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Abstract  Renal cell carcinoma (RCC) is a type of 
renal malignancy originated from the urinary tubu-
lar epithelial system. Despite its high incidence, 
the molecular mechanisms driving its pathogen-
esis remain poorly understood, limiting therapeutic 
advancements. This study explored the link between 
MCM8 and RCC progression. MCM8 displays sig-
nificantly high expression in RCC tissues and was 
closely associated with RCC pathological staging. 
Knocking down endogenous MCM8 in RCC cells 
significantly suppressed malignant phenotypes, while 
simultaneously inducing apoptosis. Similarly, in vivo 
experiments confirmed these findings, showing a 
pronounced reduction in tumor growth upon MCM8 
silencing. Mechanistic investigations revealed that 
MCM8 regulates E2F1 expression by interacting with 
the transcription factor NR4A1, thereby affecting 
E2F1 transcriptional activity. Additionally, MCM8 
and E2F1 collaboratively influence aerobic glycolysis 
and the cellular behavior of RCC cells. In conclusion, 

this study identifies MCM8 as a tumor-promoting fac-
tor in RCC, with its oncogenic role potentially medi-
ated by its regulation of E2F1 expression.
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Introduction

Globally, renal cell carcinoma (RCC) ranks as the 
second most common urological cancer after blad-
der cancer, representing 3.8% of all cancer diagno-
ses (Miller et al. 2022; Siegel et al. 2024). Accord-
ing to GLOBOCAN 2020, the global incidence and 
mortality rates of RCC are 5.3 and 2.3 per 100,000 
individuals, respectively (Sung et al. 2021). Due to 
its deep anatomical location and the lack of specific 
symptoms in the early stages, RCC is often diag-
nosed at an advanced stage. For localized RCC, 
surgery remains the standard treatment, offering 
effective disease control. However, despite surgi-
cal intervention, many patients eventually develop 
distant metastases, leading to unfavorable prog-
noses (Meng et  al. 2023; Rizzo et  al. 2023; Singh 
2021). Recent advancements in genetic analysis and 
high-throughput sequencing have shifted the focus 
toward identifying novel therapeutic targets and 
developing molecularly targeted treatments (Golija-
nin et  al. 2023; Wolf et  al. 2020). Agents such as 
sorafenib and sunitinib have provided new hope. 
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However, the development of drug resistance con-
tinues to hinder the long-term success of these ther-
apies (Posadas et al. 2017). These challenges under-
score the critical need for further research into the 
mechanisms underlying RCC pathogenesis and for 
the discovery of new therapeutic strategies.

The MCM (minichromosome maintenance) 
protein family is crucial for several vital cellu-
lar processes, including DNA replication, meio-
sis, and the repair of homologous recombination 
(Deegan and Diffley 2016). These proteins are dis-
tinguished by common structural features, such as 
helicase domains, zinc finger motifs, and Walker 
A/B regions. Among the MCM proteins, MCM8 
and MCM9 are the most recently identified and 
have garnered increasing interest in current research 
(Nishimura et  al. 2012). MCM8 is a stable protein 
throughout the cell cycle, with both ATPase and 
helicase activities, playing a pivotal role in initiat-
ing replication and DNA damage repair. When DNA 
damage happens, MCM8 forms a complex with 
MCM9, which facilitates the recruitment of RAD51 
to the damage site, aiding in DNA repair via homol-
ogous recombination using homologous chromo-
somes as templates for repair synthesis (Park et al. 
2013). The MCM8-MCM9 complex is vital for 
maintaining genomic integrity, as it is involved in 
DNA replication and repair. Recent studies suggest 
that disrupting this complex can increase the sensi-
tivity of cancer cells to DNA-damaging agents, such 
as cisplatin (Morii et  al. 2019). However, the spe-
cific role of MCM8 in cancer initiation and progres-
sion is still not fully understood, underscoring the 
need for further investigation to clarify its function.

This study investigates the biological functions 
and regulatory mechanisms of MCM8 in the pro-
gression of renal cell carcinoma (RCC). Our results 
reveal that MCM8 expression is notably elevated in 
RCC tissues compared to normal tissues. Functional 
assays demonstrate that MCM8 silencing signifi-
cantly inhibits the growth of renal carcinoma cells, 
enhances apoptosis, and reduces cell migration, 
highlighting its regulatory impact in RCC. From a 
mechanistic perspective, human gene expression 
profiling suggests that E2F1 is involved in the regu-
lation of MCM8-driven aerobic glycolysis and RCC 
cell behaviors. This regulatory effect is likely medi-
ated by the NR4A1-induced transcriptional activa-
tion of E2F1.

Materials and methods

Tissue microarray

A tissue microarray comprising primary human 
renal cancer tissues and normal tissues was obtained 
from Alena (Xi’an, China). Written informed con-
sent was collected from all patients before surgical 
resections were performed. Histopathological eval-
uation classified the collected samples into stages I, 
II, III, and IV.

