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Abstract. The present study aimed to investigate the role and 
mechanism of action of ribonucleotide reductase M2 (RRM2) 
in lung adenocarcinoma and its potential as a therapeutic 
target. Data of patients with lung adenocarcinoma from The 
Cancer Genome Atlas database were collected and analyzed 
to evaluate the potential of RRM2 as a biomarker. The expres‑
sion of RRM2 was evaluated in the A549 cell line and its 
cisplatin‑resistant A549/DDP cell line derivative by western 
blot and reverse transcription‑quantitative PCR. The study also 
investigated cell proliferation and the mechanism by which 
RRM2 controls cellular cisplatin resistance using CCK‑8 
and colony‑formation assays. In addition, cell migration 
was assessed using Transwell assays, and the cell cycle and 
apoptosis were examined using flow cytometry. RRM2 was 
highly expressed in lung adenocarcinoma and was associated 
with the clinical TMN stage. Functional enrichment analysis 
showed that RRM2 was enriched in the cell cycle. Immune 
cell infiltration analysis identified 12 types of immune cell that 
exhibited differences between patients expressing different 
levels of RRM2. Cellular assays revealed higher levels of 
RRM2 expression in A549/DDP cells than A549 cells, and 
its expression was induced by cisplatin. RRM2 knockdown 
decreased cell proliferation and migration, accelerated apop‑
tosis and caused cell cycle arrest in the S‑phase, increasing the 
sensitivity of A549 and A549/DDP cells to cisplatin through the 
Wnt/β‑catenin signaling pathway. Overexpression of β‑catenin 
reduced the effects of RRM2 knockdown on A549 cells. Lung 
adenocarcinoma growth may be influenced by RRM2 through 

the Wnt/β‑catenin signaling pathway, suggesting a potential 
pathway for cancer progression.

Introduction

Lung cancer has the second highest incidence and the highest 
mortality rate among all cancers worldwide. Non‑small cell 
lung cancer (NSCLC) is the most common type of lung cancer, 
accounting for ~80‑85% of all lung cancers, and lung adenocar‑
cinoma is a diverse form of NSCLC (1,2). While molecularly 
targeted drugs and immune‑based therapies have recently 
been developed, chemotherapy remains the primary method of 
treatment for patients with advanced lung adenocarcinoma (3). 
Cisplatin, one of the most commonly used chemotherapeutic 
agents in clinical practice, often leads to chemotherapy failure 
due to inherent or acquired cisplatin resistance (4). Therefore, 
understanding how tumors grow and identifying the causes 
of tumor drug resistance is necessary to effectively treat lung 
adenocarcinoma.

Ribonucleotide reductases are a family of enzymes that 
perform vital biological functions by catalyzing the conver‑
sion of four common nucleotides into deoxy‑ribonucleoside 
triphosphate (dNTP), which is required for DNA replication 
and repair  (5). Ribonucleotide reductase M2 (RRM2) is a 
component of ribonucleotide reductase. It has been reported 
that tumor cells express RRM2 in the late G1 and early S 
phases of the cell cycle, and regulate DNA replication and 
repair by controlling the synthesis of dNTPs (6). RRM2 is 
an oncogene that is highly expressed in cancers such as hepa‑
tocellular carcinoma (7) and colorectal cancer (8,9). It is not 
only associated with cancer cell proliferation, migration, inva‑
sion and apoptosis, but it also has a role in the chemotherapy 
resistance of cancer cells. For instance, inhibition of RRM2 
expression not only enhances the sensitivity of pancreatic 
cancer cells (10,11) and squamous cell carcinoma cells (12) to 
gemcitabine, but also enhances the sensitivity of ovarian cancer 
cells (13‑15) to cisplatin. RRM2 may be used as a biomarker 
in NSCLC  (16‑18) to detect chemotherapy sensitivity and 
predict the prognosis of patients, and understanding the role of 
RRM2 in lung adenocarcinoma and how it works is critical to 
developing more effective treatments for this disease.

The Wnt signaling pathway is a complex regulatory network 
with three major components: Wnt/β‑catenin, Wnt/planar 
cell polarity and Wnt/Ca2+. The Wnt/β‑catenin signaling 
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pathway transports accumulated cytoplasmic β‑catenin to the 
nucleus and has a key role in embryonic development, stem 
cell self‑renewal and tumorigenesis by activating downstream 
target genes (19,20). Previous studies have reported that RRM2 
is overexpressed in hepatocellular carcinoma and promotes 
the proliferation and migration ability of hepatocellular carci‑
noma cells through the Wnt/β‑catenin signaling pathway (21). 
RRM2 may also affect cell proliferation and apoptosis through 
the Wnt/β‑catenin signaling pathway when overexpressed in 
multiple myeloma cells  (22). However, research on RRM2 
in lung adenocarcinoma is currently limited. Therefore, the 
present study used a bioinformatics analysis of lung adeno‑
carcinoma data from The Cancer Genome Atlas (TCGA) 
database to investigate the role of RRM2 in lung adeno‑
carcinoma proliferation, migration, apoptosis and cisplatin 
resistance formation using A549 and cisplatin‑resistant A549 
(A549/DDP) cells.

