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1  |  INTRODUC TION

Lung cancer (LC) is among the most commonly diagnosed cancers 
and a principal cause of cancer-related mortality globally, with annual 
new cases and deaths estimated at 2 million and 1.76 million, respec-
tively.1–3 One reason for the high death rate of patients with LC is that 
it is often diagnosed at a late stage4; the survival rate of regional stage 
patients is only 27%, and that of distant stage patients is as low as 

4%.5,6 LC is classified into adenocarcinoma, squamous carcinoma, small 
cell LC, and non-small cell LC (NSCLC),7 of which NSCLC is the most 
common form, accounting for approximately 80%–85% of cases.8 The 
mechanisms underlying the various types of LC are entirely different, 
and they consequently require different treatment strategies and have 
varying prognosis. Thus, identification of novel biomarkers for early 
diagnosis of different LCs or to predict prognosis is crucial and urgently 
required to decrease the death rate of patients with LC.
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Abstract
MCM8 is a helicase, which participates in DNA replication and tumorigenesis and is 
upregulated in many human cancers, including lung cancer (LC); however, the func-
tion of MCM8 in LC tumour progression is unclear. In this study, we found that MCM8 
was expressed at high levels in LC cells and tissues. Further, MCM8 upregulation was 
associated with advanced tumour grade and lymph node metastasis, and indicated 
poor prognosis. Silencing of MCM8 suppressed cell growth and migration in vitro and 
in vivo, while ectopic MCM8 expression promoted cell cycle progression, as well as 
cell migration, proliferation, and apoptosis. Mechanistically, DNAJC10 was identi-
fied as a downstream target of MCM8, using gene array and CO-IP assays. DNAJC10 
overexpression combatted the inhibitory activity of MCM8 knockdown on LC pro-
gression, while silencing DNAJC10 alleviated the oncogenic function of MCM8 over-
expression. MCM8 expression was positively correlated with that of DNAJC10 in LC 
samples from The Cancer Genome Atlas database, and DNAJC10 upregulation was 
also associated with poor overall survival of patients with LC. This study indicated 
that MCM8/DNAJC10 axis plays an important role in in LC development, and maybe 
as a new potential therapeutic target or a diagnostic biomarker for treating patients 
with LC.
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Minichromosome maintenance (MCM) molecules have signifi-
cant roles in DNA replication and the cell cycle; there are 10 MCM 
family members: MCM1–10.9 MCM2–7 comprise a DNA helicase 
subfamily involved in DNA synthesis,10 MCM9 and MCM8 are 
crucial to effective homologous recombination,11 and MCM1 and 
MCM10 are independent members of the family that also function 
in DNA synthesis.10 Many MCM molecules have been reported as 
diagnostic and prognostic biomarkers in various human cancers, in-
cluding gastric cancer, hepatocellular carcinoma, cervical cancer, and 
oesophageal squamous cell carcinoma.12–16

A number of studies have shown that minichromosome main-
tenance 8 homologous recombination repair factor (MCM8) can 
promote malignant tumour progression.17–19 MCM8 promotes 
cholangiocarcinoma progression through regulating PI3K/Akt and 
MAPK9 signalling.17 Further, MCM8 knockdown induces G0/G1 cell 
cycle arrest and apoptosis, as well as suppressing self-renewal and 
proliferation of glioma stem cells (GSCs), while MCM8 knockdown 
improves GSC sensitivity to radiation and Temozolomide treat-
ments.18 MCM8 is expressed at high levels in osteosarcoma tissues, 
and associated with more advanced tumour grade and pathological 
stage; silencing of MCM8 through regulating CTGF can suppress os-
teosarcoma progression.19

In LC, MCM8 shows high expression in lung adenocarcinoma 
(LUAD) tumour tissues from The Cancer Genome Atlas (TCGA), 
and upregulation of MCM8 is associated with poor overall sur-
vival (OS) of patients with LUAD20,21; however, the function of 
MCM8 in LC development is unknown, and was the focus of this 
study.