Cell culture and transfection

The 786-O renal carcinoma cell line was procured 
from the SIBCB, while A498 and ACHN cell 
lines were acquired from iCell Bioscience (Shang-
hai). Both 786-O and ACHN cells were cultured 
in RPMI-1640 medium (Gibco), maintained at 
37  °C in a 5% CO2 humidified incubator. A498 
cells were grown under identical conditions, but in 
MEM medium (Gibco). Lentiviral vectors, includ-
ing LV-shCtrl, LV-shE2F1, and LV-shMCM8, were 
introduced into 786-O and A498 cells using Lipo-
fectamine 3000. Transfection efficiency was con-
firmed by observing green fluorescence using a flu-
orescence microscope.

Immunohistochemistry analysis (IHC)

For immunohistochemical (IHC) analysis, a tissue 
microarray was employed. Initially, the tissue sam-
ples were baked and dewaxed with xylene and rehy-
dration through a series of ethanol concentrations. 
After blocking endogenous peroxidase activity with 
3% H2O2 for 5 min, the tissue samples were incubated 
overnight at 4 °C with primary antibodies (Table S1). 
Following washing, the samples were incubated with 
secondary antibody (Table S1) for 2 h at room tem-
perature. The staining was performed using DAB rea-
gent, and the tissues were counterstained with hema-
toxylin. The staining was evaluated using CaseViewer 
and ImageScope software. The results were classified 
as negative, positive, +  + positive, or +  +  + positive. 
To assess Ki-67 expression in xenograft tissue sec-
tions, similar procedure was performed as mentioned 
before (Table S1).
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Plasmid construction and lentivirus infection

ShRNAs targeting MCM8 (5’-AGG​CAG​CTG​GAA​
TCT​TTG​ATT-3’) and E2F1 (5’-GGG​CAT​CCA​
GCT​CAT​TGC​CAA-3’) were synthesized by Yibei-
rui (Shanghai, China) and inserted into the BR-V-
108 vector and introduced into competent E.  coli 
cells (Tiangen) for plasmid generation. The plasmids 
were extracted using the EndoFree Maxi Plasmid Kit 
(Tiangen), following the manufacturer’s instructions, 
and were then used for lentivirus production.

For lentiviral transduction, a multiplicity of infec-
tion (MOI) between 3 and 5 was set. Transfection was 
allowed to continue for 48 h to ensure efficient deliv-
ery of the shRNAs or constructs. After transfection, 
the medium was changed to remove any remaining 
viral particles. For overexpression experiments, full-
length cDNAs of MCM8, E2F1, or NR4A1, which 
were amplified by PCR, were packaged into lentivi-
ral vectors. Empty vectors were used as controls. All 
transfections were conducted in a 37  °C incubator 
with 5% CO2 to maintain optimal conditions for cell 
growth. Transfection efficiency was assessed either 
by fluorescence microscopy for vectors with fluores-
cent markers or by qPCR to evaluate gene expression 
at different time points post-transfection.

qRT‑PCR analysis

Total RNA was isolated from 786-O and A498 cells 
transduced with shRNA-expressing lentiviruses using 
TRIzol reagent (Sigma) and was assessed with a 
Nanodrop 2000/2000C spectrophotometer (Thermo 
Fisher Scientific). For quantitative reverse transcrip-
tion PCR (qRT-PCR), a Biosystems 7500 Sequence 
Detection System was used, along with a SYBR 
Green Mastermix Kit (Vazyme). The 2−ΔΔCt method 
was used for quantification. Each experiment was 
performed in triplicate, and the sequences for the for-
ward and reverse primers are listed in Table S2.

Western blotting assay

786-O and A498 cells, infected with lentivirus, were 
lysed using ice-cold RIPA buffer (Millipore), and pro-
tein concentrations were determined with the BCA 
Protein Assay Kit (HyClone-Pierce). A total of 20 µg 
of protein was separated on 10% SDS-PAGE gels 
(Invitrogen) and transferred to PVDF membranes. 

To prevent non-specific binding, membranes were 
blocked with TBST containing 5% skim milk at room 
temperature for 1  h. Primary antibody incubation 
(overnight, 4 °C) and secondary antibody incubation 
(1  h, room temperature) (see Table  S1 for antibody 
details) were then performed. Protein detection was 
done using enhanced chemiluminescence (ECL) from 
Amersham.

For co-immunoprecipitation (Co-IP), after cen-
trifugation at 12,000 × g for 15 min at 4 °C to remove 
debris, the supernatant was collected. The lysates 
were incubated overnight at 4 °C with either IgG or 
anti-MCM8 antibodies. Protein A/G agarose beads 
(Beyotime, China) were added, and the mixture was 
gently rotated for 2–4  h. Immunocomplexes were 
washed three times with cold RIPA buffer to elimi-
nate non-specific proteins. Finally, the complexes 
analyzed using similar procedure as mentioned above, 
with anti-MCM8 and anti-NR4A1 antibodies. Details 
of the antibodies used are provided in Table S1.

