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Abstract. Lung cancer has become the leading cause of 
cancer‑associated mortality worldwide. However, the under‑
lying mechanisms of lung cancer remain poorly understood. 
dnaJ heat shock protein family (HSP40) member c12 
(dNAJc12) is a type III member belonging to the HSP40/dNAJ 
family. The role of dNAJc12 in numerous types of cancer has 
been previously reported; however, the effect of dNAJc12 
in lung cancer remains unknown. The results of the present 
study indicated that dNAJc12 may be involved in lung 
cancer proliferation and migration by regulating the β‑catenin 
signaling pathway. data generated in the present study and 
from The cancer Genome Atlas revealed that the dNAJc12 
expression levels were significantly upregulated in lung cancer 
tissues compared with non‑cancer lung tissues. The expres‑
sion of dNAJc12 was subsequently knocked down in A549 
and NcI‑H1975 lung cancer cells using lentiviral transfections 
and further experiments demonstrated that the knockdown 
of dNAJc12 inhibited the proliferation, colony formation, 
migration and invasion of lung cancer cells. The results of 
flow cytometric assays also revealed that the knockdown 
of dNAJc12 induced the apoptosis of lung cancer cells. In 
addition, the effects of dNAJc12 knockdown on the in vivo 
growth of lung cancer cells were observed. Signaling pathway 
analysis revealed that the knockdown of dNAJc12 expression 
suppressed the phosphorylation of p65 NF‑κB, downregulated 

the expression levels and inhibited the subsequent activation 
of β‑catenin, and downregulated the expression levels of 
vimentin. Rescue experiments demonstrated that the over‑
expression of β‑catenin, but not that of NF‑κB or vimentin, 
reversed the effects of dNAJc12 knockdown on the prolif‑
eration and invasion of lung cancer cells. On the whole, the 
findings of the present study suggest that DNAJC12 may play 
a crucial role in lung cancer tumorigenesis by regulating the 
expression and activation of β‑catenin. Therefore, dNAJc12 
may represent a novel target for the treatment of lung cancer.

Introduction

Lung cancer is the leading cause of cancer‑related mortality 
worldwide (1‑3), and the morbidity and mortality rates for 
the disease remain high. Over the past two decades, signifi‑
cant advancements have been achieved in the diagnosis and 
treatment of lung cancer, which has relied on the improved 
understanding of the disease biology and the underlying mech‑
anisms of lung cancer progression and metastasis, as well as 
the advancements in early detection methods and multimodal 
care (1). However, despite this progress, the prognosis of lung 
cancer remains unsatisfactory and the underlying mechanisms 
of lung cancer remain poorly understood. Therefore, further 
studies investigating the underlying mechanisms of lung 
cancer and identifying novel targets to devise novel drugs, 
as well as combination therapies, are required to improve the 
outcomes of patients with lung cancer.

dnaJ heat shock protein family (HSP40) member c12 
(dNAJc12) is a J domain‑containing protein that belongs to 
the dnaJ homology c (dNAJc) family, which is a subclass 
of heat shock proteins (4,5). To the best of our knowledge, the 
current physiological and pathological functions of dNAJc12 
remain unclear. during endoplasmic reticulum (ER) stress, 
the binding of the cochaperone dNAJc12 and heat shock 
protein family A (HSP70) member 8 is enhanced (6). Several 
genetic studies have revealed that dNAJc12 participates 
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in the development of numerous types of human disease. 
For example, biallelic mutations in the dNAJc12 gene in 
humans have been shown to lead to dystonia and intellectual 
disability (7). In addition, dNAJc12 mutations identified 
by whole‑exome sequencing have been observed in patients 
with mild hyperphenylalaninemia (8,9). In the chinese Han 
population, dNAJc12 mutations have also been found to be 
associated with Parkinson's disease (10). 

Over the past few years, the roles of dNAJc12 in cancer 
biology have also been reported. For instance, in patients with 
rectal cancer, upregulated expression levels of dNAJc12 
have been shown to predict a poor response to neoadjuvant 
concurrent chemoradiotherapy (11). The aggressive phenotype 
of gastric cancer has also been found to be associated with the 
upregulation of dNAJc12 expression levels (12). In addition, 
in breast cancer, dNAJc12 expression has been found to be 
associated with the estrogen receptor status (13). However, 
the association between dNAJc12 and lung cancer remains 
unknown. Moreover, although the association between 
dNAJc12 and several types of cancer has been reported, to the 
best of our knowledge, the biological functions of dNAJc12 
in cancer development and metastasis also remain unknown.

