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Abstract. Inosine 5'‑monophosphate dehydrogenase type II 
(IMPDH2) is an important enzyme involved in the biosyn‑
thesis of guanine nucleotides. Therefore, the present study 
aimed to investigate the potential and molecular mechanism 
of IMPDH2 in non‑small cell lung cancer (NSCLC). Reverse 
transcription‑quantitative PCR and immunohistochemistry 
were used to detect IMPDH2 expression levels in NSCLC 
tissues and cells. A Cell Counting Kit‑8 assay, colony formation 
assay, flow cytometry, wound healing, Transwell assay, western 
blotting and immunofluorescence analyses were utilized to 
identify the effects of upregulated IMPDH2 levels on NSCLC 
cells. The expression levels of IMPDH2 have been discovered 
to be upregulated in several types of human cancer; however, 
the biological and clinical value of IMPDH2 in NSCLC 
remains unclear. The results of the present study revealed that 
the expression levels of IMPDH2 were significantly upregu‑
lated in NSCLC tissues. Furthermore, the genetic knockdown 
of IMPDH2 significantly hindered the proliferation, apoptosis, 
invasion, migration and epithelial‑mesenchymal transition 
of NSCLC cells, whereas the overexpression of IMPDH2 
achieved the opposite results. In addition, the results of the 
present study demonstrated that the inhibition of IMPDH2 
inhibited the Wnt/β‑catenin signaling pathway by decreasing 
the expression levels of Wnt3a and β‑catenin, while increasing 
the expression levels of phosphorylated glycogen synthase 
kinase‑3β in NSCLC cells. These findings of the present study 
indicated that IMPDH2 may promote NSCLC progression 

by activating the Wnt/β‑catenin signaling pathway, which 
suggested that IMPDH2 may be a novel therapeutic target for 
patients with NSCLC.

Introduction

Lung cancer is divided into two types: Small‑cell lung cancer 
and NSCLC (1). As the predominant form of lung cancer, 
NSCLC is the leading contributor to lung cancer‑associated 
deaths, accounting for ~83% of all lung cancer cases (2). As 
NSCLC usually presents as a locally advanced disease or with 
distant metastasis, the majority of NSCLC cases are diagnosed 
at stages III or IV (3). Therefore, there is an urgent requirement 
to thoroughly investigate the underlying molecular mecha‑
nisms of NSCLC to develop accurate and efficient therapeutic 
methods for managing NSCLC.

Inosine 5'‑monophosphate dehydrogenase (IMPDH) is 
a rate‑limiting enzyme, which catalyzes the nicotinamide 
adenine dinucleotide+‑dependent oxidation of inosine mono‑
phosphate to xanthosine monophosphate during the de novo 
biosynthesis of guanine nucleotides (4). In fact, IMPDH 
serves a crucial role in DNA synthesis (5). Human IMPDH 
exists in two ubiquitously expressed isoforms: IMPDH type I 
(IMPDH1) and IMPDH type II (IMPDH2), which serve 
different roles despite the 84% similarity in the amino acid 
sequence (6). For example, IMPDH1 is found constitutively 
expressed in normal human leukocytes and lymphocytes, 
whereas IMPDH2 is an inducible enzyme, which is generally 
found upregulated in tumor tissues and proliferating cells (7). 
Previous studies have revealed that IMPDH2 was involved 
in multiple types of malignancy, such as colorectal, prostate, 
kidney and bladder cancer (8‑10). However, to the best of our 
knowledge, it remains unknown whether IMPDH2 may have 
an effect in NSCLC.

The aberrant expression levels of Wnt/B‑catenin signaling 
pathway components are involved in NSCLC invasion and 
metastasis (11). In addition, the pathway was identified to be 
critical for embryonic development and promoting rapid cell 
division and migration (12). However, in one previous study, 
the overactivation of the Wnt/β‑catenin signaling pathway was 
reported to promote the uncontrolled proliferation of cells, 
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which promoted tumorigenesis (13). Thus, the present study 
aimed to investigate the relationship between IMPDH2 and 
NSCLC. The results indicated that IMPDH2 may promote 
NSCLC progression by activating the Wnt/β‑catenin signaling 
pathway, therefore IMPDH2 may represent a novel therapeutic 
target for patients with NSCLC.