Materials and methods

Bioinformatics analysis. Lung adenocarcinoma data were 
obtained from the TCGA website (https://portal.gdc.cancer.
gov/) and processed using Perl (v5.30.1) and the R software 
(v4.1.3). Gene expression analysis and clinical characteriza‑
tion were performed using the limma, ggplot2 and ggpubr 
packages. Survival analysis was performed with the survival 
and survminer packages. Receiver operating characteristic 
(ROC) curves were plotted using the TimeROC package. 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
prediction and gene set enrichment analysis (GSEA) were 
performed with filter conditions set at |log2 fold change|>1 and 
false discovery rate <0.05. Differential analysis of the tumor 
microenvironment (TME) was performed using the estimate 
package and immune cell infiltration analysis was performed 
using the cibersort algorithm.

Cell culture and cell transfection. The lung adenocarcinoma 
cell lines A549 and A549/DDP were cultured in Ham's F‑12K 
medium supplemented with 10% FBS (100 U/ml penicillin, 
100 mg/l streptomycin) and incubated at 37˚C, 5% CO2 and 95% 
humidity. A549/DDP cells were cultured with a final concentra‑
tion of 1 µg/ml DDP. Cell lines and reagents were purchased 
from Pricella. RRM2 knockdown was performed using a lenti‑
viral vector (shRRM2) obtained from GenePharma. The sense 
sequence of the vector is 5'‑GAT​CCG​TAG​AGA​GAA​CCC​ATT​
TGA​CTT​TAT​TCA​AGA​GAT​AAA​GTC​AA​ATG​GGG​TTC​TCT​
ATT​TTT​TG‑3', while the antisense sequence is 5'‑AAT​TCA​
AAA​AAT​AGA​GAG​AAC​CCA​TTT​GAC​TTT​ATC​TCT​TGA​
ATA​AAG​TCA​AAT​GGG​TTC​TCT​ACG‑3'. As for the negative 
control (NC), it possesses a sense sequence of 5'‑GAT​CCG​
TTC​TCC​GAA​CGT​GTC​ACG​TTT​CAA​GAG​AAC​GTG​ACA​
CGT​TCG​GAG​AAC​TTT​TTT​G‑3' and an antisense sequence 
of 5'‑AAT​TCA​AAA​AAG​TTC​TCC​GAA​CGT​GTC​ACG​TTC​
TCT​TGA​AAC​GTG​ACA​CGT​TCG​GAG​AAC​G‑3'. Before 
lentiviral transfection, cells were seeded in 6‑well plates and 
transfected with the virus upon reaching 60‑70% confluence. 
After transfection, cells were selected in complete medium 
containing 4 µg/ml puromycin. Remaining cells after one week 
were considered to have stable knockdown of RRM2 and were 
cultured in complete medium with 2 µg/ml puromycin for 

long‑term culture. The overexpression plasmid of β‑catenin and 
its negative control pcDNA3.1 were from Hanbio (cat. no. KW
C20221122CDNWH‑PC01). Before plasmid transfection, cells 
were seeded in 6‑well plates. When the cells reached 60‑70% 
confluence, 4 µg of the overexpression plasmid or its control 
were transfected into corresponding cells using 10 µl LipoFiter 
3.0 (Hanbio). After 8 h, the old medium of the cells was replaced 
with fresh medium.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted using the TRIzol (Aidlab Biotechnologies 
Co., Ltd) method, followed by RT using the RevertAid First 
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Inc.) 
according to the manufacturer's instructions, to generate 
complementary DNA. Real‑time qPCR was performed using 
the MagicSYBR Mixture (CoWin Biotech) following the 
manufacturer's instructions. Real‑time qPCR was conducted 
on a QuantStudio™ 6 Flex instrument (Thermo Fisher 
Scientific, Inc.) with the following thermocycling conditions: 
Initial denaturation at 95˚C for 30 sec; denaturation at 95˚C 
for 5 sec, annealing/extension at 60˚C for 30 sec, for a total of 
40 cycles; and melting curve analysis at 95˚C for 15 sec, 60˚C 
for 1 min, 95˚C for 15 sec and 50˚C for 30 sec. The gene primer 
sequences used were as follows: GAPDH forward, 5'‑GGA​
GCG​AGA​TCC​CTC​CAA​AAT‑3' and reverse, 5'‑GGC​TGT​
TGT​CAT​ACT​TCT​CAT​GG‑3'; RRM2 forward, 5'‑AGT​GGA​
AGG​CAT​TTT​CTT​TTC​C‑3' and reverse, 5'‑ GCA​AAA​TCA​
CAG​TGT​AAA​CCC​T‑3'; β‑catenin forward, 5'‑GGC​TCT​TGT​
GCG​TAC​TGT​CCT​TC‑3' and reverse, 5'‑GCT​TCT​TGG​TGT​
CGG​CTG​GTC‑3'. The 2‑ΔΔCq formula (23) is used to calculate 
the relative expression levels of the target gene.