β‑catenin is a 90 kda multifunctional protein that 
participates in cell development under normal physiological 
conditions (14,15). β‑catenin is a pivotal transcriptional factor 
for Wnt signaling and plays an important role in stem cell 
self‑renewal and organ regeneration, in addition to cancer 
development and drug resistance (16). The roles of β‑catenin 
in lung cancer have been well established. For example, 
β‑catenin has been discovered to promote tumorigenesis, 
cancer stem cell self‑renewal, drug resistance and metastasis in 
lung cancer cells by promoting the activation of Wnt signaling 
and the expression of downstream target genes (17,18). In addi‑
tion, β‑catenin expression has been reported to be induced 
by epidermal growth factor receptor (EGFR) mutations and 
to contribute to lung cancer development (19). However, the 
mechanisms through which β‑catenin responds to upstream 
regulators remain only partially understood and upstream 
regulators of β‑catenin also remain to be identified.

The present study thus aimed to investigate the roles of 
dNAJc12 in lung cancer. The findings presented herein 
demonstrate that dNAJc12 promotes lung cancer cell 
tumorigenesis by regulating the expression and activation of 
β‑catenin.

Materials and methods

Patient samples. A total of 15 pairs of lung cancer and adja‑
cent non‑cancer tissues were obtained from patients with lung 
cancer (age range, 45‑76 years; sex, 9 males and 6 females) 
between January, 2019 and February, 2020 from the Shandong 
Provincial Hospital (Jinan, china). The samples were stored 
at ‑80˚C until required for subsequent experimentation. 
Written informed consent was obtained from each patient 
prior to participation and the clinical study was approved 
by the Ethics committee of clinical Research of Shandong 
Provincial Hospital.

For the analysis using public data, 57 pairs of lung 
cancer and adjacent non‑cancer tissues were analyzed using 
a dataset from The cancer Genome Atlas (TcGA) and the 

Genotype‑Tissue Expression (GTEx) databases. In addition, 
the expression levels of dNAJc12 were also analyzed in 
54 control and 498 cancer unpaired tissues.

Cell lines and culture. Lung cancer cell lines (A549, 
NcI‑H1299, NcI‑H1975 and 95d) and 293T cells were 
purchased from the American Type culture collection 
(ATcc). Mycoplasma testing was performed for all cell lines 
and all cell lines were authenticated using STR profiling. Cells 
were cultured in dMEM (Hyclone; cytiva) supplemented 
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 
1% penicillin‑streptomycin (Thermo Fisher Scientific, Inc.). 
All cells were maintained at 37˚C in a humidified atmosphere 
containing 5% cO2.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from the cancer tissues and cells using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). 
Total RNA (1 µg) was reverse transcribed into cdNA using a 
cdNA synthesis kit (cat. no. 6130, Takara Bio, Inc.). qPcR was 
subsequently performed using an SYBR‑Green II reagent kit 
(cat. no. RR820A; Takara Bio, Inc.) as previously described (20). 
The following thermocycling conditions were used for the 
qPCR: Initial denaturation at 95˚C for 5 min, followed by 
40 cycles at 95˚C for 15 sec, 60˚C for 30 sec and 70˚C for 10 sec. 
The following primer pairs were used for the qPcR: dNAJc12 
forward, 5'‑AAT GGT TGG cAc cTT cGT TTc‑3' and reverse, 
5'‑GTT GGc AGc ATA GGG GAc AG‑3'; cTNNB1 forward, 
5'‑AGc TTc cAG AcA cGc TAT cAT‑3' and reverse, 5'‑cGG 
TAc AAc GAG cTG TTT cT Ac‑3'; VIM forward, 5'‑AGT ccA 
cTG AGT AccG GAG Ac‑3' and reverse, 5'‑cAT TTc AcG cAT 
cTG GcG TTc‑3'; RELA forward, 5'‑GTG GGG AcT AcG Acc 
TGA ATG‑3' and reverse, 5'‑GGG GcA cGA TTG TcA AAG 
ATG‑3'; and GAPdH forward, 5'‑TGA cTT cAA cAG cGA cAc 
ccA‑3' and reverse, 5'‑cAc ccT GTT GcT GTA Gcc AAA‑3'. 
The mRNA expression levels were quantified using the 2‑ΔΔcq 
method as previously described (21). 

Lentiviral transfection. Short hairpin RNA (shRNA/sh) 
targeting dNAJc12 (shdNAJc12; 5'‑GGA TGT GAT GAA cTA 
TcT T‑3') and control shRNA (shctrl; 5'‑TTc Tcc GAA cGT 
GTc AcG T‑3') were cloned into GV115 plasmids (Shanghai 
Genechem co., Ltd.). For overexpression, the coding sequences 
of cTNNB1 (NM_001904.4), p65 (NM_021975.4), VIM 
(NM_003380.5) were cloned into GV610 vectors (Shanghai 
Genechem co., Ltd.). The GV115 or GV610 plasmids (20 µg) 
were subsequently co‑transfected into 293T cells alongside 
pHelper1.0 (15 µg) and pHelper2.0 (10 µg) packaging vectors 
using Lipofectamine® 3000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) as previously described (22). Following trans‑
fection with the lentiviruses for 48 h (MOI=10), the transduced 
cells were selected with 5 µg/ml puromycin (Sigma‑Aldrich; 
Merck KGaA).