Materials and methods

Patient studies. A total of 30 fresh primary NSCLC tissues 
and matched adjacent noncancerous lung tissues were 
collected from patients (including 18 males and 12 females 12 
with age of 42±13 years) at The People's Hospital of Danyang 
(Danyang, China) between February, 2018 and February, 
2019. The tissues samples were obtained from patients who 
had not received chemoradiotherapy. The study protocol was 
approved by the Ethics Committee of The People's Hospital of 
Danyang (Danyang, China). All patient diagnose of NSCLC 
had been confirmed based on pathological assay, and none of 
the patients received any relative cancer treatment. Informed 
consent was written and provided by all patients.

Cell lines and cultures. The human lung adenocarcinoma 
epithelial cells A549, the normal primary human bronchial 
epithelium cell line BEAS‑2B was purchased from the 
American Type Culture Collection. BEAS2B cells were 
cultured in bronchial epithelial cell growth medium (BEGM; 
Lonza Group, Ltd.). All cell lines were supplemented with 
10% FBS (Gibco; Thermo Fisher Scientific.) and 1% peni‑
cillin/streptomycin, and maintained at 37˚C in an humidified 
atmosphere of 5% CO2. Cells used for the experiments 
were harvested using 0.05% trypsin‑EDTA upon reaching 
80‑90% confluence. All assays were performed in three 
separate wells.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from the cultured cells and tissues using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). Total RNA was reverse transcribed into cDNA using 
a SuperScript Reverse Transcriptase kit (Thermo Fisher 
Scientific, Inc.) at 37˚C for 15 min. Two‑step qPCR was 
subsequently performed using SYBR Green (Takara Bio, Inc.) 
and a CFX96™ Real‑Time PCR Detection system (Bio‑Rad 
Laboratories, Inc.). The thermocycling conditions using the 
following format: 40 cycles, denaturation at 95˚C for 30 sec, 
annealing at 60˚C for 30 sec, elongation at 95˚C for 10 sec and 
final extension at 65 to 95˚C for 5 sec. The following primer 
sequences were used for the qPCR: IMPDH2 forward, 5'‑GTT 
TCT GCG GTA TCC CAA TC‑3' and reverse, 5'‑CGA GCA AGT 
CCA GCC TAT‑3'; β‑actin forward, 5'‑TCA TCA CCA TTG GCA 
ATG AG‑3' and reverse, 5'‑CAC TGT GTT G GC GTA CAG 
GT‑3. β‑actin was used as the internal control for normaliza‑
tion. Three duplicated wells were set for each sample. The fold 
changes were calculated by means of relative quantification 
(2‑ΔΔCq method) (14).

Western blotting. Total protein from cells were extracted 
using RIPA buffer (Cell Signaling Technology, Inc.) and 
the protein concentrations were determined using the 
BCA Protein Assay kit (Cell Signaling Technology, Inc.). 

Proteins (1 mg) were loaded per lane and onto a 10% gel 
and separated by SDS‑PAGE. The separated proteins were 
subsequently transferred onto a PVDF membrane and 
blocked with 5% skimmed milk at room temperature for 1 h. 
The membranes were incubated with the following primary 
antibodies: Anti‑IMPDH2 (1:1,000; cat. no. ab131158), 
anti‑β‑actin (1:1,000; cat. no. ab8226), anti‑E‑cadherin 
(1:1,000; cat. no. ab1416), anti‑N‑cadherin (1:1,000; 
cat. no. ab18203), anti‑vimentin (1:1,000; cat. no. ab92547), 
anti‑p‑GSK (1:1,000; cat. no. ab75814), anti‑GSK (1:1,000; 
cat. no. ab40870), anti‑Wnt (1:1,000; cat. no. ab219412) 
(all from Abcam), anti‑β‑catenin (1:1,000; cat. no. C2206; 
Sigma Aldrich; Merck KGaA), anti‑Snail (1:1,000; 
cat. no. ab53519), anti‑c‑Myc (1:1,000; cat. no. ab32072) 
and anti‑Twist (1:1,000; ab50581) (all from Abcam) over‑
night at 4˚C. Following the primary antibody incubation, 
the membranes were incubated with secondary antibodies 
(anti‑IgG; 1:20,000; cat. no. ab205718; Abcam) for 1 h at 
room temperature. Total protein was visualized using 
enhanced chemiluminescence reagent (ECL; SW2030, 
Beijing Solarbio Science & Technology Co., Ltd.) and the 
blots were analyzed using ImageJ version 1.48u software 
(National Institutes of Health).