Western blot analysis. Each group of cells was lysed and dena‑
tured using Cell Lysis Buffer for Western and IP (Beyotime 
Institute of Biotechnology), and protein quantification was 
performed by the BCA method. A total of 25 µg of protein 
sample per lane was denatured and electrophoresed using 10% 
SDS‑PAGE, followed by semi‑dry transfer of protein onto a 
PVDF membrane (Immobilion‑P; EMD Millipore) and protein 
blocking with Protein Free Rapid Blocking Buffer (Epizyme) 
at room temperature for 30 min. The membrane was then incu‑
bated with the following primary antibodies at 4˚C for 15 h: 
GAPDH (1:2,000 dilution; cat. no. AF1186; Beyotime Institute 
of Biotechnology), β‑actin (1:2,000 dilution; cat. no. AF1186; 
Beyotime Institute of Biotechnology), RRM2 (1:1,000 dilu‑
tion; cat.  no. 11661‑1‑AP; Proteintech), β‑catenin (1:1,000 
dilution; cat. no. AC106; Beyotime Institute of Biotechnology), 
cyclin D1 (1:2,000 dilution; cat.  no.  AF0126; Beyotime 
Institute of Biotechnology) and c‑MYC (1:2,000 dilution; 
cat.  no.  10828‑1‑AP; Proteintech). Subsequently, it was 
incubated with HRP‑labeled Goat Anti‑Rabbit IgG (1:1,000 
dilution; cat. no. A0208; Beyotime Institute of Biotechnology) 
for 1  h at room temperature and final visualization was 
performed using a GelDoc XR System (Bio‑Rad Laboratories, 
Inc.). The experimental results were analyzed in grayscale 
using Image J (v1.8.0; National Institutes of Health).

CCK‑8 assay. Cells were harvested and cultured in 96‑well 
plates (Corning, Inc.) at a density of 3x103 cells per 100 µl 
of medium, with five replicate wells per group. Upon cell 
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adhesion, the time was set to 0 h. Subsequently, cells were 
incubated in a constant temperature chamber at 37˚C and the 
medium was replaced with complete medium supplemented 
with 10 µl CCK‑8 (Abbkine) per 100 µl at 0, 24, 48 or 72 h. 
After 1 h, the optical density (OD) at 450 nm was measured 
using a Varioskan LUX Multimode Reader (Thermo Fisher 
Scientific, Inc.).

Colony‑formation assay. The experimental cells were 
harvested and seeded in a 6‑well plate (Corning, Inc.) at a 
density of 600 cells per 2 ml of culture medium. A medium 
change was performed on the 6th day. On the 12th day, the 
6‑well plate was analyzed as follows: Cells were washed twice 
with PBS, fixed with 4% paraformaldehyde for 15 min, washed 
twice with PBS, stained with crystal 1% violet for 15 min 
and washed twice with PBS before analysis; all steps were 
conducted at room temperature. The wells were photographed 
using an optical microscope and colonies were manually 
counted. In this study, clusters of cells containing >50 cells 
were considered colonies.

Chemotherapy sensitivity assay. Experimental cells were 
harvested and seeded onto a 96‑well plate at a density of 
5x103 cells per 100 µl of medium. For each group, six different 
concentrations of cisplatin were prepared and five wells were 
used for each concentration. After overnight cell culture, the 
medium was replaced with complete medium containing 
0, 1, 2, 4, 8 and 16 µg/ml concentrations of cisplatin for the 
transfected A549 cells, and with 0, 4, 8, 16, 32 and 64 µg/ml 
concentrations of cisplatin for the transfected A549/DDP cells, 
followed by continuous cultivation for 24 h. The old medium 
was discarded and replaced with 100 µl complete medium 
containing 10 µl of CCK‑8 (Abbkine). Following incubation 
at 37˚C for 2 h, the OD at 450 nm was measured using a 
Varioskan LUX Multimode Reader (Thermo Fisher Scientific, 
Inc.). The cell inhibition rate (%) was calculated as follows: 
(OD of control group‑OD of experimental group)/(OD of 
control group‑OD of blank group) x100%.