Flow cytometry for apoptosis

To evaluate apoptosis, 786-O and A498 cells were 
cultured in 6-well plates containing 2 mL of medium 
per well and cultured until reaching approximately 
85% confluence. The cells were detached using 
trypsin, washed twice with ice-cold D-Hanks buffer 
(4  °C), and then centrifuged at 1000 × g, and resus-
pended in 1 × binding buffer. For staining, samples 
were added with Annexin V-APC and Propidium 
Iodide (PI) (5 μL each) and maintained in dark at 
room temperature. After 15  min, apoptosis was 
assessed using a FACSCalibur flow cytometer (BD 
Biosciences), with Annexin V-APC excited at 633 nm 
and PI at 488 nm. Data were acquired through Cell-
Quest Pro software, recording at least 10,000 events 
per sample. FlowJo software was used to analyze the 
apoptotic rates, utilizing a gating strategy to exclude 
debris and doublets, ensuring accurate and reliable 
results.

MTT assay

786-O and A498 cells infected with lentivirus were 
plated in triplicate into five 96-well plates (2,000 
cells/well). Each well was treated with 20 μL of 5 mg/
mL MTT solution (GenView) for 4  h. 100 μL of 
DMSO was added to dissolve the resulting formazan 
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crystals. OD490 was measured using a Tecan micro-
plate reader, and cell viability was determined based 
on the recorded absorbance values.

CCK8 assay

Logarithmic-growth-phase 786-O and A498 cells 
infected with lentivirus were detached by trypsin, 
then resuspended in their own media. These cells 
were seeded in triplicate into 96-well plates (2,000 
cells/well). The next day, 10 μL of CCK-8 solution 
(Sigma) was added 2–4 h before the daily incubation 
finished. After a 4-h incubation, a Tecan microplate 
reader measured the OD450, and cell viability was 
calculated from the absorbance data.

Wound healing assay

Lentivirus-infected 786-O and A498 cells were plated 
in triplicate into 96-well plates (50,000 cells/well). 
After the cells formed a monolayer, a scratch was 
made across the surface. The cells were then incu-
bated for 24  h, during which images were captured 
under a microscope after 8 or 24 h. The migration rate 
was determined according to the recorded images.

Colony formation assay

Lentivirus-infected 786-O and A498 cells were plated 
into 6-well plates (500 cells/well). 8  days later, fol-
lowing two PBS washes, the colonies were photo-
graphed with a camera. The colonies were then fixed 
using 4% paraformaldehyde and marked with Giemsa. 
Finally, distinct colonies were counted for evaluating 
colony formation ability of cells.

Transwell assay

Transwell chambers (Corning) were used to evalu-
ate the migration capacity of lentivirus-infected 
cells. Exponentially growing 786-O and A498 cells 
were cultured in the upper chamber with serum-
free medium for 24 h. The lower chamber was filled 
with medium supplemented with 30% FBS to serve 
as a chemoattractant. After non-migratory cells were 
removed, those that had migrated to the underside of 
the membrane were fixed with 4% formaldehyde and 

stained with 400 µL of Giemsa. The migratory capac-
ity of the cells was then analyzed.

Human apoptosis antibody array

Protein samples extracted from 786-O cells in differ-
ent groups were applied to Human Apoptosis Anti-
body Array (R&D Systems) for incubation at 4  °C 
following a blocking step. The membranes were then 
treated with HRP-conjugated Streptavidin for signal 
detection. Enhanced chemiluminescence (ECL) from 
Amersham was employed to visualize the signals, and 
their intensities were quantified using ImageJ.

Affymetrix human genechip primeview

Total RNA, qualified and integrated with Nanodrop 
2000 spectrophotometer (Thermo Fisher Scien-
tific) and 2100 Bioanalyzer (Agilent) were used for 
sequencing performed by Yibeirui (Shanghai, China) 
on the Affymetrix Human GeneChip PrimeView 
platform according to the manufacturer’s instruc-
tions. Raw data were analyzed for statistical signifi-
cance using the Welch t-test combined with Benja-
mini–Hochberg FDR correction, with FDR < 0.05 
considered significant. Enrichment analysis was 
conducted through Ingenuity Pathway Analysis 
(Qiagen).