Immunofluorescence assay. Cells (1x104) were fixed with 
4% paraformaldehyde at room temperature for 15 min and 
then washed 3 times with PBS. The slides were subsequently 
blocked for 1 h at room temperature in 5% BSA (Beijing 
Solarbio Science & Technology Co., Ltd.) diluted in 0.5% 
Triton X‑100 in PBS (blocking buffer). The slides were then 
incubated with the following primary antibodies in blocking 
buffer overnight at 4˚C: Anti‑E‑cadherin, anti‑N‑cadherin 
and anti‑vimentin (as aforementioned). Following the 
primary antibody incubation, the slides were incubated with 
a secondary DyLight488‑conjugated anti‑rabbit IgG antibody 
(1:2,000, D9542, Sigma‑Aldrich; Merck KGaA) at room 
temperature for 2 h. The slides were subsequently stained 
with DAPI at room temperature for 5 min (Sigma‑Aldrich; 
Merck KGaA) and visualized using an Olympus FV1000 
confocal laser‑scanning microscope at 200x magnification 
(Olympus Corporation).

Immunohistochemistry. Immunohistochemical analysis 
was performed using a standard two‑step method. Briefly, 
paraffin‑embedded tissues (4 µm) were deparaffinized in 
0.5% xylene at 65˚C for 2 h, rehydrated alcohol and blocked 
with 3% H2O2 for 10 min at 37˚C. Deparaffinized sections 
were incubated in 3% hydrogen peroxide for 15 min at room 
temperature and boiled in citrate antigen retrieval solution 
(pH 6.5) for 20 min at 95˚C for antigen retrieval. Subsequently, 
the slides were incubated with an anti‑IMPDH2 primary 
antibody (1:1,000) at 4˚C overnight and then incubated with 
IgG secondary peroxidase‑conjugated antibody (1:20,000; 
cat. no. ab205718; Abcam) for 1 h at room temperature. 
After washing three times in PBS, the slides were stained 
with 3,3‑diaminobenzidine (DAB) at room temperature for 
10 min and counterstained with Mayer's hematoxylin at 
room temperature for 3 min. Stained cells were visualized 
in three randomly selected fields using a light microscope 
(magnification, x200).
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Production of lentivirus for IMPDH2 overexpression and 
knockdown. The full‑length open reading sequence of the 
human IMPDH2 gene (NM_000884.3) was PCR amplified 
from pcDNA3.1‑IMPDH2 (pc‑IMPDH2) and subcloned 
into the self‑inactivating lentiviral vector pHIV‑EGFP (both 
Addgene, Inc.). pcDNA3.1 empty vector was used as the 
control. Lentiviral preparations were produced by transient 
transfection of 293T cells (1x104) using pHIV‑EGFP‑IMPDH2, 
pRSV‑Rev, pMDLg/pRRE and pMD2.G, which was purchased 
from Shanghai GenePharma Co., Ltd. at final concentration of 
10 uM for 48 h.

The corresponding oligo of short hairpin RNA (shRNA/sh) 
targeting IMPDH2 (sh‑IMPDH2), β‑catenin (sh‑β‑catenin) or 
scrambled sh‑negative control (NC) was subcloned into the 
pLKO.1 vector (Addgene, Inc.). NC was empty plasmid and 
used as the negative control. Lentiviral preparations were 
generated as above, except for that the transfection cocktail 
was replaced with 6 µg pLKO.1, 4.5 µg psPAX2 and 1.5 µg 
pMD2.G (Addgene, Inc.). The transfections were carried out 
for 48 h using Lipofectamine 3000 Reagent (Thermo Fisher 
Scientific, Inc.).

Cell Counting Kit‑8 (CCK‑8) assay. A549 cells (1x104) were 
cultured in 96‑well plates with DMEM medium at 37˚C. Upon 
the cell confluence reaching 80%, the cells were cultured for 
24, 48 and 72 h at 37˚C, and 10 µl CCK‑8 solution (Gibco; 
Thermo Fisher Scientific, Inc.) was added to each well and 
incubated at 37˚C for 2 h according to the manufacturer's 
protocol. The absorbance at 450 nm was measured using a 
microplate autoreader (Bio‑Rad Laboratories, Inc.).