High‑content screening (HCS) assay. A HcS assay was 
performed to determine the cell number by counting the 
GFP‑expressing cells, as previously described (22), following 
the culture of 2x103 A549 cells in 96‑well plates. ArrayScan™ 
HcS software (cellomics Inc.) was used to analyze the cell 
proliferation of each well every 24 h.



INTERNATIONAL JOURNAL OF MOLEcULAR MEdIcINE  47:  105,  2021 3

MTT proliferation assay. The proliferation of the A549 
and NcI‑H1975 cells seeded into 96‑well plates at a density 
of 2x103 cells/well was analyzed using an MTT assay kit 
(Gen‑view Scientific, Inc.). MTT solution was added to each 
well and incubated for 4 h at 37˚C. Subsequently, the solution 
was replaced with 100 µl/well dMSO, and the plates were 
agitated for 5 min. The optical density of each well was read at 
490 nm using a microplate spectrophotometer (Tecan infinite, 
M2009PR; Tecan Group, Ltd.).

Colony formation assay. A total of 1x103 A549 and NIc‑H1975 
cells with or without dNAJc12 knockdown were plated into 
6‑well plates and cultured for 2 weeks. colonies were subse‑
quently stained with crystal violet (Sangon Biotech co., Ltd.) 
and stained colonies were visualized, followed by evaluation 
of colony number and size.

Wound healing assay. A549 and NcI‑H1975 cell migra‑
tion was determined in 6‑well plates (105 cells/well) using a 
wound healing assay, as previously described (23). Briefly, the 
cells were used in the wound healing assay when the conflu‑
ency of the cells was closed to 100%. After the cells were 
scratched using 10 µl pipette tips, the medium was replaced 
with FBS‑free medium. The images were captured at 0, 24 
and 48 h using an inverted fluorescence microscope (Olympus 
Corporation; magnification, x100).

Cell migration and invasion assay. A Transwell migration 
and Matrigel invasion assay was used to determine the migra‑
tion and invasive ability of the A549 and NcI‑H1975 cells. 
For migration, 100 µl FBS free medium were added onto 
the upper surface of the migration chambers (cat. no. 3422; 
Corning, Inc.) and incubated at 37˚C for 30 min. Subsequently, 
the FBS‑free medium was discarded and a total of 1x105 cells 
in 100 µl FBS‑free medium was added onto the upper surface 
of the migration chambers. The lower chambers were filled 
with 30% FBS medium. For invasion assay, a total of 500 µl 
of the mixture was added onto the upper surface of the inva‑
sion chambers (cat. no. 354480; corning, Inc.), while the lower 
chambers were filled with 30% FBS medium. Following incu‑
bation for 24 or 48 h at 37˚C, the culture medium and the cells 
attached on the upper surface were removed. cells attached on 
the lower surface were fixed with 4% paraformaldehyde for 
30 min at room temperature and stained with Giemsa stain (cat. 
no. 32884; Sigma‑Aldrich; Merck KGaA) for 30 min at room 
temperature. The images of migratory and invasive cells were 
collected using a light microscope (Olympus corporation; 
magnification, x100).

Apoptosis assay. The apoptosis of the lung cancer cells was 
analyzed using an Annexin V‑allophycocyanin (APc) apop‑
tosis detection kit (eBioscience; Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. Briefly, the A549 and 
NcI‑H1975 cells were infected with lentiviruses expressing 
shctrl or shdNAJc12 for 24 h. The cells were then harvested 
(1,000 x g, 5 min, room temperature) and washed with PBS. 
The cells were subsequently resuspended in a staining buffer to 
a final density of 1x106 cells/ml. Finally, 100 µl cell suspension 
was incubated with 5 µl Annexin V‑APc at room temperature 
for 15 min. The stained cells were subjected to flow cytometry 

using a FACSCalibur flow cytometer (BD Biosciences) and 
data were analyzed with FlowJo software (version 7.6.1; 
FlowJo LLc).

In vivo tumor growth experiment. Female BALB/c athymic 
nude mice (age, 4 weeks; weight, 15‑17 g) were obtained from 
charles River Laboratories, Inc. and were randomly divided 
into the following two groups (10 mice/group): i) Shctrl; and 
ii) shdNAJc12. Mice were healthy and housed under SPF‑grade 
conditions. A total of 1x107 shctrl‑ or shdNAJc12‑transfected 
A549 cells were subcutaneously implanted into the right flanks 
of the nude mice, according to the protocol as described previ‑
ously (24‑26). The tumor volume was measured every 3 days 
starting at 30 days following transplantation and the mice were 
sacrificed by cervical dislocation at day 42. The animal experi‑
ments were performed according to the indicated protocols 
and were approved by the Animal Research Ethics committee 
of Shandong Provincial Hospital.

