiple cell proliferation‑related pathways, including ‘G2M_
CHECKPOINT’, ‘E2F_TARGETS’ and MYC‑transcriptional 
activity per se (‘MYC_TARGETS_V1’ and ‘MYC_TARGETS_
V2’). Overactive ‘MTORC1_SIGNALING’ is associated 
with enhanced EMT, motility and metastasis of lung cancer 
cells (33,34). The ‘OXIDATIVE_PHOSPHORYLATION’ and 
‘REACTIVE_OXYGEN_SPECIES_PATHWAY’ are also the 
most markedly enriched pathways in tumors with increased 

MRPL51 expression, according to the GSEA results of the 
present study. Increased generation of reactive oxygen species 
(ROS) in mitochondria during oxidative phosphorylation, 
imbalance in redox status and dysregulated redox signaling 
are common features during the pathological progression of 
LUAD (35). These alterations can lead to treatment resistance 
by promoting the transdifferentiation of LUAD to squamous 
cell carcinoma  (36,37). However, ROS directly cause cell 
injury, including DNA damage  (38,39). Cancer cells must 
counteract excessive oxidative damage for survival (38,39). 
Once the DNA is damaged, enzymatic DNA repair mecha‑
nisms are activated to maintain genomic stability and cell 
viability  (38,39). This may explain why ‘DNA_REPAIR’ 
was identified as another significantly enriched gene set. 
Therefore, it was hypothesized that these enriched pathways 
can accumulate to lead to aggressive tumor cell behaviors.

Bulk tissue RNA‑seq contains data from non‑tumor cells, 
such as immune cells, fibroblasts and endothelial cells. To 
exclude the non‑tumor cell signals, it was attempted to validate 
the association between MRPL51 expression and the malignant 
behaviors of LUAD cells at the single‑cell level using a previous 
single‑cell RNA‑seq dataset  (22). In the present study, the 

Figure 5. MRPL51 transcription is modulated by FOXM1 in LUAD tumor cells. (A) Heatmap showing the expression correlation between candidate TFs (iden‑
tified using CistroDB) and MRPL51 in primary tumor cases in TCGA‑LUAD. (B) Correlation between MRPL51 and FOXM1 expression in TCGA‑LUAD. 
(C) Binding site of FOXM1 on the MRPL51 promoter. Data were obtained from one previous ChIP‑seq dataset (11). (D) FOXM1 expression at the mRNA 
level in normal lung tissues in the Genotype‑Tissue Expression project database (n=287), and tumor‑adjacent (n=59) and LUAD tissues (n=513) both in TCGA. 
(E) Schematic charts showing the potential binding site of FOXM1 on the WT MRPL51 promoter. The MT design for the dual luciferase assay is also provided. 
(F) Reverse transcription‑qPCR and (G) western blotting were performed to detect the expression levels of FOXM1 and MRPL51 in A549 and Calu‑3 cells 
48 h after lentivirus infection for FOXM1 knockdown. (H) A ChIP assay was performed using anti‑FOXM1 in cell lysates from A549 and Calu‑3 cells with 
or without FOXM1 knockdown. qPCR (n=3) was then performed using the primers covering the predicted FOXM1 binding site in the MRPL51 promoter. (I) 
Measurement of MRPL51 promoter activity. A549 and Calu‑3 cells with or without lentiviral‑mediated FOXM1 knockdown were co‑transfected with recom‑
binant MRPL51 promoter‑luciferase construct and pRL‑TK plasmid. Promoter activity was examined using a dual luciferase assay kit 24 h later. **P<0.01 and 
***P<0.001, compared with shNC. ChIP, chromatin immunoprecipitation; exp., expression; FOXM1, forkhead box protein M1; LUAD, lung adenocarcinoma; 
MRPL51, mitochondrial ribosome protein L51; MT, mutant; NC, negative control; qPCR, quantitative PCR; RP, regulatory potential; seq, sequencing; sh, short 
hairpin RNA; TCGA, The Cancer Genome Atlas; TFs, transcription factors; TPM, transcript per million; TSS, transcription start site; CistroDB, Cistrome 
Data Browser; WT, wild‑type; adj.p, adjacent normal; p‑, promoter‑.
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GSEA analysis demonstrated that MRPL51 expression‑related 
tumor cell behaviors include invasion, DNA damage, DNA 
repair and cell cycle progression. In vitro cell experiments 
demonstrated that MRPL51 knockdown decreased N‑cadherin 
and Vimentin expression, and increased E‑cadherin expression 
in A549 and Calu‑3 cells. In addition, knockdown slowed cell 
proliferation, induced G1 phase arrest and decreased invasion. 
These findings demonstrated that MRPL51 had regulatory 
effects on these malignant behaviors of LUAD tumor cells. 
This was the first study that provided direct experimental 
evidence indicating the tumor‑promoting effects of MRPL51 in 
LUAD. The association between MRPL51 expression and the 
prognostic significance in patients with LUAD was assessed 
using different databases with survival data, including TCGA 
and Kaplan‑Meier plotter. The results indicated that MRPL51 
upregulation was associated with significantly shorter OS of 
patients with LUAD across different databases.

Bioinformatics screening and in vitro assays were carried 
out to show that FOXM1 could bind to the MRPL51 promoter 
and activate its expression. FOXM1 is aberrantly upregulated 
in proliferative human lung cancer cells (15,40) and regulates 
multiple signaling pathways by directly or indirectly elevating 
the transcription of target genes (41). Therefore, FOXM1 may 
be a potential diagnostic biomarker and treatment target in lung 
cancer (15). Previous studies have confirmed the association 
between FOXM1 upregulation and mitochondrial dysfunction, 
as well as their cooperative contribution to the drug resistance of 
lung cancer cells (42,43). Since MRPL51 regulates mtDNA integ‑
rity and stability, respiratory growth and mitochondrial redox 
homeostasis (30), it was hypothesized that it acts as a downstream 
effector of FOXM1 in promoting drug resistance of lung cancer.

The present study also has some limitations. Firstly, 
whether increased FOXM1 can reverse the phenotypes of 
downregulating MRPL51 was not explored. Future studies 
will aim to identify other downstream regulators of FOXM1 
functionally related to MRPL51, and additional data related 
to the FOXM1‑MRPL51 axis will be presented. Secondly, 
only in  vitro experiments were conducted in the present 
study. Future in vivo studies should be conducted. In addi‑
tion, since MRPL51 is related to mitochondrial functions, it 
is necessary to explore the links between its dysregulation and 
mitochondrial dysfunction in LUAD.

In conclusion, MRPL51 is transcriptionally activated by 
FOXM1 in LUAD and contributes to the malignant behaviors 
of tumor cells, including EMT, cell cycle progression and inva‑
sion. In addition, high MRPL51 expression may be a prognostic 
biomarker indicating poor OS.
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