Colony formation assay. A total of 200 A549 cells/well were 
seeded into six‑well plates and cultured at 37˚C for 2 weeks. 
Following the incubation, the cells were fixed with 4% 
paraformaldehyde at 37˚C for 30 min and stained with 1% 
crystal violet for 20 min at room temperature. The number 

of colonies formed (>50 cells/colony) were counted manu‑
ally. Stained cells were visualized using a light microscope 
(magnification, x40).

Flow cytometric analysis of apoptosis. A549 cells (1x104) 
were incubated for 72 h, collected and resuspended in PBS 
supplemented with 2% FBS, centrifuged at 12,000 x g for 
5 min at room temperature, and resuspend with PBS. The 
cells were subsequently stained with Annexin‑V‑FITC and 
propidium iodide at room temperature for 20 min using the 
Annexin V‑FITC Apoptosis Detection kit (Gibco; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's protocol. 
Apoptotic cells were analyzed including early and late apop‑
tosis using a flow cytometer (LSRFortessa X‑20; Becton, 
Dickinson and Company). Apoptotic rate (%)=percentage of 
early + percentage of late apoptotic cells.

Wound healing assay. A549 cells were cultured in six‑well 
plates until they reached 100% confluence. Before making the 
wound, the DMEM medium was replaced with fresh culture 
medium without FBS. Then, wounds were scratched into the 
cell monolayer using a 10‑µl pipette tip and culture for 48 h 
at room temperature. The wound closure was observed at 0 
and 48 h using light microscope, after washing with PBS, and 
imaged to evaluate the migratory rate of cells in each well. The 
cell migratory ability was quantified by measuring the width 
of the advancing margins of cells in three randomly selected 
microscopic fields (magnification, x100) at the two time points.

Transwell migration assay. A total of 2x105 cells/well were 
plated in serum‑free DMEM in the upper compartments of 
8‑µm‑pore Transwell plates. DMEM, supplemented with 10% 
FBS, was plated in the lower chambers. Following incubation 
at 37˚C for 2 weeks, the migratory cells in the lower chamber 
were stained with 0.5% crystal violet for 15 min at room 
temperature. The invasion assay was performed as described 

Figure 1. IMPDH2 expression levels are upregulated in NSCLC. Expression levels of IMPDH2 in 30 NSCLC tissues and normal tissues were analyzed using 
(A) reverse transcription‑quantitative PCR, (B) western blotting and (C) immunohistochemistry Magnification, x200. **P<0.01, ns indicated no significance. 
IMPDH2, inosine 5'‑monophosphate dehydrogenase type II; NSCLC, non‑small cell lung cancer.
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for the migration assay, except for the Transwell plates were 
pre‑coated with Matrigel (50 µg) at 37˚C. Stained cells were 
visualized in three randomly selected fields using a light 
microscope (magnification, x200). The experiment was inde‑
pendently conducted three times.

Statistical analysis. All assays were conducted at least three 
times independently. Statistical analysis was performed using 
SPSS 21.0 software (IBM Corp.) and all experimental data are 
presented as the mean ± SD. A paired Student's t‑test was used 
to determine the significant differences between two groups, 
and one‑way analysis of variance (ANOVA) followed Tukey's 
post host was used to test differences among multiple groups. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

IMPDH2 expression levels are upregulated in NSCLC. 
According to the RT‑qPCR and western blotting analysis, the 
IMPDH2 expression levels were discovered to be significantly 
upregulated in NSCLC tissues compared with the adjacent 
normal tissues and there was no significance between 3 normal 
tissues and NSCLC tissues (Fig. 1A and B). In addition, the 
protein expression levels of IMPDH2 in NSCLC tissues were 

investigated using immunohistochemistry; the results demon‑
strated that the NSCLC tissues exhibited markedly increased 
expression levels of IMPDH2 compared with the normal 
tissues (Fig. 1C). These data suggested that IMPDH2 may be 
upregulated in NSCLC.

IMPDH2 regulates the proliferation, invasion, migration and 
apoptosis of NSCLC cells. RT‑qPCR analysis was performed 
to determine the expression levels of IMPDH2 in cell lines 
and revealed that A549 and SPC‑A1 cells had significantly 
upregulated expression levels of IMPDH2 compared with the 
BEAS‑2B cells, a normal primary human bronchial epithelium 
cell line (Fig. 2A).