Western blot analysis. Total protein was extracted from the 
lung cancer tissues and A549 and NcI‑H1975 cells using 
RIPA lysis buffer (Beyotime Institute of Biotechnology) 
supplemented with protease inhibitor cocktail. The protein 
concentration was determined using a BcA assay kit 
(Thermo Fisher Scientific, Inc.) and 40 µg protein/lane was 
separated via 12% SdS‑PAGE. The separated proteins 
were subsequently transferred onto PdVF membranes and 
blocked with 5% fat‑free milk in TBS‑Tween‑20 (TBST) 
for 1 h at room temperature. The membranes were then 
washed with TBST and incubated with the following primary 
antibodies at 4˚C overnight: Anti‑DNAJC12 (Abcam; cat. 
no. ab167425), anti‑GAPdH (Santa cruz Biotechnology, Inc.; 
cat. no. sc‑32233), anti‑p65 (cell Signaling Technology, Inc.; 
cat. no. 8242), anti‑phosphorylated (p)‑p65 (cell Signaling 
Technology, Inc.; cat. no. 3033), anti‑β‑catenin (cell Signaling 
Technology, Inc.; cat. no. 8480), anti‑p‑β‑catenin (cell 
Signaling Technology, Inc.; cat. no. 2009) and anti‑vimentin 
(cell Signaling Technology, Inc.; cat. no. 3932). Following the 
primary antibody incubation, the membranes were washed 
with TBST and incubated with HRP‑conjugated anti‑mouse or 
anti‑rabbit secondary antibodies (cell Signaling Technology, 
Inc.; cat. nos. 7076 and 7074) at room temperature for 2 h. The 
membranes were subsequently washed with TBST and protein 
bands were visualized using Pierce™ EcL Western Blotting 
substrate (Thermo Fisher Scientific, Inc.). 

Statistical analysis. All experiments were performed at 
least in triplicate and data are presented as the mean ± SEM. 
Statistical differences between two groups were determined 
using a Student's t‑test, while statistical differences between 
≥3 groups were determined using a one‑way ANOVA followed 
by a Tukey's post hoc test. categorical data were analyzed 
using a χ2 test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

DNAJC12 expression levels are upregulated in lung cancer 
tissues. To determine the potential roles of dNAJc12 in lung 
cancer, the expression levels of dNAJc12 in lung cancer and 
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adjacent non‑cancer tissues were analyzed by RT‑qPcR. The 
expression levels of dNAJc12 were significantly upregu‑
lated in the lung cancer tissues compared with the adjacent 
non‑cancer tissues (Fig. 1A and B). In addition, the expression 
levels of dNAJc12 in 57 pairs of lung cancer and control 
tissues from TcGA database were analyzed. The results also 
revealed that the expression levels of dNAJc12 were upregu‑
lated in lung cancer tissues compared with non‑cancer control 
lung tissues (Fig. 1c and d). Furthermore, analysis of a large 
unpaired TcGA dataset (54 control and 498 cancer tissues) 
also demonstrated that the expression levels of dNAJc12 were 
upregulated in lung cancer tissues (Fig. 1E). In addition, the 
association between patient clinicopathological features and 
dNAJc12 expression in 498 lung cancer tissues from TcGA 
database is presented in Table I. The expression of dNAJc12 
was not associated with age, sex, T stage, N metastasis and M 
metastasis. Therefore, these findings suggested that DNAJC12 
may be involved in the development of lung cancer.

Knockdown of DNAJC12 suppresses lung cancer cell prolif‑
eration in vitro. To determine the potential roles of dNAJc12 
in lung cancer cells, the expression levels of dNAJc12 were 
first analyzed in four lung cancer cell lines. The results 
revealed that the A549 and NcI‑H1975 cells expressed higher 
expression levels of dNAJc12 compared with the NcI‑H1299 
and 95d cells (Fig. 2A). Therefore, the A549 and NcI‑H1975 
cells were selected for use in further experiments. Lentiviruses 
expressing shRNA targeting dNAJc12 (shdNAJc12) and 
control shRNA (shctrl) were subsequently successfully 
infected into A549 and NcI‑H1975 cells (Fig. 2B and c). The 
results of RT‑qPcR and western blot analysis demonstrated 
that the lentivirus‑mediated knockdown of DNAJC12 signifi‑
cantly downregulated the expression levels of dNAJc12 in the 
A549 and NcI‑H1975 lung cancer cells (Fig. 2d and E). Thus, 
A549 and NcI‑H1975 cells with/without stable dNAJc12 
knockdown were successfully generated for use in further 
experiments.