In vivoexperiments and fluorescence imaging

To establish a mouse xenograft model, 20 four-week-
old female BALB/c nude mice (Lingchang, China) 
were randomly assigned to shCtrl and shMCM8 
groups. Each mouse was subcutaneously injected 
with 4 × 106 shCtrl or shMCM8 ACHN cells. Tumor 
volume = π/6 × A × B2, where A represents the long-
est diameter and B the perpendicular diameter. Tumor 
dimensions were recorded 2–3 times per week. Fluo-
rescence imaging was conducted with IVIS Spectrum 
System (Perkin Elmer) after anesthetizing the mice 
with pentobarbital sodium (70  mg/kg). Finally, the 
mice were euthanized, tumors were collected, and 
paraffin-embedded sections were prepared for Ki-67 
immunostaining. All procedures were conducted at 
the Animal Experiment Center of Nanjing Medical 
University.
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Chromatin immunoprecipitation (ChIP)‑qPCR

Chromatin extraction and ChIP assays were conducted 
using corresponding kits supplied by Abcam (Cam-
bridge, MA, USA). The experiments were performed 
following the detailed instructions provided by the 
manufacturer. RT-PCR was carried out as previously 
described.

Table 1   Expression patterns of MCM8 in renal carcinoma 
tissues and normal tissues revealed in immunohistochemistry 
analysis

P = 0.003

MCM8 
expression

Tumor tissue Normal tissue

Cases Percentage Cases Percentage

Low 34 50.7% 10 100%
High 33 49.3% 0 -

Fig. 1   MCM8 is upregulated in renal carcinoma tissues 
and associated with pathological stage. A IHC was per-
formed to detect the expression of MCM8 in normal tis-
sues and renal carcinoma tissues with different TNM stage 

(scale bar = 50  μm). B Based on IHC scores, the expression 
of MCM8 in renal carcinoma tissues and normal tissues were 
compared. *** P< 0.001
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Dual‑luciferase assay

The promoters of wild-type E2F1 (E2F1-WT) and its 
mutant variant (E2F1-Mut), where the sequence AGA​
AAG​GTC​AGT​ was altered to GAG​GGA​ACA​GAC​
, were inserted into the GL002 vector. These plas-
mids were transfected into 786-O cells, either with or 
without overexpression of MCM8 or NR4A1, under 
the help of Lipofectamine 3000. After 48 h, luciferase 
activity was assessed by following the protocol of the 
Promega Dual-Luciferase Reporter Assay Kit. Firefly 
luciferase activity was normalized to Renilla lucif-
erase activity to calculate relative luciferase activity. 
To ensure reliability, all experiments were performed 
in triplicate.

ATP content, glucose content and lactate content 
detection assays

The ATP Content Testing Kit (product number 
#BC0300, Solarbio, China), Glucose Content 
Testing Kit (product number #BC2500, Solar-
bio, China), and Lactate Content Detection Kit 
(product number #BC2230, Solarbio, China) were 
employed to determine the levels of ATP, glucose, 

and lactate respectively. All operations were car-
ried out in line with the instructions provided by 
the manufacturers.

Statistical analysis

Each experiment was repeated three times, and the out-
comes are shown as the mean value plus or minus the 
standard deviation (SD). Different statistical methods 
were used for the evaluations, such as Student’s t-test, 
Mann–Whitney U test, and Spearman Rank correlation 
analysis. These analyses were executed with SPSS 17.0 
(IBM) and GraphPad Prism 9. If the P-value was less 
than 0.05, it was regarded as statistically significant.

Results

MCM8 is upregulated in renal carcinoma tissues and 
associated with pathological stage

MCM8 expression levels in renal carcinoma tissues 
were initially evaluated using immunohistochemistry 
(IHC) analysis. A tissue microarray (TMA) compris-
ing 67 tumor samples from renal carcinoma patients 
and 10 normal tissue samples was constructed. Based 
on the median IHC scores, patients were divided into 
two groups: those with high MCM8 expression (33 
out of 67 tumor tissues) and those with low MCM8 
expression (34 tumor tissues and all normal samples). 
Normal tissues were exclusively classified as having 
low MCM8 expression (Table 1, P< 0.001). The find-
ings revealed a significant increase in MCM8 expres-
sion in renal carcinoma tissues compared to normal 
counterparts (Fig.  1). Statistical analysis using Chi-
square and Spearman rank correlation further indi-
cated that elevated MCM8 levels were strongly asso-
ciated with advanced pathological stages (Fig.  1A, 
Table 2, and Table S3, P< 0.001).

Knockdown of MCM8 inhibits cell growth, promotes 
cell apoptosis and suppresses cell migration

Next, lentivirus vectors tagged with GFP were used to 
transfect shMCM8 into 786-O and A498 renal carci-
noma cells, establishing MCM8 knockdown models. 
Successful transfection was confirmed through fluo-
rescence imaging (Figure S1). Furthermore, qPCR and 
western blot analyses revealed a significant MCM8 

Table 2   Relationship between MCM8 expression and tumor 
characteristics in patients with renal carcinoma

