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Multi-omics pan-cancer analyses
identify MCM4 as a promising
prognostic and diagnostic
biomarker

Yanxing Li, Wentao Gao?, ZhenYang?, Zhenwei Hu* & Jianjun Li%*

Minichromosome Maintenance Complex Component 4 (MCM4) is a vital component of the mini-
chromosome maintenance complex family, crucial for initiating the replication of eukaryotic genomes.
Recently, there has been a growing interest in investigating the significance of MCM4 in different
types of cancer. Despite the existing research on this topic, a comprehensive analysis of MCM#4 across
various cancer types has been lacking. This study aims to bridge this knowledge gap by presenting a
thorough pan-cancer analysis of MCM4, shedding light on its functional implications and potential
clinical applications. The study utilized multi-omics samples from various databases. Bioinformatic
tools were employed to explore the expression profiles, genetic alterations, phosphorylation states,
immune cell infiltration patterns, immune subtypes, functional enrichment, disease prognosis, as

well as the diagnostic potential of MCM4 and its responsiveness to drugs in a range of cancers. Our
research demonstrates that MCM4 is closely associated with the oncogenesis, prognosis and diagnosis
of various tumors and proposes that MCM4 may function as a potential biomarker in pan-cancer,
providing a deeper understanding of its potential role in cancer development and treatment.
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Abbreviations

ACC Adrenocortical carcinoma

BLCA  Bladder urothelial carcinoma

BRCA  Breast invasive carcinoma

CESC  Cervical squamous cell carcinoma and endocervical adenocarcinoma
CHOL  Cholangiocarcinoma

COAD  Colon adenocarcinoma

DLBC Lymphoid neoplasm diffuse large B-cell lymphoma
ESCA  Esophageal carcinoma

GBM Glioblastoma multiforme

HNSC  Head and neck squamous cell carcinoma
KICH  Kidney chromophobe

KIRC  Kidney renal clear cell carcinoma

KIRP Kidney renal papillary cell carcinoma
LAML  Acute myeloid leukemia

LGG Brain lower grade glioma

LIHC  Liver hepatocellular carcinoma

LUAD  Lungadenocarcinoma

LUSC  Lungsquamous cell carcinoma

MESO  Mesothelioma

ov Ovarian serous cystadenocarcinoma
PAAD  Pancreatic adenocarcinoma

PCPG  Pheochromocytoma and paraganglioma
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PRAD  Prostate adenocarcinoma
READ  Rectum adenocarcinoma
SARC Sarcoma

SKCM  Skin cutaneous melanoma
STAD  Stomach adenocarcinoma
TGCT  Testicular germ cell tumors
THCA  Thyroid carcinoma

THYM Thymoma

UCEC  Uterine corpus endometrial carcinoma
UCS Uterine carcinosarcoma
UVM Uveal melanoma

Cancer imposes tremendous suffering on individuals, and its complex pathogenesis remains an intricate chal-
lenge for medical professionals"? Despite advances in cancer treatments such as radiotherapy, chemotherapy,
targeted therapy and immunotherapy, there is still much to be discovered about the underlying mechanisms that
drive tumor development and progression**. Recent advancements in bioinformatic analyses have significantly
transformed the landscape of cancer research, offering robust methodologies for the identification of emerging
biomarkers®. Central to this endeavor is the adoption of pan-cancer analysis, a sophisticated approach facilitat-
ing comparative investigations of gene expression patterns across a spectrum of cancer types®®. This approach
enables the identification of shared and distinct features among different cancer types, providing valuable infor-
mation for diagnostic, prognostic, and therapeutic purposes. The accessibility of extensive genomic datasets,
including TCGA and GTEx, has greatly facilitated the analysis of pan-cancer studies”!. These resources offer a
wealth of data that can be mined to uncover crucial genetic markers and elucidate their roles in cancer develop-
ment, ultimately paving the way for improved patient outcomes.