The present study first determined the effects of the 
knockdown of dNAJc12 on the proliferation rate of A549 
and NcI‑H1975 lung cancer cells using HcS and MTT assays. 
The results determined that the knockdown of dNAJc12 
significantly reduced the proliferation rate of the A549 and 
NcI‑H1975 cells (Fig. 3). colony formation is a key feature of 
cancer cells (27); therefore, the present study also analyzed the 
effects of dNAJc12 on the colony formation of lung cancer 
cells. The results revealed that dNAJc12 knockdown reduced 
the number and size of colonies formed from the A549 and 
NcI‑H1975 lung cancer cells (Fig. 4). Taken together, these 
findings suggest that the knockdown of dNAJc12 may 
suppress the proliferation of lung cancer cells.

Knockdown of DNAJC12 suppresses lung cancer cell growth 
in vivo. To determine whether dNAJc12 regulates lung cancer 
cell growth in vivo, xenograft experiments were performed. 
A549 cells expressing shctrl and shdNAJc12 lentiviruses 
were subcutaneously transplanted into the right flanks of 
4‑week‑old female nude mice. Tumor growth was monitored 
for 42 days following implantation. The results revealed that 
the knockdown of dNAJc12 reduced the growth rate, size and 
weight of the lung cancer tumors (Fig. 5). Thus, these results 

indicate that dNAJc12 may contribute to lung cancer growth 
in vivo.

Knockdown of DNAJC12 suppresses lung cancer migration 
and invasion. Metastasis is a feature of human lung cancer 
cells (27). To determine whether dNAJc12 regulates the inva‑
sion of lung cancer cells, the Transwell assay and Transwell 
Matrigel assay was performed using the A549 and NcI‑H1975 
cells. The results revealed that A549 and NcI‑H1975 cell 
invasion was significantly suppressed following the knock‑
down of dNAJc12 (Fig. 6A and B). Matrigel invasion assay 
also demonstrated that dNAJc12 knockdown suppressed the 
invasion of A549 and NcI‑H1975 cells (Fig. 6c and d). The 
present study subsequently analyzed the effects of dNAJc12 
on the migration of lung cancer cells by performing wound 
healing assays. The results revealed that the migration of the 
A549 and NcI‑H1975 cells, which was observed within 48 h, 
was inhibited by dNAJc12 knockdown (Fig. 6E and F). Taken 
together, these findings suggest that DNAJC12 regulates the 
invasion and migration of lung cancer cells.

Knockdown of DNAJC12 induces the apoptosis of lung cancer 
cells. The suppression of cancer growth and metastasis may 
result from cancer cell apoptosis induced by clinical drug 
treatment (27). Thus, the present study aimed to determine 
whether the dNAJc12‑induced effects on the proliferation, 
migration and invasion of lung cancer cells were associated 

Table I. Association between patient clinicopathological 
features and dNAJc12 expression in 498 lung cancer tissues 
from TcGA database.

 dNAJc12
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
characteristics Low High Total P‑value

Sex    0.151
  Male 107 123 230 
  Female 142 126 268 
  Total 249 249 498 
Age, years    0.744
  ≤65 119 113 232 
  >65 123 124 247 
  Total 242 237 479 
T stage    0.852
  T1/2 214 218 432 
  T3/4 32 31 63 
  Total 246 249 495 
N metastasis    0.876
  N0 160 161 321 
  N1/2/3 82 85 167 
  Total 242 246 488 
M metastasis    0.555
  M0 166 167 333 
  M1 10 13 23 
  Total 176 180 356 
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Figure 1. dNAJc12 expression levels are upregulated in human lung cancer tissues. (A) Fold change in dNAJc12 expression levels in 15 lung cancer tissues 
compared with paired adjacent non‑cancer lung tissues were analyzed using reverse transcription‑quantitative PcR. The fold change in the expression levels 
of each patient are presented. (B) Analysis of data from part (A) was performed using a paired Student's t‑test. (c) Fold change in dNAJc12 expression levels 
in lung cancer tissues compared with paired non‑cancer lung tissues obtained from TcGA database; n=57. (d) Analysis of data from part (c) was performed 
using a paired Student's t‑test. ***P<0.001. (E) Expression levels of dNAJc12 in lung cancer tissues compared with unpaired non‑cancer lung tissues obtained 
from TcGA database. control tissues, n=43; lung cancer tissues, n=498. ***P<0.001. data were analyzed using an unpaired Student's t‑test. dNAJc12, dnaJ 
heat shock protein family (Hsp40) member c12; TcGA, The cancer Genome Atlas.