To investigate the possible functional value of IMPDH2 
in NSCLC progression, lentiviruses were constructed to over‑
express or knockdown IMPDH2. RT‑qPCR analysis verified 
that the transfections of the overexpression and knockdown 
IMPDH2 lentiviruses into A549 cells were successful 
(Fig. 2B).

Results from the CCK‑8 assays indicated that the cell 
proliferation rate was significantly attenuated in sh‑IMPDH2 
cells compared with the sh‑NC cells, while enhanced in 
pc‑IMPDH2 cells compared with the pcDNA cells (Fig. 2C). 
The colony formation assay, used to investigate cancer cell 
proliferation in vitro, displayed similar results; the number of 

Figure 2. Overexpression and knockdown of IMPDH2 regulates the proliferation of NSCLC cells. (A) mRNA expression levels of IMPDH2 in NSCLC cell 
lines, A549 and BEAS‑2B were analyzed using RT‑qPCR. Data are presented as the mean ± SD (n=3). **P<0.01 vs. BEAS‑2B. (B) Transfection efficiency of 
the overexpression and knockdown of IMPDH2 was determined at the mRNA level in A549 cells using RT‑qPCR. The data are presented as the mean ± SD 
(n=3). (C) Cell Counting Kit‑8 and (D) colony formation assays were used to determine the effect of the overexpression and downregulation of IMPDH2 on 
the proliferative rate of A549 cells. (E) Flow cytometry was used to analyze the effect of the overexpression and downregulation of IMPDH2 on the apoptotic 
rate of A549 cells. The data are presented as the mean ± SD (n=3). **P<0.01 vs. sh‑NC. IMPDH2, inosine 5'‑monophosphate dehydrogenase type II; NSCLC, 
non‑small cell lung cancer; RT‑qPCR, reverse transcription‑quantitative PCR; sh, short hairpin RNA; NC, negative control; pc, overexpression vector; SD, 
standard deviation.
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colonies formed was markedly reduced following IMPDH2 
knockdown and increased following the overexpression of 
IMPDH2 compared with their respective NCs (Fig. 2D). 
Flow cytometric analysis was subsequently used to determine 
whether IMPDH2 affected the apoptotic rate of A549 cells. 
The results indicated that the downregulation of IMPDH2 
markedly increased the number of apoptotic cells compared 
with the sh‑NC‑transfected cells (Fig. 2E). Conversely, the 
upregulation of IMPDH2 markedly inhibited the rate of cell 
apoptosis compared with pcDNA3.1‑transfected cells. Thus, 
these findings suggested that IMPDH2 may promote cell 
proliferation and inhibit apoptosis of NSCLC cells.

In addition to cell proliferation, one of hallmark char‑
acteristics of cancer is the ability to migrate and lead to 
metastasis (15). To investigate the effect of IMPDH2 on 
cell migration, a wound healing assay was performed. 
The cells transfected with pc‑IMPDH2 demonstrated a 
markedly increased migratory rate compared with the 
pcDNA3.1‑transfected cells after 48 h incubation (Fig. 3A). 
Conversely, the knockdown of IMPDH2 inhibited the wound 
recovery, demonstrating a markedly decreased migratory 
rate compared with the sh‑NC‑transfected cells (Fig. 3A). 
Furthermore, the Transwell assays revealed that the 

overexpression of IMPDH2 induced cell invasion compared 
with the pcDNA3.1‑transfected cells, whereas the knock‑
down of IMPDH2 had the opposite effect compared with the 
sh‑NC‑transfected cells (Fig. 3B). These findings validated 
that knockdown of IMPDH2 had a suppressive effect on 
NSCLC cell migration and invasion.

IMPDH2 promotes the invasion and migration of NSCLC 
cells through epithelial‑mesenchymal transition (EMT). 
IMPDH2 was previously reported to affect EMT in colon 
cancer cells (5), thus the present study investigated whether 
IMPDH2 may have the same influence on NSCLC cells. 
Following the overexpression and knockdown of IMPDH2 
in A549 cells, the expression levels of the epithelial markers, 
E‑cadherin, and the mesenchymal markers, vimentin and 
N‑cadherin, were analyzed using western blotting. The expres‑
sion levels of E‑cadherin were significantly downregulated, 
whereas those of N‑cadherin and vimentin were signifi‑
cantly upregulated in pc‑IMPDH2‑transfected NSCLC cells 
compared with the blank control cells (Fig. 4A). An inverse 
trend was observed in the sh‑IMPDH2‑transfected cells; the 
expression levels of E‑cadherin were significantly upregulated 
and the expression levels of vimentin and N‑cadherin were 