Features No. of patients MCM8 expres-
sion

P value

low high

All patients 67 34 33
Age (years) 0.712
   < 54 32 17 15
    ≥ 54 35 17 18
Gender 0.154
   Male 43 19 24
   Female 24 15 9
Grade 0.622
   1 49 26 23
   2 14 7 7
   3 1 0 1
Stage  < 0.001
   I 14 11 3
   II 27 21 6
   III 24 2 22
   IV 2 0 2
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expression reduction in cells with shMCM8 transfec-
tion (Fig.  2A  P< 0.001). Results from MTT assays 
indicated that MCM8 knockdown substantially sup-
pressed cell proliferation (Fig. 2B  P< 0.001), while col-
ony formation was notably reduced (Fig. 2C  P<0.001). 
Flow cytometry analysis showed a marked increase in 
apoptosis in shMCM8-treated cells (Fig. 2D P< 0.001). 
Moreover, elevated levels of apoptosis-related pro-
teins, including CD40, CD40L, cytoC, DR6, Fas, FasL, 
HTRA, p21, p27, p53, and SMAC, were detected after 
MCM8 silencing (Figure  S2A-S2C, P< 0.05). The 
impact of MCM8 on cell motility was assessed, both 
wound-healing and Transwell assays demonstrated 
reduced migratory ability in MCM8-deficient cells 
(Fig.  2E-F  P< 0.001). Together, these findings high-
light the critical involvement of MCM8 in promoting 
renal carcinoma progression.

Knockdown of MCM8 suppresses tumor growth 
in vivo

Next, 786-O cells with or without MCM8 silencing 
were used for constructing subcutaneous xenograft 
models. Tumor growth was evaluated through analy-
ses of growth curves, measurements of tumor volume 
and weight, in vivo imaging, and photographic docu-
mentation of dissected tumors. The results consist-
ently showed that MCM8 knockdown slowed down 
tumor growth (Fig.  3A-E  P< 0.001). Furthermore, 
immunohistochemical analysis revealed reduced 
Ki-67 expression in the shMCM8 group, indicating 
diminished cell proliferation (Fig. 3F). These findings 
underscore the significant role of MCM8 knockdown 
in inhibiting renal carcinoma progression in vivo.

Fig. 2   Knockdown of MCM8 inhibits cell growth, promotes 
cell apoptosis and suppresses cell migration. A qPCR and 
western blotting were performed to confirm the knockdown of 
MCM8 by shMCM8 in 786-O and A498 cells. B Knockdown 
of MCM8 inhibited cell proliferation as detected by MTT 
assay. C Knockdown of MCM8 inhibited colony formation as 

detected by colony formation assay. D Knockdown of MCM8 
promoted cell apoptosis as detected by flow cytometry. E, F 
Knockdown of MCM8 inhibited cell migration as detected by 
wound-healing (E) and Transwell assay (scale bar = 100  μm) 
(F). Data were presented as mean ± SD (n ≥ 3). ** P< 0.01, 
*** P< 0.001
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Knockdown of MCM8 inhibits renal carcinoma 
through downregulating E2F1

To investigate how MCM8 regulates renal carcinoma, 
gene expression profiles in 786-O cells with and 
without MCM8 knockdown were detected and com-
pared. 3415 differentially expressed genes (DEGs, 
|Fold Change|≥ 1.3) were recognized, comprising 
1263 upregulated and 1152 downregulated genes 
in shMCM8 cells (Fig.  3G, S3A, and S3B). Subse-
quent IPA database enrichment analysis (Figure S3C 
and S3D) highlighted several significantly impacted 
DEGs, which were further validated by qPCR and 
western blot assays. As shown in Figure  S4A-S4B, 
both mRNA and protein levels of E2F1, categorized 
under "Cancer" in IPA analysis (Figure  S3D), were 
significantly reduced in shMCM8 cells. IPA analysis 
also suggested a regulatory link between MCM8 and 
E2F1, identifying E2F1 as a likely downstream target 

Fig. 3   Knockdown of MCM8 suppresses tumor growth 
in  vivo. A Xenografts formed by shMCM8 cells grew slower 
than that formed by shCtrl cells. B In  vivo imaging was per-
formed to estimate the tumor burden of mice. C The biolumi-
nescence intensity was scanned as a representation of tumor 
burden. D Photos of mice and tumors were taken after sacrific-
ing the mice and collecting the tumors. E The removed xeno-
grafts were collected and weighted. F IHC was performed to 
detect the expression of Ki-67 in sections of xenografts (scale 
bar = 250  μm for 100 × images and 100  μm for 200 × images). 
G Gene expression profiling analysis was performed to iden-
tify differentially expressed genes between shCtrl and shMCM8 
cells. H The correlation between MCM8 and E2F1 expression 
was analyzed based on TCGA database (KIRC + KIRP data-
sets). I IHC was performed to detect the expression of E2F1 
in normal and renal carcinoma tissues (scale bar = 100 μm for 
100 × images and 50  μm for 200 × images). Data were pre-
sented as mean ± SD (n ≥ 3). J The differential expression of 
E2F1 in renal carcinoma tissues and normal tissues was ana-
lyzed based on TCGA database (KIRC + KIRP datasets). K 
The survival analysis was performed based on TCGA database 
(KIRC + KIRP datasets) to reveal the association between E2F1 
expression and renal carcinoma patients. Data were presented 
as mean ± SD (n ≥ 3). * P< 0.05