Figure 2. Knockdown of dNAJc12 in lung cancer cells. (A) Relative mRNA expression levels of dNAJc12 were analyzed in the four lung cancer cell lines, 
A549, NCI‑H1299, NCI‑1975 and 95D by RT‑qPCR. Fluorescence images demonstrating the infection efficiency of lentivirus expressing shDNAJC12 or shCtrl 
following 24 h of infection in (B) A549 and (C) NCI‑H1975 cells. RT‑qPCR and western blot analysis were used to determine DNAJC12 knockdown efficiency 
in (d) A549 and (E) NcI‑H1975 cells transfected as described in parts (B and c), respectively. ***P<0.001. data were analyzed using a Student's t‑test. 
dNAJc12, dnaJ heat shock protein family (Hsp40) member c12; RT‑qPcR, reverse transcription‑quantitative PcR; sh, short hairpin RNA; ctrl, control. 
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Figure 3. Knockdown of dNAJc12 inhibits the proliferation of lung cancer cells. HcS and MTT assays were used to determine the effects of dNAJc12 on 
A549 and NcI‑H1975 cell proliferation. (A and B) Representative images of the HcS assay using A549 cells with/without dNAJc12 knockdown (A) and the 
statistical result (B). The relative cell number was analyzed using a one‑way ANOVA. ***P<0.001. (c and d) MTT assay was used to demonstrate that dNAJc12 
knockdown inhibited the proliferation of (c) A549 and (d) NcI‑H1975 cells with/without dNAJc12 knockdown. The relative cell number was analyzed using 
a one‑way ANOVA. ***P<0.001. dNAJc12, dnaJ heat shock protein family (Hsp40) member c12; HcS, high‑content screening.

Figure 4. Knockdown of dNAJc12 reduces the colony formation of lung cancer cells. (A) A549 and (B) NcI‑H1975 cells with/without dNAJc12 knockdown 
were subjected to a colony formation assay and the number of colonies was analyzed 2 weeks later. dNAJc12 knockdown reduced the number of colonies 
formed in both lung cancer cell lines. ***P<0.001. data were analyzed using a Student's t‑test. dNAJc12 knockdown reduced the size of the colonies from 
(c) A549 and (d) NcI‑H1975 lung cancer cells. Representative colony size of A549 cells is shown in (A) and the representative colony size of NcI‑H1975 cells 
is shown in (B). dNAJc12, dnaJ heat shock protein family (Hsp40) member c12.
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with the apoptosis of lung cancer cells. cell apoptosis was 
analyzed by flow cytometry in the A549 and NCI‑H1975 cells. 
The results revealed that the knockdown of dNAJc12 induced 
the apoptosis of A549 and NcI‑H1975 cells (Fig. 7), which 
may be associated with the effects of dNAJc12 on the prolif‑
eration, migration and invasion of lung cancer cells.

DNAJC12 regulates NF‑κB, β‑catenin and vimentin signaling. 
The biological pathways regulated by dNAJc12 were 
subsequently investigated. The growth and metastasis of 
lung cancer cells are regulated by pivotal intracellular tran‑
scriptional regulators, such as NF‑κB and β‑catenin, as well 
as key extracellular matrix regulators, such as matrix metal‑
loproteinase (MMP) and vimentin (14,28,29). The present 
study analyzed the effects of dNAJc12 on the expression 
levels of these proteins by western blotting. The knockdown 
of dNAJc12 reduced the phosphorylation of NF‑κB p65 and 
downregulated the expression levels and activation of β‑catenin 
in A549 cells (Fig. 8A and B). The knockdown of dNAJc12 
also downregulated the expression levels of vimentin (Fig. 8c), 
which is a factor of the extracellular matrix. Therefore, these 
findings suggest that DNAJC12 may target key regulators of 
lung cancer growth and metastasis.

Overexpression of β‑catenin blocks the effects of DNAJC12 
knockdown. To determine whether p65, β‑catenin and vimentin 
are involved in the effects of dNAJc12 on lung cancer cells, 
p65, β‑catenin and vimentin were overexpressed in A549 cells 
in which dNAJc12 expression was knocked down. RT‑qPcR 
analysis indicated that dNAJc12 was successfully knock‑
down, while p65, β‑catenin and vimentin were effectively 
overexpressed in the A549 cells (Fig. 9A). An HcS assay 
was subsequently performed and the results revealed that the 
overexpression of β‑catenin, but not that of p65 or vimentin, 

reversed the suppressive effects of dNAJc12 knockdown on 
the proliferation of A549 cells (Fig. 9B). The involvement of 
β‑catenin in the regulatory role of dNAJc12 over A549 cell 
proliferation was also validated using an MTT assay (Fig. 9c). 
Furthermore, the reduced invasive capacity of the A549 cells 
induced by dNAJc12 knockdown was also reversed by the 
overexpression of β‑catenin (Fig. 9d). Taken together, these 
findings suggest that DNAJC12 may regulate the proliferation 
and invasion of lung cancer cells in a β‑catenin‑dependent 
manner. 