Figure 3. Overexpression and knockdown of IMPDH2 regulates the migration and invasion of non‑small cell lung cancer cells. (A) Wound healing assays were 
used to determine that IMPDH2 regulated the migratory ability of A549 cells. Images were taken at 0 and 48 h. n=3. Magnification, x100. (B) Transwell assays 
were used to determine that IMPDH2 regulated the migration and invasion of A549 cells. The number of cells that migrated and invaded the extracellular 
matrix after 24 h was quantified in three randomly selected microscopic fields. Magnification, x200. IMPDH2, inosine 5'‑monophosphate dehydrogenase 
type II; sh, short hairpin RNA; NC, negative control; pc, overexpression vector.
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significantly downregulated compared with the sh‑NC group. 
In contrast, The E‑cadherin expression level was decreased 
and vimentin and N‑cadherin expression levels were increased 
in pc‑IMPDH2 cells compared with their respective NCs. 
These findings were further confirmed using an immuno‑
fluorescence assay and the data are presented in Fig. 4B. With 

downregulation of IMPDH2, the levels of N‑cadherin and 
vimentin were significantly downregulated (P<0.01), while 
the levels of E‑cadherin were markedly upregulated in A549 
cells compared with the sh‑NC group (P<0.01). These results 
suggested that IMPDH2 may induce the invasion and migra‑
tion of NSCLC cells via EMT processes.

Figure 4. Effect of IMPDH2 on EMT in non‑small cell lung cancer cells. (A) Western blotting was used to investigate the effect of IMPDH2 overexpression or 
downregulation on the expression levels of hallmark proteins of EMT, including E‑cadherin, N‑cadherin and vimentin, in A549 cells. (B) Immunofluorescence 
staining was used to investigate the expression levels of E‑cadherin, N‑cadherin and vimentin in IMPDH2 overexpressed and knockdown A549 cells. Data are 
shown as mean ± SD. n=3. Magnification, x200. Scale bar, 100 µm. *P<0.05, **P<0.01 vs. sh‑NC, ##P<0.01 vs. pcDNA3.1. IMPDH2, inosine 5'‑monophosphate 
dehydrogenase type II; EMT, epithelial‑mesenchymal transition; sh, short hairpin RNA; NC, negative control; pc, overexpression vector.
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IMPDH2 promotes NSCLC progression through the 
Wnt/β‑catenin signaling pathway. After determining the 
impact of IMPDH2 on NSCLC progression, the signaling 
pathways involved in this process were investigated. It was 
identified that the overexpression or knockdown of IMPDH2 
affected the Wnt/β‑catenin signaling pathway. First, the 
western blotting analysis demonstrated that the overexpres‑
sion of IMPDH2 significantly upregulated the expression 
levels of Wnt and β‑catenin compared with the pcDNA3.1 
group. In contrast, IMPDH2 overexpression significantly 
downregulated the expression levels of phosphorylated 
(p)‑glycogen synthase kinase (GSK)3β compared with the 
pcDNA3.1 group (Fig. 5A). Meanwhile, the knockdown of 
IMPDH2 expression levels presented the opposite trend; the 
expression levels of Wnt and β‑catenin were significantly 
downregulated, while the expression levels of p‑GSK3β 
were upregulated in sh‑IMPDH2‑transfected cells compared 
with sh‑NC group (Fig. 5A). Furthermore, the expression 
levels of downstream transcription factors involved in the 
Wnt/β‑catenin signaling pathway were investigated by 
western blotting. It was identified that the overexpression 
of IMPDH2 upregulated c‑Myc, Snail and Twist expression 
levels, while silencing IMPDH2 expression reduced the 
expression levels of c‑Myc, Snail and Twist compared with 
their respective NCs (Fig. 5B).