2  |  MATERIAL S AND METHODS

2.1  |  Samples from The Cancer Genome Atlas 
(TCGA) and clinical patients

MCM8 expression was analysed in LC samples from TCGA, includ-
ing data from 526 LUAD tumour and 59 normal lung tissues, and 
a further 501 LUSC samples with 49 corresponding normal tis-
sues. Data from 476 patients with LUAD, including comprehensive 
prognostic information, were clustered into high or low expression 
groups, based on median MCM8 expression values, or according 
to DNAJC10 expressions. OS analysis between high or low groups 
were conducted using the Kaplan–Meier method with log-rank 
test.

A total of 294 NSCLC and 28 normal tissue samples were ac-
quired from Peking Union Medical College Hospital between 2020 
and 2021. MCM8 expression was detected using immunohisto-
chemistry (IHC) staining and the relationships between MCM8 
expression, tumour stage, and lymph node metastasis assessed. 
The Ethics Committee of Peking Union Medical College Hospital 
approved this study, which was conducted according to the 
Declaration of Helsinki. Written informed consent was obtained 
from all patients.

2.2  |  Cell culture and infection

Human non-small cell lung cancer (NSCLC) cell lines (H1299, H1975, 
and A549) and normal lung epithelial cells (Beas-2B) were purchased 
from American Type Culture Collection. Cells were cultured in 
RPMI-1640 medium containing 10% fetal bovine serum (FBS) in a 
37°C humidified incubator with 5% CO2.

Lentiviral mediated knockdown (Vector No, GV115) was used 
to silence the expression of MCM8 in H1299 and A549 cells. 
The sequencing of short hairpin RNA molecules (shRNAs) tar-
geting MCM8 and scrambled shRNA were as follow: shMCM8, 
5′-UCGUAUGAAUAGUCAAGAU-3′; scrambled shRNA, shCtrl, 
5′-UUCUCCGAACGUGUCACGU-3′. For the MCM8 overexpres-
sion, lentiviral vectors (Vector No, GV287) were employed to over-
express MCM8 (NC_000020.11) in H1975 cells. All lentivirus were 
purchased from Genechem (Shanghai, China). Cells were seeded in 
six-well plate and further incubated for 24 h to reach 70% confluent. 
Then, cells were infected by above lentivirus with a multiplicity of in-
fection of 30. After 72 h infection, replacing the media, the infected 
cells were performed the subsequent experiment.

2.3  |  Immunohistochemical (IHC) staining

IHC experiments were conducted using formaldehyde-fixed, 
paraffin-embedded tissue sections. Sections were deparaffinized 
in xylene, rehydrated in ethanol, and subjected to microwave pre-
treatment for antigen retrieval in 5 mM Tris-HCl for 10 min. H2O2 
(3%) was used to quench endogenous peroxidase activity, and an 
Endogenous Biotin-Blocking Kit (Thermo Fisher Scientific, USA) 
was employed to block non-specific binding sites. Next, slides were 
incubated with anti-MCM8 monoclonal primary antibody (1:250; 
Thermo Fisher Scientific, USA; PA5-41325), anti-DNAJC10 (1:250, 
PA5-106352; Thermo Fisher) and anti-Ki67 (1:250, ab16667, Abcam) 
at 4°C for 4 h, followed by HRP-conjugated secondary antibody 
(1:400; Abcam; cat. no. ab6721) at 25°C for 1 h. Samples were visu-
alized using 3,3′-diaminobenzidine and counterstained with haema-
toxylin at 25°C for 10 min. An Olympus BX50 microscope (Japan) 
was used to take representative photographs.

Samples were evaluated by light microscopy using a standard 
semi-quantitative immunoreactivity score, as follows: positive 
staining percentage was scored as: 1 < 25%, 2 = 25%–50%, 3 = 50%–
75%, and 4 ≥ 75%; staining intensity was scored as: 0 = negative, 
1 = weak, 2 = moderate, and 3 = strong. Positive staining percent-
age and staining intensity scores were then multiplied to obtained 
an immunoreactivity score of 0–12, which was used to define low 
(0–2 scores) and high (2–12 scores) MCM8 expression levels.