Discussion

The present study provides evidence to suggest that dNAJc12 
may promote lung cancer proliferation, invasion, migration 
and survival, which may be partially mediated by β‑catenin. 
Using data generated in the present study and public data, the 
dNAJc12 expression levels were found to be upregulated in 
lung cancer tissues compared with non‑cancerours tissues. 
The lentivirus‑mediated knockdown of dNAJc12 demon‑
strated that dNAJc12 was important for lung cancer cell 
proliferation and growth in vitro and in vivo, respectively. In 
addition, the knockdown of dNAJc12 reduced the migration 
and invasion, and induced the apoptosis in lung cancer cells. 
Signaling pathway analysis revealed that dNAJc12 targeted 
NF‑κB, β‑catenin and vimentin signaling. Finally, rescue 
experiments revealed that β‑catenin was essential for the func‑
tion of dNAJc12 in regulating the proliferation, migration and 
invasion of lung cancer cells.

dNAJc12 belongs to the dNAJc protein family of heat 
shock proteins. The potential association between dNAJc12 
and cancer biology has been previously reported (11,12). 
However, to the best of our knowledge, the role of dNAJc12 
in lung cancer remains unknown. Therefore, the present 

Figure 5. Knockdown dNAJc12 represses lung cancer cell growth in vivo. (A) Microscopy images of xenograft tumors grown in nude mice that were 
transplanted with 1x107 shctrl‑ and shdNAJc12‑transfected A549 cells. (B) Tumor volume was monitored for 42 days after transplantation. ***P<0.001. data 
were analyzed using a one‑way ANOVA. The maximum tumor diameter obtained was 14.85 mm. The maximum tumor volume obtained was 1,247.66 mm3. 
(C) Tumors were weighed immediately after sacrificing the mice. ***P<0.001. data were analyzed using a Student's t‑test. dNAJc12, dnaJ heat shock protein 
family (Hsp40) member c12; sh, short hairpin RNA; ctrl, control.
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study investigated the potential roles of dNAJc12 in lung 
cancer. Using patient lung cancer samples and public data 
from the TcGA database, the present results demonstrated 
that DNAJC12 mRNA expression levels were significantly 
upregulated in lung cancer tissues compared with adjacent 
non‑cancer lung tissues. Furthermore, dNAJc12 expression 
was significantly elevated in lung cancer patients with higher 
stage. 

Although previous studies have reported the potential associ‑
ation between dNAJc12 and numerous types of cancer (11‑13), 
the role of dNAJc12 in cancer biology remains unknown. The 

present study performed HcS and MTT assays, which revealed 
that the knockdown of dNAJc12 reduced the proliferative 
rate of lung cancer cells. colony formation is a key feature 
of cancer cells (27). The present study also demonstrated that 
dNAJc12 not only regulated the number of colonies formed, 
but it also altered the size of the colonies formed from A549 
and NcI‑H1975 cells. Notably, the data presented  herein also 
demonstrated that dNAJc12 knockdown reduced lung cancer 
cell growth in vivo. Taken together, these findings suggested 
that dNAJc12 may be crucial for lung cancer cell proliferation 
and growth in vitro and in vivo, respectively. 

Figure 6. Knockdown of dNAJc12 inhibits the migration and invasion of lung cancer cells. The knockdown of dNAJc12 inhibited the migration of (A) A549 
and (B) NCI‑H1975 lung cancer cells. Number of migratory cells per field were analyzed. ***P<0.001. data were analyzed using a Student's t‑test. Invasion of 
A549 and NcI‑H1975 cells with/without dNAJc12 knockdown was analyzed using a Matrigel invasion assay. dNAJc12 knockdown inhibited the invasion 
of (C) A549 and (D) NCI‑H1975 lung cancer cells. Number of invasive cells per field were analyzed. ***P<0.001. data were analyzed using a Student's t‑test. 
Migration of A549 or NcI‑H1975 cells with/without dNAJc12 knockdown was analyzed using a wound‑healing assay. The knockdown of dNAJc12 inhibited 
the migration of (E) A549 and (F) NcI‑H1975 lung cancer cells. The migratory rate was analyzed at the end of the experiment. ***P<0.001. data were analyzed 
using a Student's t‑test. dNAJc12, dnaJ heat shock protein family (Hsp40) member c12.
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The underlying mechanisms of lung cancer metastasis 
remain poorly understood (30). To determine the potential 
role of dNAJc12 in the metastasis of lung cancer cells, the 
present study performed in vitro Transwell and wound healing 
assays to assess cell invasion and migration, respectively. The 
results revealed that the knockdown of DNAJC12 significantly 
reduced the invasive and migratory capacities of A549 and 
NCI‑H1975 cells. These findings indicated that the upregulated 
expression of dNAJc12 in lung cancer tissues might be one of 
the underlying mechanisms of metastasis in lung cancer cells.