To further confirm that IMPDH2 inf luenced the 
Wnt/β‑catenin signaling pathway, shRNA targeting β‑catenin 
was used. Western blotting was used to verify that the knock‑
down of β‑catenin was successfully established in A549 
cells. The result shown that shβ‑catenin transfection mark‑
edly downregulated Wnt and β‑catenin expression levels, 
while levels of p‑GSK3β were increased in A549 cell lines 
compared with sh‑NC group (Fig. 6A). Subsequently, β‑catenin 
shRNA was transfected into pc‑IMPDH2+shβ‑catenin‑trans
fected cells and it was identified that the expression levels of 
c‑Myc, Snail and Twist were downregulated compared with 
pc‑IMPDH2+sh‑NC group (Fig. 6B). These findings indicated 
that the effects of IMPDH2 in NSCLC cells may depend on 
β‑catenin.

To determine whether the knockdown of β‑catenin 
expression levels could suppress the function of IMPDH2, 
CCK‑8 and Transwell assays were performed. Following the 
knockdown of β‑catenin, the overexpression of IMPDH2 
did not significantly promote cell proliferation to a further 
extent (Fig. 6C). In addition, cell migration and invasion 
were also determined, and the abilities in A549 cells were 
repressed in pc‑IMPDH2+shβ‑catenin group compared 
with pc‑IMPDH2+sh‑NC group (Fig. 6D). Notably, the 
expression levels of E‑cadherin were increased, while 
N‑cadherin and vimentin expression levels were decreased in 

Figure 5. IMPDH2 promotes the Wnt/β‑catenin signaling pathway to regulate epithelial‑mesenchymal transition in non‑small cell lung cancer cells. Expression 
levels of (A) Wnt GSK3β, p‑GSK3β and β‑catenin and (B) c‑Myc, Snail and Twist, in cells with overexpressed or knocked down IMPDH2 were analyzed using 
western blotting. The data are presented as the mean ± SD. n=3. **P<0.01 vs. sh‑NC. IMPDH2, inosine 5'‑monophosphate dehydrogenase type II; GSK3β, 
glycogen synthase kinase 3β; p‑, phosphorylated; sh, short hairpin RNA; NC, negative control; pc, overexpression vector.
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pc‑IMPDH2+shβ‑catenin‑treated cells when compared with 
pc‑IMPDH2+sh‑NC group (Fig. 6E). In conclusion, these find‑
ings suggested that IMPDH2 may affect NSCLC progression 
through regulating the Wnt/β‑catenin signaling pathway.

Discussion

IMPDH serves as a rate‑limiting enzyme in the synthesis of 
guanine nucleotides, thus it is an important regulator for DNA 
synthesis (16,17). IMPDH has been associated with cell prolif‑
eration and malignancy since 1975 (13). In particular, it has 
been previously reported that IMPDH2 was the predominant 
isoform in neoplastic and replicating cells (5). Accumulating 
evidence has also suggested that IMPDH2 may be closely 
implicated in different types of malignancy (18‑21). In addi‑
tion, it was revealed that IMPDH2 may be a useful biomarker 
for patient prognosis (20,21). In a previous study, IMPDH2 was 
also discovered to be a target of efficient immunosuppressive 

agents (22) and an IMPDH inhibitor has been investigated and 
developed for tumor suppression (20,17,23‑25). The present 
study demonstrated that the expression levels of IMPDH2 
were upregulated in NSCLC tissues, which prompted the 
investigations into the potential role of IMPDH2 in NSCLC 
progression. CCK‑8, colony formation, wound healing and 
Transwell assays were used in experiments involving the over‑
expression and knockdown of IMPDH2 in A549 cells, which 
revealed that IMPDH2 may positively affect cell proliferation, 
migration and invasion. Therefore, these findings suggested 
that IMPDH2 may serve oncogenic roles in NSCLC.

EMT is a hallmark of tumor invasion and metastasis, which 
can alter the adhesion of epithelial cancer cells, promoting them 
to invade and migrate to other distant sites (26‑28). During EMT, 
the repression of genes encoding epithelial cell junction proteins is 
accompanied by the activation of genes promoting mesenchymal 
adhesion (29), and the ‘Cadherin switch’ refers to the process by 
which the downregulation of E‑cadherin expression levels are 