2.4  |  Western blot

Total protein samples were extracted from LC cell lines using RIPA 
lysis buffer (Beyotime), then quantified with a BCA Protein Assay 
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Kit (Pierce). Protein aliquots (20 μg) were separated by 10% SDS-
PAGE, followed by transfer onto PVDF membranes. Membranes 
were blocked with 5% skimmed milk at 4°C for 1 h. Primary an-
tibodies (dilution, 1:1000) were incubated with membranes at 
4°C overnight, as follows: MCM8 (ab191914; Abcam), N-cadherin 
(ab76057; Abcam), E-cadherin (ab231303; Abcam), Vimentin 
(ab11256; Abcam), anti-DNAJC10 (PA5-106352; Thermo Fisher), 
and GAPDH (an263962; Abcam). Corresponding secondary anti-
body (1:3000; ab6721; Abcam) was then added, followed by in-
cubation at 25°C for 2 h. The Amersham ECL + TM Western Blot 
system (Cytiva) was used to visualize protein bands, and signal 
intensities determined with ImageJ software (version 1.8.0.112, 
National Institutes of Health).

2.5  |  Reverse transcription-quantitative PCR 
(RT-qPCR)

TRIzol reagent (invitrogen) was used for RNA extraction from 
transfected cells, and RNA samples were reverse transcribed 
into cDNA with an M-MLV Reverse Transcriptase kit (Promega). 
Then, qPCR was conducted using SYBR-Green PCR Master Mix 
(Thermo Fisher Scientific) on a VII7 Sequence Detection sys-
tem (ABI, USA). The 2−∆∆Cq method was employed to calcu-
late relative mRNA MCM8 expression.22 Primers were MCM8 
forward, 5′-AATGGAGAGTATAGAGGCAGAGG-3′ and re-
verse, 5′-CAGAAGTACGTTTTCCTGTGGT-3′; DNAJC10 for-
ward, 5′-  GCAGGTTTGACTGTTCCTCTG-3′ and reverse, 
5′-GGTCCAAGCGTGGTAACATGA-3′; and GAPDH for-
ward, 5′-TGTGGGCATCAATGGATTTGG-3′ and reverse, 
5′-ACACCATGTATTCCGGGTCAAT-3′.

2.6  |  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay

LC cells transfected with shRNAs or plasmids were cultured on 
6-well plates at 2000 cells/well for 24, 48, 72, 96 and 120 h. 
Subsequently, 5 mg/mL MTT solution (20 μL; Sigma) was added in 
each well for a further 4 h. Then, 100 μL DMSO was added to each 
well and the OD values at 490 nm were detected using a micro-
plate reader.

2.7  |  Cell colony formation assay

LC cells transfected with shRNAs or plasmids were seeded into 6-
well plates (1000 cells/well) and cultured for 8–14 days, then fixed 
with 4% paraformaldehyde at 25°C for 30–60 min, followed by addi-
tion of 500 μL Giemsa solution to stain cells for 10–20 min at 25°C. 
Cells were then rinsed several times with double distilled water, and 
photographed using a camera (Cannon).

2.8  |  Cell cycle analysis

A Cell Cycle Analysis Kit (Sigma) was used to analyse the cell cycle. 
After harvest, transfected cells were washed using cold PBS, fixed 
in ice-cold 95% ethanol at 4°C for 12 h, then incubated in propidium 
iodide in the dark for 30 min and analysed using a flow cytometer 
(Agilent Biosciences).

2.9  |  Caspase 3/7 activity

A Homogeneous Caspase-3/7 Assay (G7790, Promega) was used to 
assess caspase-3/7 activity. After cell viability detection via MTT 
assay, cells were incubated at 25°C for 1 h and fluorescence of each 
well measured using a FL600 fluorescence plate reader (Bio-Tek, 
USA). Caspase-3/7 activity was calculated as the fluorescence of 
treated sample/mock control × 100.