MCM4 protein is a family member of the MCM (minichromosome maintenance) family, which comprises
six highly conserved proteins MCM2-7'!-13, The preservation of the MCM2-7 complex at the microscopic level is
crucial for the proper execution of replication helicase function, which is indispensable for preserving the integ-
rity of the cell cycle!*'6. A deficiency in MCM has been linked to detrimental consequences, including genome
instability (GIN), a hallmark of cancer and developmental abnormalities in murine models'”. MCM4 has been
shown to tightly interact with MCM6 and MCM?7 to form a functional complex'®'*. Research has demonstrated
that this complex possesses intrinsic DNA helicase activity, a vital enzymatic function that participates in a
wide range of cellular processes including replication initiation, DNA repair, and recombination'®?. Increasing
evidence has confirmed the overexpression of MCM4 in several cancers like hepatocellular carcinoma, soft-
tissue sarcoma, esophageal cancer, glioma and uterine corpus endometrial carcinoma?!'-*. The overexpression
of MCM4 may lead to aberrations in the cell cycle, promoting uncontrolled cell proliferation, thus accelerating
tumor growth and metastasis. On the other hand, mutations in the MCM4 gene are also associated with the
occurrence of cancer. Some studies have indicated the presence of MCM4 gene mutations in certain cancers,
which may affect the structure and function of the MCM complex, thereby influencing the normal progression
of DNA replication”’=*'. However, the majority of studies investigating the role of MCM4 in cancer have been
confined to specific cancer types, thus creating a knowledge gap regarding its involvement across various cancers.

This research aims to comprehensively evaluate the expression patterns, functional implications, and diag-
nostic potential of MCM4 in various cancer types. To achieve this, we systematically analyzed data from the
TCGA and GTEx datasets. Bioinformatic tools were then introduced to explore the expression profiles, genetic
alterations, phosphorylation states, patterns of immune cell infiltration, immune subtypes, disease prognosis,
as well as the diagnostic potential of MCM4 and its responsiveness to drugs in a range of cancers. In conclusion,
this comprehensive study addresses a significant research gap by investigating the role of MCM4 in diverse
cancer types and confirms that it may have translational implications for the diagnosis of cancer and strategies
for its treatment.

Results

Structural characteristics and phylogenetic tree of MCM4

In this study, our objective was to investigate the oncogenic role of human MCM4 (NM_005914.4 for mRNA
and NP_005905.2 for protein, Fig. 1A). The structure of the MCM4 protein, as depicted in Fig. 1B, is highly
conserved across different species and typically comprises the MCM (smart00350) domain and MCM N-terminal
(pfam14551) domain. The phylogenetic tree depicts the evolutionary relationship of the MCM4 protein among
various species (Fig. 1C).

Differential expression of MCM4 in tumor and normal samples
In Fig. 2, we illustrate the expression levels of MCM4 in diverse human cancer types. We assessed the expression
of MCM4 using the TIMER2 method on the TCGA dataset. Figure 2A presents an extensive depiction of the
expression profiles of MCM4 in different cancers. Upregulation of MCM4 expression was observed in several
cancer types, including BRCA, COAD, CESC, GBM, CHOL, HNSC, ESCA, LUAD, LIHC, READ, LUSC, STAD,
LUSC, READ, THCA, and UCEC. Additionally, due to the lack of sufficient normal samples of OV, SARC, DLBC,
LGG, SKCM, THYM and UCS in TCGA, normal tissues from the GTEx dataset were used as supplementary
controls for this analysis, as shown in Fig. 2B (P <0.05). Nevertheless, there were no notable variations observed
in other cancer types, including ACC, KIRP, PRAD, LAML, KICH, KIRC, PCPG and TGCT (Fig. S1).
Furthermore, we employed the “Pathological Stage Plot” module of GEPIA2 to assess the association between
MCM4 expression and cancer pathological stages across various cancer types. This analysis is depicted in Fig. 2C
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Figure 1. Structural characteristics and phylogenetic tree of MCM4. (A) The MCM4 gene is localized to the
q11.21 region of chromosome 8; (B) The structural features of MCM4 proteins across different species; (C)
Phylogenetic tree of MCM4.