Transwell assays. Experiments were performed using 24‑well 
plates (Corning, Inc.) and 8‑µm pore size Transwell cell 
culture chambers (Falcon; Corning Life Science). Cells were 
collected by preparing a suspension of 5x104 cells in 200 µl 
serum‑free medium, which was added to the upper chamber. 
The lower chamber was filled with 600 µl complete medium 
containing 10% FBS. After 24 h of incubation, the Transwell 
chambers were removed and washed twice with PBS. The cells 
were then fixed with 4% paraformaldehyde for 15 min, washed 
twice with PBS, stained with 1% crystal violet for 15 min and 
washed twice with PBS. Fixing, washing and staining steps 
were conducted at room temperature. The cells in the upper 
chamber were removed with cotton swabs and three randomly 
selected fields of view were counted using an inverted fluo‑
rescence microscope (Leica Microsystems GmbH) at x400 
magnification.

Cell cycle analysis and apoptosis assay. For cell cycle experi‑
ments, the experimental cells were seeded in 6‑well plates at 
a density of 3x105 cells per well, and were collected after 48 h 
of incubation. The cells were washed once with PBS and then 

fixed with 70% ethanol at 4˚C for 12 h. Following fixation, 
the cells were stained using the Cell Cycle and Apoptosis 
Analysis Kit (Beyotime Institute of Biotechnology) according 
to the manufacturer's instructions. Initially, 500 µl of staining 
buffer was added, followed by the addition of 25 µl propidium 
iodide staining solution and 10 µl RNase A. The cells were 
then incubated for 30 min at room temperature while being 
protected from light, and then analyzed using a flow cytometer.

For the apoptosis experiments, cells were seeded in 6‑well 
plates at a density of 3x105 cells per well and incubated for 
24 h. The old medium was then removed and replaced with 
complete medium containing or lacking 2 µg/ml DDP for A549 
cells, and complete medium containing or lacking 8 µg/ml 
DDP for A549/DDP cells. After 24 h of incubation, the cells 
were collected. Staining was performed using the Annexin 
V‑APC/7‑AAD Apoptosis Detection Kit (KeyGEN Biotech) 
according to the manufacturer's instructions. First, 500 µl of 
Binding Buffer was added, followed by 5 µl AnnexinV‑APC 
and 5 µl 7‑AAD, which were mixed thoroughly while avoiding 
light. The cells were then incubated for 10 min and analyzed 
using a flow cytometer.

Confocal microscopy. Complete medium (1 ml) containing 
1.5x105 cells was added to the BeyoGold™ 35 mm Confocal 
Dishes (Beyotime Institute of Biotechnology) and cells were 
allowed to attach by culture for 24 h. Following this, the 
medium in the confocal dish was replaced with complete 
medium containing 0 or 2 µg/ml cisplatin and incubation was 
continued for another 24 h. Subsequently, the cells were fixed 
with 4% paraformaldehyde for 15 min, Immunol Staining 
Blocking Buffer (Beyotime Institute of Biotechnology) was 
applied for 60 min, incubation with RRM2 primary anti‑
body (cat. no. 11661‑1‑AP; 1:500 dilution; Proteintech) was 
performed for 1 h at room temperature and incubation with 
a fluorescent‑labeled secondary antibody (cat. no. A0468; 
1:500 dilution; Beyotime Institute of Biotechnology) for 
1 h. All experiments were conducted at room temperature. 
Finally, fluorescence images were captured using a confocal 
microscope (FV3000; Olympus Corporation) after adding 
Antifade Mounting Medium with DAPI (Beyotime Institute 
of Biotechnology).

Statistical analysis. GraphPad Prism 9.0.0 (GraphPad 
Software; Dotmatics) was used for graphic representation 
of the data. The measurement data were expressed as the 
mean ± standard deviation. Statistical analysis was performed 
using SPSS 25.0 (IBM Corporation). The unpaired Student's 
t‑test was used for comparisons between two groups, and 
one‑way analysis of variance (ANOVA) followed by the 
Least Significant Difference (LSD) post‑hoc test was used 
for comparisons between more than two groups. P<0.05 was 
considered to indicate a statistically significant difference.

Results

RRM2 is highly expressed in lung adenocarcinoma and is 
associated with patient prognosis and clinical features. By 
analyzing data from the TCGA database, it was found that 
RRM2 expression was elevated in lung adenocarcinoma 
compared to normal lung samples (Fig. 1A). Furthermore, 
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patients with low RRM2 expression had longer overall and 
progression‑free survival than those with high RRM2 expres‑
sion (Fig. 1B and C). Using RRM2 to predict patient survival, 
the area under the curve was 0.632, 0.622 and 0.598 for 1, 2 
and 5 years, respectively (Fig. 1D). In the TNM classification 
of lung adenocarcinoma, stage M1 with distant metastasis 
exhibited higher RRM2 expression levels than stage M0 
without metastasis (Fig. 1E). In addition, stages T2 and T3, 
which represent larger tumor sizes, showed elevated RRM2 
expression compared to stage T1 (Fig. 1F). Similarly, stages 
N1 and N2, involving lymph node metastasis, displayed higher 
RRM2 expression levels than stage N0 without lymph node 
involvement (Fig. 1G). However, no statistically significant 
difference was observed in RRM2 expression levels between 
patients at T4 and T1, and N3 and N1 stages, possibly due to the 
limited number of patients at stages T4 and N3 in the database. 