2.10  |  Wound-healing assay

Cell migration was evaluated using a wound-healing assay. 
Transfected cells were scratched using 200 μL aseptic pipette to 
generate a cell-free area, then washed with PBS, followed by ad-
dition of fresh culture medium. Cells were then photographed im-
mediately (0 h) and 24 h later, and the distance between the cells 
measured to assess cell migration ability.

2.11  |  Transwell assay

Cell migration and invasion were assessed by transwell assay. Briefly, 
upper chambers of transwell plates were either filled or not with 
hydrated Matrigel (BD Biosciences) and transfected cells (approxi-
mately 5000) in serum-free 1640 medium, and 500 μL RPMI 1640 
medium supplemented with 20% FBS added to the lower chamber. 
Following incubation at 37°C for 2 days, invasive or migrated cells 
were fixed, stained with 0.1% crystal violet, and counted under a 
microscope.

2.12  |  Animal experiments

The Ethics Committee of Peking Union Medical College Hospital ap-
proved animal experiments. Female BALB-c nude mice (24-week-old) 
were purchased from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. (Beijing, China) and A549 cells transfected with 
shMCM8 or shCtrl subcutaneously injected into mice to construct 
xenograft models. Tumour volume was determined each week. 
Tumours were collected, weighed, and photographed 35 days later, 
after mice were sacrificed by cervical dislocation. For migration assay 
in vivo, A549 cells with MCM8 stable knockdown or control cells were 
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injected in to the tail veins of the nude mice (2 × 106 cells per mice). 
After 42 days of injection, then mice were intraperitoneally injected 
with D-luciferin potassium salt (150 mg/kg, BioScience, Shanghai, 
China) and an in vivo imaging system (IVIS Spectrum, Perkin Elmer) 
was used to survey fluorescence in mouse bodies.

2.13  |  Gene expression array

TRIzol was used for extraction of total RNA from transfected cells. 
A Nanodrop 2000 (Thermo) was used to determine RNA concentra-
tion and A260/A280 values. A PrimeView Human Gene Expression 
Array was used to detect gene expression profiles and results ana-
lysed using an Affymetrix Scanner 3000 (Affymetrix, USA), with 
Welch t-test and the Benjamini-Hochberg false discovery rate 
(FDR) applied for assessment of raw data. The threshold for sta-
tistical significance was set as |fold change| ≥ 1.5 and FDR <0.05.

2.14  |  Mass spectrometry

Total proteins from shMCM8-  and shCtrl-transfected cells were 
lysed, quantified, and separated by 10% SDS-PAGE. Next, gels 
were thoroughly rinsed in tissue culture grade water (TCW), then 
soaked in GelCode Blue Safe Protein Stain (20 mL; Thermo Fisher) 
for 15 min. Stain was removed by rinsing gels with 20 mL TCW; gels 
were rinsed with fresh TCW every 10 min for 90 min, then analysed 
with the Coomassie blue setting on a Bio-Rad imaging system.

Next, gels were cut into several slices and trypsin (Sigma) used 
to digest protein bands in-gel at 37°C overnight. After cleavage and 
lyophilization, peptides were extracted and dried, then solubilized 
in water including 2% acetonitrile and 0.5% acetic acid for mass 
spectrometry analysis by Genechem Co., Ltd. (Shanghai, China).

2.15  |  Co-immunoprecipitation (Co-IP) assay

A total of 1.0 mg of proteins were incubated with diluted antibodies 
at 4°C overnight, followed by addition of 20 μL protein A/G aga-
rose beads (Santa Cruz, CA, USA) and incubation at 4°C for 2 h. IP 
binding solution was used to clean the precipitates after protein 
centrifugation. IP lysate buffer (Pierce, Thermo Fisher Scientific, 
Cat. No. 87787) in 5 × loading buffer was used to denature the 
proteins at 100°C in boiling water for 5 min. Western blot assays 
were performed using the obtained reactants and corresponding 
antibodies.

2.16  |  Statistical analysis

Data are presented as the mean ± standard deviation and were 
analysed using SPSS version 16.0. Differences among groups were 
determined using the Student's t-test. Spearman correlation was 

employed to analyse expression trends at various stages. p < 0.05 
was considered significant.