(all P<0.05) and Fig. S2 (all displays no significance). Only in KICH, KIRP, LIHC, LUAD, OV, and UCS were
there significant associations between MCM4 expression level and cancer stage.

To validate the expression levels of MCM4 at the protein level, we utilized the CPTAC dataset. Our analy-
sis unveiled a significant upregulation of MCM4 protein expression in diverse cancer types when compared
to normal tissues. These cancer types include BRCA, KIRC, HNSC, GBM, COAD, LUSC, LIHC, LUAD, OV,
PAAD, and UCEC, as depicted in Fig. 2D. Unfortunately, other TCGA tumor types lack relevant protein data in
the CPTAC database and this data gap needs to be filled. Furthermore, using IHC data obtained from the HPA
database, we performed an analysis of MCM4 protein expression. Our findings, as depicted in Fig. S3, revealed
significantly elevated levels of MCM4 protein expression in TGCT, CEST, COAD, BRCA, UCEC, LUAD, LIHC,
STAD, BLCA, and SKCM.

To substantiate the relevance of MCM4 across diverse cancer types, the validation process conducted via
the DepMap database entailed an examination of its impact on multiple cancer cell lines at the cellular level.
The employment of CRISPR for MCM4 knockdown and RNAi for interference with its expression elucidated
a notable suppression of tumor cell growth in cancer cell lines across various cancer types (Fig. 3A,B). Specifi-
cally, the CRISPR study demonstrated a significant effect of MCM4 on tumor cells, evident in both the overall
analysis and individual cell line assessments across all cancer types, with all gene effects registering below 0 and
amean effect skewed leftward of -1 (Fig. 3A, Fig. S4A). Correspondingly, the RNAi analysis corroborated these
findings, albeit with marginally diminished significance compared to CRISPR. Both the overall effect and mean
effect of tumor cell lines across diverse cancers remained sub-zero, although a few individual cell lines exhibited
a non-essential effect (Fig. 3B, Fig. S4B). This discrepancy could potentially be attributed to CRISPRSs ability to
induce a more comprehensive loss of MCM4 function compared to RNAi.

Next, we proceeded to evaluate MCM4 expression in normal tissues. The expression pattern of MCM4 dis-
played significant variations across different cell types, with distinct disparities observed among various cellular
compartments. Specifically, MCM4 exhibited notably lower expression levels in the great majority of cell lines,
except in spermatogonia, spermatocytes, and erythroid cells, where its expression was comparatively elevated
(Fig. 3C). Moreover, we observed moderate to high protein expression of MCM4 in diverse tissues, but its expres-
sion level was surprisingly low in parathyroid gland, liver, fallopian tube, cervix, smooth muscle, soft tissue, and
adipose tissue (Fig. 3D). Furthermore, our investigation confirmed the subcellular localization of MCM4 within
the endoplasmic reticulum (ER), microtubules, and nucleus of the A-431, A-549, U20S and U-251MG cell lines.
Notably, MCM4 primarily localized in the nucleus, with no colocalization observed with the ER and microtubules
(Fig. 3E). Additionally, by utilizing single-cell RNA sequencing data plotted using fluorescence ubiquitin-based
cell cycle indicator (FUCCI), we identified a significant association between the advancement of G1, S, and G2
cell cycle stages and the expression level of MCM4 RNA (Fig. 3F).
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Figure 2. MCM4 expression across various cancers and pathological stages. (A) The transcription levels of
MCMH4 in various kinds of human cancers. Statistical significance was indicated as *P <.05, **P <.01, and