◂

Fig. 4   MCM8 regulates renal carcinoma through affecting 
NR4A1-mediated E2F1 transcription. A ChIP-qPCR was used 
to confirm the interaction between NR4A1 and E2F1 promotor 
in 786-O and A498 cells with or without MCM8 knockdown. 
B-C 786-O and A498 cells were co-transfected with E2F1-
WT promotor or E2F1-MUT promotor luciferase reporter and 
NR4A1 (B) or MCM8 (C) overexpression plasmids followed 
by analysis of luciferase activity. D Western blot analysis of 
NR4A1 in cytoplasmic and nucleus fractions of 786-O and 
A498 cells with or without MCM8 knockdown. Histone H3 

and GAPDH were used as nucleus and cytoplasmic mark-
ers, respectively. E Cell lysates of 786-O and A498 cells 
were immunoprecipitated with IgG or MCM8 antibodies, and 
immunoblot assays were performed using MCM8 or NR4A1 
antibodies. F Cell lysates of 786-O and A498 cells were immu-
noprecipitated with IgG or NR4A1 antibodies, and immunob-
lot assays were performed using MCM8 or NR4A1 antibodies. 
Data were presented as mean ± SD (n ≥ 3). ** P< 0.01, *** 
P< 0.001
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of MCM8 in renal carcinoma (Figure S4C). Correla-
tion analysis using TCGA datasets (KIRC + KIRP) 
revealed the positive correlation between MCM8 
and E2F1 in renal carcinoma (Fig.  3H). Further-
more, IHC analysis confirmed that E2F1 levels were 
elevated in renal carcinoma tissues, resembling the 
MCM8 expression trend (Fig.  3I). In the KIRC and 
KIRP datasets, similar trend was also found for E2F1 
expression (Fig.  3J), and its upregulation was asso-
ciated with poor patient prognosis (Fig.  3K). These 
findings suggest that E2F1 acts as a key cofactor in 
the regulatory effects of MCM8 on renal carcinoma.

MCM8 interacts with NR4A1 and affects 
NR4A1‑mediated transcription of E2F1

Considering the regulatory influence of MCM8 on 
the levels of E2F1 mRNA and protein, we postulated 
that MCM8 might regulate E2F1 expression through 
modulating its transcription. For this purpose, the 
TRRUST database was employed, and NR4A1 was 
identified as a potential transcription factor for E2F1. 
This prediction was verified by chromatin immu-
noprecipitation (ChIP) assays, which demonstrated 
the binding of NR4A1 to the E2F1 promoter region 
(Fig.  4A), thus confirming its role in transcriptional 
regulation. The predicted binding sites on the E2F1 
promoter (Figure S5) directed dual-luciferase assays. 
In these assays, the overexpression of either MCM8 
or NR4A1 remarkably enhanced the activity of the 
E2F1 promoter (Fig. 4B-C). However, this effect was 
mostly eliminated when the binding site was mutated. 

Further experiments indicated that the knockdown 
of MCM8 decreased the nuclear levels of NR4A1 
(Fig. 4D), suggesting an association between MCM8 
and the nuclear localization of NR4A1. Co-immuno-
precipitation assays validated a physical interaction 
between MCM8 and NR4A1, as shown by the distinct 
bands (Fig. 4E-F). Collectively, these results suggest 
a mechanism in which MCM8 modulates the nuclear 
localization of NR4A1, consequently influencing 
E2F1 transcription.

MCM8 and E2F1 synergistically regulates renal 
carcinoma development

To investigate the effects of MCM8/E2F1 axis on 
renal carcinoma progression, 786-O cell models were 
created by combining MCM8 knockdown with either 
E2F1 knockdown (shE2F1-2, Figure  S6) or E2F1 
overexpression. The effectiveness of MCM8 and 
E2F1 knockdown was evaluated through qPCR (Fig-
ure  S7). As demonstrated by cell phenotype assays 
(Figure  S8A-S8E), E2F1 knockdown inhibited the 
progression of renal carcinoma and strengthened the 
inhibitory impacts of MCM8 knockdown. Signifi-
cantly, E2F1 overexpression promoted cell growth, 
motility, and decreased apoptosis. It also partially 
alleviated the suppression of malignant phenotypes 
caused by MCM8 knockdown (Fig. 5 and S9).