Results of enrichment analysis and immune infiltration 
analysis. The KEGG enrichment analysis and GSEA revealed 
that genes associated with RRM2 were significantly enriched 
in the cell cycle in tumor samples, particularly in lung adeno‑
carcinoma tissues with high RRM2 expression (Fig. 2A and B). 
Furthermore, analysis of the TME indicated significant differ‑
ences in the StromalScore and ESTIMATEScore between 
patients with high and low RRM2 expression, but no differ‑
ence in the ImmuneScore (Fig. 2C). The results of the immune 
cell differential and correlation analysis in the tumor tissues 
of patients with lung adenocarcinoma indicated that there 
were differences in the levels of 12 immune cells, namely 
B cells naive, T cells CD8, T cells CD4 memory resting, T cells 
CD4 memory activated, natural killer (NK) cells resting, NK 
cells activated, monocytes, macrophages M0, macrophages 
M1, dendritic cells resting, dendritic cells activated and mast 

Figure 1. Bioinformatics analysis of the significance of RRM2 in lung adenocarcinoma. (A) Assessment of RRM2 expression levels in cancerous and paraneo‑
plastic tissues of lung adenocarcinoma. Evaluation of (B) overall survival and (C) progression‑free survival of patients with lung adenocarcinoma expressing 
different levels of RRM2. (D) ROC curves predicting 1‑, 3‑ and 5‑year survival of patients based on RRM2 expression levels. (E‑G) Analysis of the relationship 
between RRM2 expression levels and clinical characteristics. (E) Metastasis, (F) tumor and (N) nodal stage. ***P<0.001. RRM2, ribonucleotide reductase M2; 
ROC, receiver operating characteristic; AUC, area under the ROC curve.
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cells resting, between patients expressing different levels 
of RRM2. In addition, the expression levels of T cells CD4 
memory activated, macrophages M1, macrophages M0, NK 
cells resting, T cells CD8 and T cells gamma delta were posi‑
tively associated with RRM2 expression, while dendritic cells 
activated, B cells naive, NK cells activated, dendritic cells 
resting, monocytes, T cells CD4 memory resting and mast 
cells resting were negatively correlated with RRM2 expression 
levels (Fig. 2D and E).

RRM2 is highly expressed in cisplatin‑resistant lung 
adenocarcinoma cells and cisplatin induces RRM2 expression 
in lung adenocarcinoma cells. RT‑qPCR and western blot 
analyses demonstrated that RRM2 expression was significantly 

upregulated in cisplatin‑resistant A549/DDP cells compared 
to A549 cells (Fig. 3A and B). Subsequently, A549 cells were 
treated with cisplatin concentrations of 0, 0.5, 1.5, and 2 µg/ml 
for 48 h, while A549/DDP cells were treated with cisplatin 
concentrations of 0, 1, 1.5 and 2 µg/ml for the same period. 
The results suggested that cisplatin treatment led to a decrease 
in RRM2 mRNA expression levels in A549 cells (Fig. 3C). 
However, a gradual increase in RRM2 mRNA expression was 
observed with higher concentrations of cisplatin (Fig. 3C). In 
contrast to the mRNA expression levels, the protein expres‑
sion of RRM2 in A549 cells did not decrease upon cisplatin 
treatment but showed a progressive increase throughout the 
experiment (Fig. 3E). In A549/DDP cells, both RT‑qPCR and 
western blot analysis revealed an increase in RRM2 expression 

Figure 2. Results of enrichment analysis and immune infiltration analysis (A) KEGG pathway analysis and (B) gene set enrichment analysis results. 
(C) Comparison of the TME in patients with lung adenocarcinoma expressing different levels of RRM2. (D) Differential analysis and (E) correlation analysis 
of immune cells in lung adenocarcinoma tissues expressing different levels of RRM2. *P<0.05, **P<0.01, ***P<0.001. RRM2, ribonucleotide reductase M2; 
KEGG, Kyoto Encyclopedia of Genes and Genomes; NK, natural killer; TME, tumor microenvironment; abs, absolute value.
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that correlated with the concentration of cisplatin used, both at 
the mRNA and protein levels (Fig. 3D and F).