***P <.001. (B) In the TCGA project, for the types of LGG, DLBC, OV, SKCM, THYM, SARC and UCS, we
used the corresponding normal tissues from the GTEx database as controls. (C) The expression levels of the
MCM4 gene according to different pathological stages (stage I, IL, III, and IV) in KICH, LUAD, OV, KIRP, LIHC
and UCS. (D) The expression levels of total MCM4 protein between normal tissue and primary tumor tissue in
KIRC, COAD, BRCA, GBM, LIHC, HNSC, LUSC, LUAD, OV, PAAD and UCEC.
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Gene mutation and protein phosphorylation of MCM4
Our aim was to investigate the frequency of somatic mutations in the MCM4 in various categories of cancer by
examining a cohort of 32 tumor tissue samples. Research has found that MCM4 undergoes mutations in numer-
ous cancer types, with the highest mutation rate observed in UCS, exceeding 15% (Fig. 4A). The majority of
these mutations were amplifications or point mutations, leading to alterations in the primary protein structure
or amino acid sequence. The three-dimensional structure of MCM4 is shown in Fig. 4B. Further analysis of the
structure of MCM4 identified several mutation hotspots, with missense mutations being the predominant type
(Fig. 4C). Specifically, the T629 residue was found to be the most frequently mutated site.

Afterwards, we assessed the correlation between MCM4 expression levels and various types of genomic altera-
tions, including HRD, MATH, MSI, NEO, TMB, LOH, ploidy and purity, across all TCGA tumor samples. Our
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Figure 4. MCM4 gene mutation and post-translational phosphralation in diverse cancers. (A) Mutation rates
and types of MCM4 in various cancers. (B) The three-dimensional structure refers to the spatial arrangement
and conformation of the MCM protein. (C) Subtypes and distribution of somatic mutations in MCM4 gene.
VUS, Variants of uncertain significance. (D) Phosphorylation site and level of MCM4 protein in BRCA, (E)
LUAD, (F) LIHC, (G) GBM, (H) COAD, (I) OV, (J) HNSC and (K) LUSC.
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investigation revealed significant associations between MCM4 expression levels and various genetic alterations
in specific cancer types. Specifically, we observed that high MCM4 expression levels correlated with increased
HRD in GBM, LUAD, GBMLGG, LGG, KIPAN, KIRP, BRCA, SARC, PRAD, UCEC, LIHC, PAAD, HNSC,
LUSC, BLCA, OV, ACC, and KICH (Fig. S5A). Additionally, we found a positive association. between MCM4
expression and MATH in LUAD, BRCA, ESCA, STES, HNSC, LUSC, MESO and BLCA, while GBMLGG, LGG,
and KIRC showed a negative correlation (Fig. S5B). Furthermore, our results indicated a positive correlation
between MCM4 expression and MSI in CESC, COADREAD, STES, COAD, GBM, SARC, KIPAN, STAD, KIRC,
UVM, and CHOL, while GBMLGG, DLBC, THCA, and HNSC showed a negative correlation (Fig. S5C). We
also detected a positive correlation between MCM4 expression and NEO in LUAD, COAD, COADREAD, and
PRAD (Fig. S5D). In terms of tumor ploidy, we observed a positive correlation between MCM4 expression and
ploidy in LUAD, BRCA, STES, SARC, STAD, PRAD, HNSC, LUSC, READ, SKCM, and BLCA. Conversely,
GBMLGG, THCA, and OV exhibited a negative correlation (Fig. S5E). Interestingly, our research indicated a
positive correlation between MCM4 expression and tumor purity in cancers such as GBM, LGG, CESC, BRCA,
ESCA, STES, SARC, KIRP, STAD, UCEC, HNSC, LUSC, TGCT, PCPG, SKCM, and ACC, while THYM and
READ showed a negative correlation (Fig. S5F). Additionally, we found a positive correlation between MCM4
expression and TMB in LUAD, COAD, COADREAD, STES, KIPAN, STAD, PRAD, and KICH (Fig. S5G). Finally,
our study revealed a positive correlation between MCM4 expression and LOH in cancers such as GBM, SARC,
KIRP, GBMLGG, LAML, BRCA, LGG, LUAD, ESCA, KIPAN, PRAD, LIHC, PAAD, UCEC, KIRC, LUSC, OV,
UVM, BLCA, and CHOL, while THCA showed a negative correlation (Fig. S5H).