Figure 6. IMPDH2 promotes non‑small cell lung cancer progression through the Wnt/β‑catenin signaling pathway. (A) The related protein expression levels of 
Wnt/β‑catenin signaling pathway were successfully inhibited in A549 cells using sh‑β‑catenin. (B) Protein expression levels of c‑Myc, Snail and Twist were 
suppressed in pc‑IMPDH2 cells following β‑catenin inhibition, as determined by western blotting. (C) Proliferative ability of cells was determined using a 
Cell Counting Kit‑8 assay. (D) Migratory and invasive abilities were markedly reduced in pc‑IMPDH2 cells following β‑catenin inhibition. (E) Expression 
levels of epithelial‑mesenchymal transition‑associated proteins, E‑cadherin was upregulated, while N‑cadherin and vimentin, were downregulated in 
pc‑IMPDH2‑transfected cells following β‑catenin knockdown. The data are presented as the mean ± SD. n=3. Magnification, x200. **P<0.01 vs. pcDNA3.1, 
$$P<0.01 vs. pcDNA3.1‑IMPDH2+sh‑NC. IMPDH2, inosine 5'‑monophosphate dehydrogenase type II; GSK3β, glycogen synthase kinase 3β; p‑, phosphory‑
lated; sh, short hairpin RNA; NC, negative control; pc, overexpression vector.
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balanced by up‑regulated N‑cadherin expression levels (30,31). 
In the current study, the analysis of EMT‑associated factors 
revealed that IMPDH2 suppressed E‑cadherin expression levels, 
while up‑regulating N‑cadherin and vimentin expression levels. 
Therefore, IMPDH2 may induce EMT in NSCLC.

In addition, the present study identified the signaling 
pathway through which IMPDH2 exerted oncogenic functions. 
Western blotting analysis discovered that the expression levels 
of Wnt3a and β‑catenin were significantly down‑regulated 
in the sh‑IMPDH2‑transfected cells and up‑regulated in the 
pc‑IMPDH2‑transfected cells, suggesting that Wnt/β‑catenin 
signaling may be involved in the IMPDH2 oncogenic activity. 
In addition, it was identified that the influence of IMPDH2 on 
tumor growth and EMT processes may be attributed to the 
activation of the Wnt/β‑catenin signaling pathway in NSCLC. 
Several studies have previous reported that the Wnt/β‑catenin 
signaling pathway participated in lung cancer, in addition 
to other types of cancer (32,33). Under normal conditions, 
GSK3β, Axin, serine/threonine‑protein phosphatase (PP2A), 
adenomatous polyposis coli protein and casein kinase I isoform 
α (CCKα) accumulate in the cytoplasm to form degradation 
complexes (34). Upon the degradation of complex β‑catenin 
proteins, GSK3β promotes the phosphorylation of β‑catenin 
at Ser33 and Ser37, yielding ubiquitin‑labeled β‑catenin, 
which is subsequently degraded by proteasomes (35); this 
regulatory mechanism is useful for maintaining the stability 
of the Wnt/β‑catenin signaling pathway (36). However, upon 
the phosphorylation of GSK3β, the kinase activity of GSK3β 
is inactivated and can no longer promote the phosphorylation 
of β‑catenin, leading to the accumulation and functioning of 
cytoplasmic β‑catenin (37). The results of the present study 
suggested that β‑catenin may be positively regulated by 
IMPDH2. β‑catenin has been reported to reflect the changes of 
the Wnt/β‑catenin signaling pathway in cells (9). The expres‑
sion levels of c‑Myc, Snail and Twist, which are important 
transcriptional factors of the Wnt signaling pathway (10), were 
significantly upregulated following IMPDH2 overexpression. 
In addition, Snail and Twist are also crucial transcriptional 
factors in EMT and the Wnt/β‑catenin signaling pathway 
can regulate EMT via Snail and Twist (38,39). In addition, 
Mannava et al (40) discovered that IMPDH2 may be a direct 
target of c‑Myc. Consistent with the findings of the present study, 
it can be inferred that IMPDH2 and c‑Myc may influence each 
other. For instance, the current study suggested that IMPDH2 
may promote NSCLC progression through Wnt/β‑catenin, 
which subsequently promoted the upregulation of c‑Myc.

To identify the critical role of the Wnt/β‑catenin signaling 
pathway in NSCLC, the present study subsequently investigated 
the function of IMPDH2 during EMT after inhibiting β‑catenin. 
The results revealed that the functions of IMPDH2 were 
suppressed following β‑catenin inhibition; the cell proliferation 
rate and the EMT‑associated phenotype were not affected by 
IMPDH2 overexpression following the inhibition of β‑catenin.

In conclusion, the findings of the present study suggested 
that IMPDH2 may promote the cell proliferation and EMT of 
NSCLC by activating the Wnt/β‑catenin signaling pathway.
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