RRM2 knockdown reduces lung adenocarcinoma cell 
proliferation and migration, promotes apoptosis and partially 
restores their sensitivity to cisplatin. To investigate the 
role of RRM2 in lung adenocarcinoma cells, lentivirus was 
used to knock down RRM2 in lung adenocarcinoma cells 
(Fig. 4A and B). The results indicated that RRM2 knockdown 
inhibited the proliferation (Fig.  4C and F) and migration 
(Fig. 4E) of A549 and A549/DDP cells, and also increased 
the number of cells arrested in the S phase of the cell cycle 
(Fig.  4D). The CCK‑8 toxicity assay showed that RRM2 
knockdown resulted in increased inhibition of cell growth by 
cisplatin (Fig. 4G). In addition, flow cytometry experiments 
indicated that RRM2 knockdown not only increased apoptosis 
in A549 and A549/DDP cells, but also enhanced the effect of 
cisplatin on these cells (Fig. 4H). Importantly, during the apop‑
tosis experiments, different concentrations of DDP were used 
for treating the native A549 cell line and the DDP‑resistant cell 
line. Specifically, the native A549 cell line was treated with 
DDP at a concentration of 2 µg/ml, whereas the DDP‑resistant 
cell line was exposed to DDP at a concentration of 8 µg/ml. 
This discrepancy in DDP concentrations contributed to the 
higher apoptosis rate observed in the DDP‑resistant cell line 
compared to the native A549 cell line in the NC + DDP group 
(Fig. 4H).

RRM2 promotes the development of lung adenocarcinoma 
through the Wnt/β‑catenin signaling pathway. Camptothecin 
facilitates the translocation of RRM2 into the nucleus. 
Knockdown of RRM2 enhances the effect of camptothecin 
on DNA damage in the cell (24). To investigate the precise 
mechanism of action of RRM2 in lung adenocarcinoma, A549 
and A549/DDP cells were treated with or without 2 µg/ml 
cisplatin for 24 h, and they were examined by laser confocal 

microscopy. The results suggested that cisplatin treatment did 
not induce nuclear translocation of RRM2 in either A549 or 
A549/DDP cells (Fig. 5A). Therefore, it was postulated that the 
influence of RRM2 in promoting cellular resistance to cisplatin 
was not exerted through nuclear translocation. Subsequently, it 
was found that the expression levels of β‑catenin, c‑Myc and 
cyclin D1 were reduced in A549 and A549/DDP cells after 
RRM2 knockdown, as demonstrated by western blot analysis 
(Fig. 5B). In conclusion, knockdown of RRM2 had an inhibi‑
tory effect on lung adenocarcinoma via the Wnt/β‑catenin 
signaling pathway.

β‑Catenin overexpression partially reverses the effect of 
RRM2 knockdown on lung adenocarcinoma cells. In a rescue 
experiment, pcDNA was used to overexpress β‑catenin in 
A549 cells with RRM2 knockdown (Fig. 6A and B). Through 
western blot analysis of proteins involved in the Wnt/β‑catenin 
signaling pathway, it was found that β‑catenin overexpression 
restored the expression of c‑Myc and cyclin D1 in A549 cells 
(Fig. 6B). β‑Catenin overexpression not only accelerated the 
proliferation (Fig. 6C and D) and migration (Fig. 6F) of A549 
cells, but it also reduced the number of cells originally blocked 
in the S phase (Fig. 6E). In CCK‑8 toxicity assays, β‑catenin 
overexpression attenuated the inhibitory effect of cisplatin on 
cells (Fig. 6G). Furthermore, flow cytometry demonstrated 
that treatment of A549 cells overexpressing β‑catenin with or 
without 2 µg/ml of cisplatin resulted in the finding that overex‑
pression of β‑catenin reduced the effect of RRM2 knockdown 
on A549 cells (Fig. 6H).

Discussion

Cancer cells are known for their ability to grow uncontrollably, 
which may lead to damage to surrounding tissues and impaired 
organ function. In addition, cancer cells with abnormal expres‑
sion of MMP2, MMP9, N‑cadherin, E‑cadherin and other 

Figure 3. Induction of RRM2 expression by cisplatin in lung adenocarcinoma cell lines. (A) RT‑qPCR and (B) western blot analysis of RRM2 expression 
in A549 and A549/DDP cells. RRM2 expression in A549 and A549/DDP cells treated with different concentrations of cisplatin for 48 h. RRM2 expression 
in (C) A549 and (D) A549/DDP cells by RT‑qPCR and (E) A549 and (F) A549/DDP cells by western blot analysis. *P<0.05, **P<0.01 vs. A549 or 0 groups. 
RRM2, ribonucleotide reductase M2; A549/DDP, A549 cells with cisplatin resistance; RT‑qPCR, reverse transcription‑quantitative PCR.
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proteins are more likely to metastasize by breaking through 
the basement membrane (25,26). Cisplatin is a widely used 
chemotherapeutic drug for the treatment of advanced tumors, 
as it works by forming DNA cross‑links in cancer cells, which 

leads to inhibition of DNA replication and transcription, ulti‑
mately causing cell cycle arrest and apoptosis (27). However, 
in cancer cells, DNA damage repair processes, such as nucleo‑
tide excision repair, post‑replication repair and homologous 