We further conducted a comparative analysis of the MCM4 phosphorylation levels in various primary tumor
tissues and normal tissues utilizing the CPTAC dataset. Our findings indicate that the T19 locus demonstrates
significantly elevated phosphorylation levels in five distinct primary tumor tissues, including GBM, HNSC,
LUAD, LUSC, and OV. Additionally, the S120 gene locus displays increased phosphorylation levels in four
primary tumor tissues. Notably, OV exhibits heightened phosphorylation levels at four gene loci: TP110, TP19,
$120, and S26. Similarly, HNSC shows enhanced phosphorylation at four gene loci: TP19, $26, S326, and S131.
Conversely, LUAD and LIHC display elevated phosphorylation levels at solely one gene locus, TP19 and $326,
respectively (Fig. 4D-K).

Molecular orimmune subtypes of MCM4 in pan-cancer

Eleven types of cancer were found to have molecular subtypes that are related to the expression of MCM4.
Specifically, MCM4 expression was elevated in the basal molecular subtype of BRCA, while COAD displayed
slightly increased MCM4 expression in both the HM-SNV and HM-indel subtypes. Notably, LIHC demonstrated
heightened MCM4 expression in the iCluster:1 and iCluster:3 subtypes, and OV exhibited the highest levels of
MCM4 expression particularly in the proliferative cell subtype. For ACC, the CIMP-high molecular subtype
expresses MCM4 at the highest level. Additionally, UCEC showed marginally increased MCM4 expression in
the CN_HIGH and POLE subtypes, while KIRP displayed peak MCM4 expression in the C2c-CIMP subtype.
Furthermore, LGG presented higher MCM4 expression in the GCIMP-low subtype compared to other subtypes.
For STAD, MCM4 was upregulated in the EBV and HM-indel subtypes. Last, HNSC revealed slightly elevated
MCM4 expression in the atypical subtype, while PCPG showed maximum MCM4 expression in the kinase
signaling subtype (Fig. 5A).

Immunotherapy, which harnesses the body’s immune system to target and combat cancer cells, has proven
efficacious in treating malignancies®~**. Accordingly, understanding the immune subtypes of various cancers is
crucial for predicting treatment outcomes and optimizing therapeutic strategies. Remarkably, MCM4 expression
was strongly correlated with immune subtypes across fourteen cancer types, including BLCA, ACC, PAAD, OV,
BRCA, LUAD, KICH, LUSC, LGG, KIRP, LIHC, KIRC, ESCA and COAD (Fig. 5B).

Correlations between MCM4 and immune infiltration in pan-cancer

Immune cell infiltration of the tumor microenvironment can exert both positive and negative effects on cancer
progression, depending on the functional status and type of infiltrating cells*®*~*”. Consequently, we investigated
the correlation between MCM4 expression and the level of immune infiltration in various immune cells across
TCGA cancers. Our findings revealed a noteworthy and statistically significant positive association between the
level of MCM4 expression and the estimated extent of cancer-associated fibroblast infiltration in TCGA tumors
from several cancer types, including BRCA-LumA, ACC, ESCA, HNSC(HPV-), LGG, MESO, PAAD, LIHC
and THCA. Conversely, a negative correlation was observed between MCM4 expression and cancer-associated
fibroblast infiltration in TGCT (Fig. 6A,B). Moreover, our results revealed an intriguing pattern of correlations
between the expression of MCM4 and the infiltration levels of two distinct immune cell populations in TCGA
tumors. Specifically, a statistically significant positive correlation was noted between the level of MCM4 expres-
sion and the infiltration of myeloid-derived suppressor cells (MDSCs) in most of the TCGA tumors examined
(Fig. 6C). The top 5 tumors were ACC, ESCA, LUAD, UCEC and LIHC (Fig. 6D). In contrast, a negative associa-
tion was detected between MCM4 expression and the infiltration level of natural killer T cells (NKT) in most of
the TCGA tumors (Fig. 6E) and the top 5 tumors were UVM, THYM, CHOL, BRCA-Her2 and PRAD (Fig. 6F).
We conducted a more in-depth analysis on the correlation between MCM4 expression and the level of infiltration
by six other immune cell types, specifically B cells, CD8+T cells, CD4 +T cells, dendritic cells, macrophages,
and neutrophils (Fig. S6A-F).