Following clinical drug treatment, the suppression of 
cancer growth and metastasis occurs as a result of cancer 
cell apoptosis (27). Therefore, the present study also aimed 
to determine whether the effects of dNAJc12 on lung cancer 
proliferation, invasion and migration were associated with cell 
apoptosis in A549 and NCI‑H1975 cells using flow cytometry. 
The present data demonstrated that dNAJc12 knockdown 

significantly induced the apoptosis of A549 and NCI‑H1975 
cells. These results suggested that dNAJc12 may regulate the 
apoptosis of lung cancer cells to modulate cell proliferation, 
migration and invasion.

NF‑κB plays a crucial role in lung cancer by regulating 
growth and apoptosis (29). The findings of the present study 
demonstrated that the knockdown of dNAJc12 reduced the 
phosphorylation levels of the NF‑κB p65 subunit, suggesting 
that dNAJc12 may promote the activation of NF‑κB. 
β‑catenin has been reported to regulate several functions of 
lung cancer, including growth, stemness, metastasis and drug 
resistance (resistance to apoptosis) (17). It was also found that 
dNAJc12 knockdown downregulated the expression levels 
and phosphorylation of β‑catenin. Vimentin is a mesenchymal 
marker that participates in the remodeling of the extracellular 
matrix and contributes to the metastasis of numerous types of 
cancer, including lung cancer (28). Thus, the present study also 

Figure 7. Knockdown of dNAJc12 induces the apoptosis of lung cancer cells. (A) A549 and (B) NcI‑H1975 cells were infected with lentivirus expressing 
shDNAJC12 or shCtrl for 24 h, then the cells were harvested and subjected to apoptosis analysis with flow cytometry. Knockdown of DNAJC12 was discovered 
to induce the apoptosis of A549 and NcI‑H1975 cells, respectively. ***P<0.001. data were analyzed using a Student's t‑test. dNAJc12, dnaJ heat shock protein 
family (Hsp40) member c12; short hairpin RNA; ctrl, control.

Figure 8. dNAJc12 regulates NF‑κB, β‑catenin and vimentin signaling pathways. Total protein extracted from A549 cells with/without dNAJc12 knockdown 
was analyzed using western blotting. (A) dNAJc12 knockdown reduced the phosphorylation of NF‑κB p65 in lung cancer cells. (B) dNAJc12 knockdown 
reduced the phosphorylation and downregulated the expression levels of β‑catenin in lung cancer cells. (c) dNAJc12 knockdown downregulated vimentin 
expression levels in lung cancer cells. dNAJc12, dnaJ heat shock protein family (Hsp40) member c12.



LI et al:  ONcOGENIc dNAJc12 AcTIVATES β‑cATENIN IN LUNG cANcER10

aimed to determine the effects of dNAJc12 on the expres‑
sion levels of vimentin. The knockdown of dNAJc12 also 
downregulated the expression levels of vimentin. These data 
suggested that dNAJc12 may regulate several key modulators 
of proliferation, migration and invasion in lung cancer cells. 
To investigate which of these factors was a key downstream 
target gene of dNAJc12 in lung cancer, rescue experiments 
were performed by overexpressing these factors in lung cancer 
cells following dNAJc12 knockdown. Further rescue experi‑
ments indicated that β‑catenin, but not NF‑κB or vimentin, 
may be involved in dNAJc12 function in lung cancer cell 
proliferation, invasion and migration. However, the biological 
mechanisms through which dNAJc12 regulated β‑catenin 
expression and activation remain to be determined in further 
studies. A previous study reported that dNAJc12 participated 
in ER stress (6). ER stress is an important regulator involved in 
the activation of β‑catenin (31), thus dNAJc12 may regulate 
β‑catenin via activating ER stress. Further study is required to 
determine this hypothesis.

In conclusion, the findings of the present study suggested 
that dNAJc12 may promote lung cancer development and 
metastatic features, at least in part, by activating β‑catenin. 
Thus, dNAJc12 may serve as a potential prognostic factor 
and therapeutic target in human lung cancer. However, several 
limitations exist for the present study. First, the mechanism 
through which dNAJc12 was regulated in lung cancer remains 
unknown. Second, the potential effects of dNAJc12 on the 

prognosis of patients with lung cancer were not determined. 
Finally, the underlying mechanisms of dNAJc12 regulation 
over β‑catenin remain unknown. Further studies addressing 
these points would improve the current understanding of the 
role and mechanism of dNAJc12 in lung cancer.
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