Figure 4. Effect of RRM2 knockdown on lung adenocarcinoma cells with and without cisplatin resistance. (A) Reverse transcription‑quantitative PCR and 
(B) western blot analysis confirmed the efficacy of RRM2 knockdown. (C) RRM2 knockdown suppressed cell proliferation. (D) RRM2 knockdown caused cell 
cycle arrest in the S‑phase. (E) Transwell assays indicated that RRM2 knockdown inhibited cell migration (magnification, x200). (F) In the colony‑formation 
assay, RRM2 knockdown had an inhibitory effect. (G) RRM2 knockdown partially restored cisplatin sensitivity in the cells. (H) RRM2 knockdown promoted 
apoptosis and enhanced cisplatin‑induced cytotoxicity in the cells. *P<0.05, **P<0.01 vs. NC; #P<0.05 vs. NC+DDP. RRM2, ribonucleotide reductase M2; NC, 
negative control; A549/DDP, A549 cells with cisplatin resistance; shRRM2, short hairpin RNA targeting RRM2; OD, optical density.
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recombination repair, may counteract the effects of cisplatin, 
resulting in cisplatin resistance  (28). Recent studies have 
indicated that RRM2, an oncogene, plays a critical role in 
the proliferation, migration, invasion, and drug resistance of 
breast cancer cells, small cell lung cancer cells, renal clear 
cell carcinoma cells, and pancreatic cancer cells (29‑32). In 
lung adenocarcinoma, suppression of RRM2 also inhibits the 
proliferation, migration and invasive ability of lung adenocar‑
cinoma cells (33‑36). However, there is still limited research 
on the specific mechanism of action of RRM2 in lung adeno‑
carcinoma. The present study aimed to investigate RRM2 
expression, immune infiltration and its mechanism of action in 
lung adenocarcinoma.

In the present study, a bioinformatics analysis was 
conducted, which found that RRM2 was highly expressed in 
lung adenocarcinoma, and there was an association of RRM2 
with tumor size and metastasis. Patients with high RRM2 
expression in lung adenocarcinoma had poor prognosis, and 
RRM2 was indicated to hold significant predictive value for 
the 5‑year survival of patients. The results of enrichment 
analyses suggested that the mechanism of action of RRM2 
in lung adenocarcinoma may involve cell cycle regula‑
tion. TME analysis showed that patients with high RRM2 
expression had fewer stromal cells and lower tumor purity, 
which may contribute to their poor prognosis. However, the 
ImmuneScore did not significantly differ between patients 
with varying levels of RRM2. In the present study, differential 
and correlation analyses of several types of immune cell in 
the tumor tissue of patients with lung adenocarcinoma were 
performed and it was indicated that the levels of 12 immune 
cells differed between patients expressing different levels 
of RRM2. Furthermore, six immune cell types exhibited a 

positive correlation with RRM2 expression levels, while seven 
immune cell types showed a negative correlation with RRM2 
expression levels. In cellular experiments, the expression of 
RRM2 was found to be higher in cisplatin‑resistant A549 cells 
than in A549 cells. The expression level of RRM2 in the cells 
increased with increasing cisplatin concentration. However, a 
noteworthy phenomenon emerged: Although cisplatin induced 
protein expression of RRM2, the mRNA expression level of 
RRM2 decreased in cisplatin‑treated A549 cells compared to 
that in untreated A549 cells. This decrease in RRM2 mRNA 
expression in cisplatin‑treated A549 cells is likely due to the 
inhibitory effect of cisplatin on tumor cell DNA replication 
and transcription by causing DNA cross‑linking in tumor 
cells. However, other mechanisms appear to affect RRM2 
mRNA translation and post‑translational modifications, 
resulting in no decrease in RRM2 protein expression. It may 
be suggested that RRM2 has a role in the development of lung 
adenocarcinoma and is associated with the development of 
cisplatin resistance.

Based on the results of the previous analyses, the present 
study aimed to investigate the specific mechanisms of action 
of RRM2 in the cell cycle and cisplatin resistance of lung 
adenocarcinoma. Lentivirus was used to stably knock down 
RRM2 in A549 and A549/DDP cells and it was found that 
knockdown of RRM2 slowed down cell proliferation and 
migration, increased their sensitivity to cisplatin and promoted 
apoptosis. These findings align with the discoveries made by 
Liu et al (33). Furthermore, the present study demonstrated, 
through cell cycle experiments, that the depletion of RRM2 
in lung adenocarcinoma cells led to an increased population 
of cells with cell cycle arrest in S phase. This phenomenon 
may potentially account for the observed inhibition of cancer 

Figure 5. Mechanism of RRM2 action in lung adenocarcinoma. (A) Cellular localization of RRM2 (scale bar, 50 µm). (B) Expression levels of related proteins 
in the Wnt/β‑catenin signaling pathway after knockdown of RRM2. *P<0.05, **P<0.01. RRM2, ribonucleotide reductase M2; NC, negative control; A549/DDP, 
A549 cells with cisplatin resistance; shRRM2, short hairpin RNA targeting RRM2.
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cell proliferation, restoration of cisplatin sensitivity in lung 
adenocarcinoma cells and facilitation of apoptosis. The cell 

cycle analysis results suggested that RRM2 knockdown inhib‑
ited cell proliferation and activated programmed cell death by 