3  |  RESULTS

3.1  |  MCM8 is upregulated in cancer tissue and 
cells

To investigate the role of MCM8 in LC, MCM8 expression in LC and 
normal tissue samples from TCGA database was first analysed, and 
we found that it was significantly upregulated in both LUAD and LUSC 
samples, relative to normal lung tissue controls (Figure 1A,B). MCM8 
expression level was associated with tumour stage and regional lymph 
node metastasis (Figure 1C,D). Further, Kaplan–Meier analysis demon-
strated that high MCM8 expression was an indicator of shorter OS of 
patients with LC (Figure 1E). Furthermore, IHC staining showed higher 
MCM8 signal intensity in LC relative to paracancerous tissue (Figure 1F; 
Table S1). Western blot analysis of MCM8 in three LC cell lines showed 
that MCM8 was frequently upregulated compared to levels in normal 
lung cells (Beas-2B) (Figure 1G). These results indicate that MCM8 is 
expressed at high levels in primary LC tumours and LC cell lines.

3.2  |  Silencing of MCM8 suppresses cell 
proliferation and migration

To explore the role of MCM8 in LC, we transfected A549 and H1299 
cells with shMCM8 or shCtrl. Compared with shCtrl cells, MCM8 
mRNA and protein levels were all markedly reduced in A549 and 
H1299 cells transfected with shMCM8 (Figure 2A,B). MTT and cell 
colony formation assays showed that shMCM8 treatment decreased 
cell replication relative to cells treated with shCtrl (Figure  2C,D). 
Further, flow cytometry analysis revealed that MCM8 depletion in 
two LC cell lines led to a reduction of S phase cells, while G0/G1 
phase cells were increased (Figure 2E). Additionally, the percentage of 
Caspase 3/7 (indicating apoptosis) was higher in the shMCM8 group 
compared with the shCtrl group (Figure 2F). Wound-healing assays 
indicated attenuated cell migration in the shMCM8 group (Figure 2G). 
We also performed transwell assays to confirm the effects of MCM8 
on cell migration, and found that cell invasion was blocked by MCM8 
knockdown (Figure 2H,I). Subsequently, the EMT-related proteins, N-
cadherin and Vimentin, were found to be downregulated in A549 and 
H1299 cells after MCM knockdown, while E-cadherin was upregu-
lated (Figure 2J). Overall, our results indicate that silencing of MCM8 
attenuated LC cell proliferation and migration.

3.3  |  Overexpression of MCM8 promotes cell 
proliferation and migration

After transfection with MCM8-overexpression plasmids, MCM8 
mRNA and protein levels were markedly upregulated, as demonstrated 
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by RT-qPCR and western blot assays (Figure 3A,B). MTT and cell col-
ony formation assays demonstrated that MCM8 overexpression sig-
nificantly increased cell viability and colony numbers in H975 cell lines 
(Figure 3C,D). As shown in Figure 3E, MCM8 overexpression led to 
an increase in the cell population in G2/M phase and a correspond-
ing decrease in G0/G1 phase cells. Further, compared with the control 
group, Caspase 3/7 activity was greatly decreased in H1975 cell lines 
overexpressing MCM8 (Figure  3F). Transwell assays demonstrated 
considerably greater invasion and migration of H1975 cells after trans-
fection of MCM8 overexpression plasmids (Figure 3G,H). N-cadherin 
and Vimentin expression were upregulated, and that of E-cadherin 
was downregulated following MCM8 overexpression in H1975 cells 
(Figure 3I). Overall, MCM8 upregulation was observed to promote LC 
cell proliferation, migration, and invasion.