MCM8/E2F1 axis may promote renal carcinoma 
development through facilitating aerobic glycolysis

This study also examined how MCM8 knockdown 
impacts the Akt signaling pathway. The results 
revealed that silencing MCM8 inhibited Akt phos-
phorylation and downregulated downstream effec-
tors (Figure  S10). Since both E2F1 and the Akt 
pathway are involved in regulating aerobic glycoly-
sis in tumors, the connection between the MCM8/
E2F1 axis and glycolysis was further investigated. 
As shown in Fig. 6A-B, MCM8 knockdown signifi-
cantly lowered ATP, glucose, and lactate levels in 
renal carcinoma cells, indicating diminished glyco-
lytic activity. Rescue experiments demonstrated that 
overexpressing E2F1 counteracted the reductions in 
ATP, glucose, and lactate induced by MCM8 knock-
down (Fig.  6C-D). Conversely, overexpression of 
MCM8 elevated ATP, glucose, and lactate levels, 
an effect that was mitigated by E2F1 knockdown 

Fig. 5   Overexpression of E2F1 alleviates the inhibition of 
renal carcinoma development induced by MCM8 knockdown. 
A CCK8 assay was utilized to detect the effects of mere E2F1 
overexpression or mere MCM8 knockdown or simultaneous 
E2F1 overexpression and MCM8 knockdown on cell prolifera-
tion of 786-O and A498 cells. B Colony formation assay was 
utilized to detect the effects of mere E2F1 overexpression or 
mere MCM8 knockdown or simultaneous E2F1 overexpression 
and MCM8 knockdown on colony formation of 786-O cells. C 
Flow cytometry was utilized to detect the effects of mere E2F1 
overexpression or mere MCM8 knockdown or simultaneous 
E2F1 overexpression and MCM8 knockdown on cell apopto-
sis of 786-O cells. D, E Wound-healing (scale bar = 200 μm) 
(D) and Transwell (scale bar = 100 μm) (E) assays were used 
to detect the effects of mere E2F1 overexpression or mere 
MCM8 knockdown or simultaneous E2F1 overexpression and 
MCM8 knockdown on cell migration of 786-O cells. Data 
were presented as mean ± SD (n ≥ 3). * P< 0.05, ** P< 0.01, 
*** P< 0.001

◂
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(Figure  S11). Additionally, correlation analysis 
using TCGA datasets (KIRC + KIRP) revealed 
strong positive relationships between MCM8/E2F1 
and glycolysis-related enzymes such as PKM2 

(PKM) and HK2 (Fig.  6E). Together, these find-
ings suggest that the MCM8/E2F1 axis facilitates 
renal carcinoma progression by enhancing aerobic 
glycolysis.

Fig. 6   MCM8/E2F1 axis may promote renal carcinoma devel-
opment through facilitating aerobic glycolysis. A-B The ATP 
content, glucose content and lactate content in 786-O cells (A) 
and A498 cells (B) with or without MCM8 knockdown were 
detected by corresponding kits. C-D The ATP content, glu-
cose content and lactate content in 786-O cells (C) and A498 
cells (D) with mere E2F1 overexpression or mere MCM8 

knockdown or simultaneous E2F1 overexpression and MCM8 
knockdown. E The correlation between MCM8/E2F1 expres-
sion and PKM2/HK2 expression was analyzed based on TCGA 
database (KIRC + KIRP datasets). (F) Diagram of the pro-
posed mechanism. Data were presented as mean ± SD (n ≥ 3). * 
P< 0.05, ** P< 0.01, *** P< 0.001
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Discussion

The minichromosome maintenance (MCM) complex 
family encompasses proteins that are essential for 
physiological activities. Nevertheless, its function in 
cancer development has not been fully elucidated. 
Li et  al. (Li et  al. 2019b) conducted a comprehen-
sive examination of the prognostic significance of 
MCM proteins in lung adenocarcinoma (LUAD). The 
study revealed elevated mRNA expression of MCM2, 
MCM4, and MCM10 in LUAD, which was associ-
ated with poorer patient outcomes in LUAD. Regard-
ing the biological functions of MCM8, most research 
has primarily focused on its role in DNA repair (Lee 
et al. 2015). For example, Lutzmann et al. (Lutzmann 
et al. 2019) demonstrated that deficiencies in MCM8 
or MCM9 could result in p53-dependent myeloid 
tumorigenesis due to persistent hematopoietic DNA 
damage. Morii et al. (Morii et al. 2019) reported that 
disrupting the MCM8-MCM9 complex by knocking 
out MCM9 or silencing MCM8 enhanced efficien-
cies of cisplatin and the DNA repair inhibitor olapa-
rib. Besides its involvement in DNA damage repair 
and drug resistance, recent studies have explored 
the regulatory influence of MCM8 on cancer cell 
malignancy. Duan et al. (Hao et al. 2021) determined 
that high MCM8 expression in cholangiocarcinoma 
(CCA) was a predictor of disease progression, and 
silencing MCM8 remarkably inhibited CCA cell 
malignancy and tumor development. In a similar vein, 
Zhu et al. (Zhu et al. 2021) showed that knockdown 
of MCM8 suppressed bladder cancer cell malignancy. 
In the present study, MCM8 was found to be a crucial 
regulator in renal carcinoma progression. It exhib-
ited elevated expression in tumor tissues and was 
related to malignancy. Silencing MCM8 efficiently 
decreased cell proliferation and tumor growth in renal 
carcinoma.