Figure 6. Partial reversal of RRM2 knockdown effect by β‑catenin overexpression in lung adenocarcinoma cells. (A) Detection of β‑catenin expression levels 
using reverse transcription‑quantitative PCR. (B) Expression levels of related proteins in the Wnt/β‑catenin signaling pathway after β‑catenin overexpres‑
sion in cells with simultaneous RRM2 knockdown. Promotion of (C) cell proliferation and (D) colony formation by β‑catenin overexpression in cells with 
simultaneous RRM2 knockdown. (E) Reduction of cells blocked in S‑phase after β‑catenin overexpression. (F) Promotion of cell migration by β‑catenin over‑
expression in cells with simultaneous RRM2 knockdown (magnification, x200x). (G) Attenuation of cell sensitivity to cisplatin by β‑catenin overexpression in 
cells with simultaneous RRM2 knockdown. (H) Inhibition of apoptosis by β‑catenin overexpression in cells with simultaneous RRM2 knockdown, reducing 
the cytotoxic effect of cisplatin on the cells. *P<0.05, **P<0.01, ***P<0.001 vs. NC; #P<0.05 vs. NC + DDP. RRM2, ribonucleotide reductase M2; shRRM2, short 
hairpin RNA targeting RRM2; NC, negative control; OD, optical density.
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blocking the cell cycle in S phase. Previous studies suggested 
that RRM2 may be involved in cancer development by regu‑
lating the activation of the Wnt/β‑catenin signaling pathway. 
In the present study, the expression of related proteins in this 
pathway was examined and it was found that the expression 
levels of β‑catenin, c‑Myc and cyclin D1 were decreased after 
RRM2 knockdown. This suggests that RRM2 may be involved 
in the regulation of the Wnt/β‑catenin signaling pathway in 
lung adenocarcinoma. To further clarify the relationship 
between RRM2 and the Wnt/β‑catenin signaling pathway, 
β‑catenin was overexpressed using pcDNA3.1 in cells with 
knockdown RRM2. The results showed that overexpression of 
β‑catenin attenuated the effect of RRM2 knockdown on A549 
cells. However, despite attempts to overexpress β‑catenin 
in A549/DDP cells, successful transfection could only be 
achieved in A549 cells. Therefore, only A549 cells were used 
for the subsequent overexpression experiments. In addition, 
only one cell line, A549, and its cisplatin‑resistant variant, 
A549/DDP, was used for experimental validation throughout 
the study. This is one of the limitations of the present study, as 
the use of a single cell line does not eliminate the influence of 
a single genetic background on the obtained results.

Regarding the downstream mechanisms of RRM2 in 
lung adenocarcinoma, Ma et al (34) discovered that RRM2 
may influence the sensitivity of A549 cells to gemcitabine 
by modulating the phosphorylated phosphatase and tensin 
homolog/PI3K/AKT signaling pathway. Another study 
demonstrated that suppression of RRM2 expression not 
only inhibits the malignant behavior of lung adenocarci‑
noma cells but also synergistically enhances the efficacy of 
radiotherapy in inducing cell death  (35). This synergistic 
effect is achieved through the activation of the GMP‑AMP 
synthase/stimulator of interferon genes signaling pathway. 
A separate study by Cao  et  al  (36) showed that RRM2 
may be regulated by microRNA‑202‑3p. Downregulation 
of RRM2 results in inhibited proliferation, migration and 
invasion of lung adenocarcinoma cells, possibly through 
the Notch signaling pathway. However, Cao et al (36) solely 
employed KEGG enrichment analysis to suggest the involve‑
ment of the Notch signaling pathway in the RRM2‑mediated 
effects on lung adenocarcinoma, without conducting 
experimental validation.

In conclusion, the present study demonstrated that RRM2 
is highly expressed in lung adenocarcinoma tissues and that 
its expression is higher in cisplatin‑resistant lung adenocarci‑
noma cells compared to non‑cisplatin‑resistant cells. Cisplatin 
also induces RRM2 expression in a dose‑dependent manner. 
Knockdown of RRM2 inhibited the malignant behavior of 
lung adenocarcinoma cells. On the other hand, overexpres‑
sion of β‑catenin attenuated the effects of RRM2 knockdown, 
suggesting that RRM2 may affect lung adenocarcinoma 
development through the Wnt/β‑catenin signaling pathway. 
The present study provided further insight into the mechanism 
of RRM2 action in lung adenocarcinoma and suggests that 
RRM2 may be a promising therapeutic target for the treatment 
of this disease.
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