3.4  |  MCM8 knockdown suppresses LC 
tumorigenesis and migration in vivo

In vivo nude mice models were used to further explore the role of 
MCM8 in LC tumorigenesis. We subcutaneously injected MCM8-
depleted A549 cells into mice. Tumour size in mice injected with cells 
transfected with shCtrl and shMCM8 is shown in Figure 4A; tumours 
were smaller in the shMCM8 group than those in the shCtrl group. 
Further, tumour volume and weight were significantly reduced in ani-
mals with shMCM8-treated tumours (Figure 4B,C). To confirm the role 

of MCM8 in cell migration, the A549 cells transfected with shMCM8 or 
shCtrl were injected into the tail veins of the nude mice. After 42 days 
later, the migration of A549 cells transfected with shMCM8 or shCtrl 
were measured using a in vivo imaging system. As expected, in vivo 
imaging revealed decreased fluorescence in the shMCM8 group, in-
dicating reduced tumour growth (Figure 4D,E). These results indicate 
that MCM8 knockdown suppressed LC growth and migration in vivo.

3.5  |  MCM8 upregulates and interacts 
with DNAJC10

To identify the mechanism downstream of MCM8 in LC, Gene 
Array analysis was implemented to search for differentially ex-
pressed genes (DEGs) in A549 cells treated with shMCM8 or 
shCtrl. As shown in Figure  5A, there were 519 upregulated and 
393 downregulated DEGs (fold change ≥1.5) after MCM8 knock-
down. GSEA analysis showed that cell cycle, cell cycle mitotic, and 
cell cycle checkpoint were the most significantly enriched path-
ways (p < 0.05, Figure  5B). Furthermore, IPA analysis revealed a 
DEG interaction network, and DNAJC10 was found to interact 
with MCM8 (Figure 5E). DNAJC10 mRNA (Figure 5C) and protein 
(Figure 5D) levels were significantly decreased in shMCM8-treated 
A549 and H1299 cells, while increased in MCM8 overexpressed 
H1975 cells, as determined by qPCR and western blot. Finally, co-
IP assay demonstrated that DNAJC10 levels were significantly 

F I G U R E  1 MCM8 is highly expressed in cancer tissue and cells. (A, B) MCM8 expression in LUAD and LUSC samples from TCGA 
database. (C, D) Relationships of MCM8 mRNA levels with tumour stage and regional lymph node metastasis. (E) Relationship between 
MCM8 expression and overall survival of patients with LC. (F) MCM8 expression in tumour samples from patients with LC detected by 
immunohistochemistry staining. (G) MCM8 expression in three LC cell lines and normal lung cells determined by western blot. ***p < 0.001.
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F I G U R E  2 Silencing of MCM8 suppresses cell proliferation and migration. (A, B) MCM8 knockdown efficiency in LC cells evaluated by 
RT-qPCR and western blot. (C) Cell proliferation rate after MCM8 knockdown evaluated by MTT assay. (D) LC cell colony numbers after 
MCM8 knockdown analysed by cell colony formation assay. (E) Cell cycle analysis by flow cytometry after MCM8 knockdown. (F) Apoptosis 
after MCM8 knockdown, determined by assessing Caspase 3/7 activity. (G) Cell migration in shCtrl- and shMCM8-treated cells, determined 
by wound-healing assay. (H, I) Cell migration and invasion in shCtrl- and shMCM8-treated cells, determined by transwell assay. (J) N-
cadherin, E-cadherin, and Vimentin expression after MCM8 knockdown, detected by western blot. *p < 0.05, **p < 0.01, ***p < 0.001.
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higher in the MCM8-Flag group, while those of MCM8 were el-
evated in the DNAJC10-Flag group (Figure  5F), indicating that 
there was an interaction between DNAJC10 and MCM8. These 
data suggest that DNAJC10 is a downstream target of MCM8 in 
LC.