Previous studies have explored some of the down-
stream mechanisms of MCM8 in malignant tumor 
regulation. For example, Ren et al. (Ren et al. 2021) 
found that MCM8 served as a key tumor-promot-
ing factor in osteosarcoma and proposed CTGF as 
a potential co-factor in osteosarcoma progression, 
although the underlying molecular mechanism was 
not clear. In this research, E2F1 was identified as a 
downstream target of MCM8. Functionally, deplet-
ing E2F1 had similar inhibitory effects on renal car-
cinoma progression as MCM8 knockdown, and it 

further strengthened the regulatory influence on cell 
phenotypes. Conversely, overexpressing E2F1 allevi-
ated the suppression of renal carcinoma development 
induced by MCM8 knockdown. Mechanistically, 
MCM8 seems to boost NR4A1-mediated E2F1 tran-
scription by interacting with NR4A1 and facilitating 
its nuclear expression.

E2F1, a vital member of the E2F transcription fac-
tor family, controls processes like cell cycle progres-
sion, DNA replication and repair, differentiation, pro-
liferation, and apoptosis. Many studies have indicated 
that E2F1 is highly expressed and promotes tumor 
development in various cancers (Gu et  al. 2018; 
Wang et al. 2017; Liu et al. 2018; Wu and Yu 2009; 
Ertosun et al. 2016). For instance, Zheng et al. (Zheng 
et al. 2020) showed that silencing E2F1 upregulated 
miR-34c, making gastric cancer cells more sensitive 
to paclitaxel and cisplatin treatment. Similarly, Li 
et al. (Li et al. 2019a) reported the key role of E2F1 
in laryngeal squamous cell carcinoma (LSCC), which 
has a significant impact on tumor progression. E2F1 
regulates apoptosis through both p53-dependent and 
p53-independent pathways (Bell and Ryan 2004). In 
the p53-dependent pathway, E2F1 activates p14/p19, 
preventing p53 degradation and resulting in high p53 
expression. This high p53 expression inhibits cyclin-
dependent kinases (CDKs), disrupts the cell cycle, 
and induces apoptosis. Correspondingly, in MCM8-
knockdown renal carcinoma cells, we observed ele-
vated p53 levels and reduced CDK1 expression.

Moreover, the Akt signaling pathway, which is 
crucial for tumor progression, was inactivated in 
cells with MCM8 knockdown. This was accompa-
nied by a decline in the expression of downstream 
effectors CCNB1 and CCND1 (Nitulescu et al. 2018; 
Song et al. 2019; Zhang et al. 2018; Zhen et al. 2017; 
Zhu et  al. 2018). These results imply that E2F1, as 
a downstream target of MCM8, modulates renal car-
cinoma cell proliferation and apoptosis through the 
p53-dependent pathway and affects tumor progres-
sion via the Akt signaling.

The partial restoration of tumor growth when E2F1 
is overexpressed after MCM8 knockdown indicates 
the participation of other MCM8 co-factors in regu-
lating renal carcinoma cell functions. Besides E2F1, 
we noticed a decrease in Akt pathway activity fol-
lowing MCM8 knockdown. The Akt pathway, which 
has been extensively investigated as a characteristic 
of malignant tumors, is known to regulate aerobic 
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glycolysis (Paul et al. 2022; Yuan et al. 2022). Also, 
E2F1 is regarded as an upstream regulator of glycoly-
sis, contributing to its role in promoting tumors. For 
instance, Ma et  al. showed that E2F1 transcription-
ally regulates SEC61G expression, influencing glyco-
lysis in breast cancer and underlining its significance 
in tumorigenesis and as a potential therapeutic tar-
get (Ma et  al. 2021). Likewise, Zhao et  al. reported 
that E2F1 enhances glycolysis in LSCC, suggesting 
a possible approach for LSCC treatment (Zhao et al. 
2022). Correspondingly, the MCM8/E2F1 axis exhib-
ited clear regulatory effects on the levels of ATP, glu-
cose, and lactate in renal carcinoma cells, stressing 
the importance of aerobic glycolysis as a downstream 
mechanism mediating the influence of MCM8/E2F1 
on renal carcinoma progression.

In conclusion, this research emphasizes the vital 
role of MCM8 in renal cell carcinoma (RCC) pro-
gression (Fig.  6F). By clarifying the interaction 
between MCM8 and E2F1, we disclose a new mecha-
nism underlying RCC development, which entails 
abnormal aerobic glycolysis. These findings not only 
deepen our comprehension of RCC pathogenesis but 
also offer valuable perspectives for devising targeted 
therapies against this malignancy.
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