3.6  |  MCM8 promotes LC growth and migration 
through upregulating DNAJC10

Recovery assays using shMCM8 and DNAJC10 were used to 
test the synergistic function of DNAJC10 and MCM8 in LC 
progression. DNAJC10 protein levels were decreased in the 

shMCM8 group, while they were recovered to normal levels 
in the shMCM8+DNAJC10 group (Figure  6A). Compared with 
the shMCM8 group, cell proliferation and migration were also 
recovered to normal levels in the shMCM8+DNAJC10 group 
(Figure  6B–D). Furthermore, H1975 cells overexpressing MCM8 
with or without shDNAJC10 were generated, and we found 
that DNAJC10 protein levels were substantially increased in the 
MCM8 group, whereas they were reduced to control levels in the 
MCM8+shDNAJC10 group (Figure 6E). Overexpression of MCM8 
alone increased cell viability (Figure 6F), cell migration (Figure 6H), 
and colony formation (Figure 6G), while DNAJC10 knockdown par-
tially reverse these effects in LC cells, clearly implicating DNAJC10 
as a potential target of MCM8 in LC.

F I G U R E  3 MCM8 overexpression promotes cancer cell proliferation and migration. (A, B) MCM8 overexpression efficiency in LC 
cells, determined by RT-qPCR and western blot. (C) Cell proliferation rates following MCM8 overexpression, evaluated by MTT assay. (D) 
Cell colony numbers following MCM8 overexpression, analysed by cell colony formation assay. (E) Cell cycle changes following MCM8 
overexpression, determined by flow cytometry. (F) Apoptosis following MCM8 overexpression, based on Caspase 3/7 activity. (G, H) Cell 
migration and invasion ability following MCM8 overexpression, detected by transwell assay. (I) N-cadherin, E-cadherin, and Vimentin 
expression levels on MCM8 overexpression, detected by western blot. *p < 0.05, **p < 0.01, ***p < 0.001.
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3.7  |  MCM8 levels are positively correlated with 
those of DNAJC10 in patients with LC

Correlation between DNAJC10 and MCM8 expression was inves-
tigated using LUAD and LUSC data from TCGA database and re-
markable positive correlations were observed (R = 0.44 in LUAD and 
R = 0.32 in LUSC; Figure 7A). DNAJC10 was upregulated in LUAD 
samples relative to normal controls (Figure 7B). Furthermore, high 
DNAJC10 expression was associated with shorter OS in patients 
with LC, according to Kaplan–Meier analysis (p = 0.017, Figure 7C). 
Furthermore, our IHC staining analysis showed that the expression 
of MCM8, DNAJC10 and Ki67 were all decreased in MCM8 knock 
down xenograft model-derived tumours compared with control 
(Figure  7D). These findings suggest a positive regulatory relation-
ship between MCM8 and DNAJC10.

4  |  DISCUSSION

The MCM protein family was first identified in the budding yeast, 
Saccharomyces cerevisiae,23 as molecules involved in DNA replica-
tion.24 The human MCM8 protein contains a central MCM domain, 
and is expressed in many cell lines and human tissues.25 MCM2, 
MCM4, and MCM7 regulate LC cell proliferation, and may act as 
prognostic markers in patients with LC.26–28 Li et al.21 found that 
MCM2, MCM4, and MCM10 expression levels were dramatically el-
evated in patients with LUAD, based on comprehensive mRNA pro-
filing of MCM family members; high mRNA expression of MCM2–5, 
MCM8, and MCM10 were related to inferior OS and disease-free 
survival. Liu et  al.20 assess the potential roles of MCM1–10 as di-
agnostic biomarkers in patients with LUAD, and found that MCM4, 
MCM5, and MCM8 may be promising prognostic indicators of LUAD 

F I G U R E  4 MCM8 knockdown suppresses growth and migration in vivo. (A) Construction of a nude mouse xenograft model using 
cells transfected with shMCM8 and shCtrl. Tumours were photographed after their removal at 35 days. (B, C) Tumour growth curves and 
comparison of tumour weights between the shCtrl and shMCM8 groups. (D, E) Comparison of fluorescence intensity in mice in the shMCM8 
and shCtrl groups. **p < 0.01, ***p < 0.001.
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using a genome-wide RNA sequencing dataset and bioinformatics 
analyses.

Here, we found that MCM8 levels are higher in LC tissues than 
those in control samples from both TCGA database and clinical pa-
tients. Besides, higher MCM8 levels were associated with advanced 
tumour stage and lymph node metastasis, as well as poor OS, consis-
tent with the findings of Li et al.21 and Liu et al.20 Functional analyses 
showed that MCM8 is highly expressed in three LC cell lines compare 
to normal lung cells (Beas-2B). MCM8 knockdown suppressed cell 
proliferation, migration, and invasion, and led to LC cell cycle arrest, 
while MCM8 overexpression had the opposite effects. Animal ex-
periments also confirmed the oncogenic role of MCM8 in nude mice 
with LC xenografts. To explore the functional mechanism involved in 
the effects of MCM8 on LC progression, we conducted gene array 
analysis to scan for DEGs between A549 cells with MCM8 knocked 
down and control A549 cells; 519 upregulated and 393 downregu-
lated DEGs were identified. GSEA analysis showed enrichment for 
cell cycle functions in LC progression, with the heat shock protein, 
DNAJC10, ranking first in MCM8-depleted cells. Altered DNAJC10 

mRNA and protein levels were detected in cells with MCM8 over-
expressed or knocked down. Furthermore, CO-IP assay confirmed 
interaction between the MCM8 and DNAJC10 proteins. As far as we 
know, this is the first research to investigate the effects of MCM8/
DNAJC10 axis in LC progression.

DnaJ heat shock protein family (Hsp40) member C10 (DNAJC10), 
also known as ERDJ5 or PDIA19, is the largest member of the pro-
tein disulfide isomerase family, with a single N-terminal J domain and 
six thioredoxin-like domains.29 DNAJC10 encodes an endoplasmic 
reticulum (ER) localized protein that forms an ER-associated degra-
dation (ERAD) complex, involved in recognizing and degrading mis-
folded proteins.30 Recently, DNAJC10 was reported to participate in 
glioma,31 breast cancer,32 and neuroblastoma.33 Further, the signif-
icance of DNAJC10 expression varies among different cancers; for 
example, high DNAJC10 expression is associated with poor progno-
sis in patients with glioma,31 while DNAJC10 mRNA downregulation 
predicts weak OS and relapse-free survival in patients with breast 
cancer.32 DNAJC10 is also reported to be involved in LUAD cell pro-
liferation and invasiveness.34

F I G U R E  5 MCM8 upregulates and interacts with DNAJC10. (A) Volcano plot of DEGs between cells treated with shCtrl or shMCM8. 
(B) GSEA snapshots of KEGG pathway enrichment analysis. (C, D) DNAJC10 expression determined by (C) qRT-PCR and (D) western blot in 
A549 and H1299 cells treated with shMCM8 and H1975 cells overexpressing MCM8. (E) DEG interaction network diagram generated using 
IPA. (F) Interaction between MCM8 and DNAJC10 verified by Co-IP assay. ***p < 0.001.
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We also conducted recovery assays, using DNAJC10 plasmids or 
shRNAs to investigate the mechanism underlying the effects of MCM8 
on LC development. Western blots verified DNAJC10 overexpression 
or knockdown efficiency. MTT, cell colony formation, and transwell 
assays were applied to measure cell proliferation and migration capac-
ity, and the results revealed that MCM8 knockdown suppressed cell 
development, while addition of DNAJC10 overexpression plasmids 
recovered cell proliferation and migration of MCM8-deficient cells. 
Hence, DNAJC10 knockdown partially reversed the effects of MCM8 
overexpression on LC cells. Subsequently, we detected a remarkable 
positive correlation between DNAJC10 and MCM8 expression using 
TCGA database and clinical data. We also observed a relationship be-
tween high DNAJC10 expression and poor OS in patients with LC, 
consistent with a report of the effect of DNAJC10 in glioma.31 The 
limitation of the study is whether or how the effect of DNAJC10 in LC 
progression in MCM8 knock down mice model.

5  |  CONCLUSIONS

In summary, our findings showed that MCM8 appears to have an 
oncogenic role in LC progression, and the MCM8/DNAJC10 axis 

is a potential target in LC therapy. Furthermore, high expression of 
MCM8 and DNAJC10 are both indicative of poor OS in patients with 
LC, suggesting that they could serve as prognostic markers in this 
study.
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