Functional enrichment of MCM4 across cancers
To explore the molecular interactions and pathways associated with MCM4, we conducted a series of analyses
to identify MCM4 binding proteins and genes related to MCM4 expression. Using the STRING, which relies on
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Figure 5. Associations between MCM4 expression and molecular subtypes and immune subtypes in TCGA
cancers. (A) The relationship between MCM4 gene expression and various molecular subtypes in 11 types
of TCGA cancers. (B) The association between MCM4 gene expression and immune subtypes in 14 types

of TCGA cancers. CIN chromosomal instability, GS genomically stable, POLE Polymerase ¢, EBV Epstein-
Barr virus, C1 wound healing, C2IFN gamma dominant, C3 inflammatory, C4 lymphocyte depleted, C5
immunologically quiet, C6 TGF-b dominant.
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Figure 6. Correlation between MCM4 expression and immune cell infiltration in TCGA cancers. (A)
Correlation between MCM4 expression and immune infiltration of cancer-associated fibroblasts, presented by
heatmap. (B) Correlation between MCM4 expression and cancer-associated fibroblast infiltration in TGCT,
BRCA-LumA, ACC, ESCA, HNSC(HPV-), LGG, MESO, PAAD, LTHC and THCA. (C) MCM4 expression
exhibits a positive correlation with the infiltration of MDSCs and (D) top 5 tumors were ACC, ESCA, LUAD,
UCEC and LIHC. (E) MCM4 expression shows a negative correlation with the infiltration of NKT cells and (F)
top 5 tumors were UVM, THYM, CHOL, BRCA-Her2 and PRAD.
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empirical evidence, we identified a total of 50 interacting proteins with MCM4. Then, using Cytoscape software,
we mapped the PPI interactions network and explored the importance of a total of 51 nodes in the network
(Fig. 7A). The darker color of a node means that the node is more influential in the network, and the influence
ranking is also recorded simultaneously in the supplementary Table S1. The top 10 most important genes are
MCM4, MCM7, MCM5, MCM6, MCM3, MCM2, MCM9, MCM8, MCMDC2, and ORC1, which are primarily
members of the MCM gene family.

Subsequently, we utilized the GEPIA2 tool to integrate tumor expression data from TCGA and identified
the top 100 genes that exhibited a correlation with MCM4 expression. Among these genes, 21 showed a strong
positive correlation (R>0.7), including ARHGAP11A, BUBI1, DTL, GSG2, and others (Fig. 7B). This positive
correlation was further supported by the heatmap data, which demonstrated its presence across various specific
cancer types (Fig. 7C).

Subsequent cross-analysis of MCM4 correlative genes and interacting genes revealed 12 identical genes
(Fig. 7D). We then performed KEGG and GO enrichment analyses to elucidate the underlying biological mecha-
nisms. The KEGG analysis yielded 10 significantly enriched biological processes (p <0.05), primarily revolving
around cell cycle regulation, DNA replication, cellular sensitivity, and viral infection (Fig. 7E). In addition, GO
enrichment analysis demonstrated that these genes are predominantly associated with DNA replication and cell
division processes. Notably, cellular component analysis within GO enrichment identified diverse subcellular
localizations for these genes, including nuclear and cytoplasmic compartments. Furthermore, molecular function
analysis unveiled a significant enrichment of nucleotide, DNA, histone, and various enzyme binding implicated
in DNA replication among MCM4 and related proteins (Fig. 7F).

To further examine the molecular mechanism of the MCM4 gene in tumor development, we employed a GGI
network to uncover the correlation between MCM4 and its adjacent genes. From this analysis, we pinpointed 20
pertinent genes that displayed significant links with MCM4 (Fig. S7). These adjacent genes are mainly involved in
regulating the initiation and extension of cell division, DNA replication, and cell cycle processes, as well as DNA
repair, recombination, and telomere maintenance. They can also coordinate the response of cells to DNA damage.

Clinical value of MCM4

We aimed to evaluate the prognostic implications of MCM4 expression in various cancer types. Kaplan-Meier
curves were generated to visualize the relationship between MCM4 expression and overall survival (OS) or dis-
ease-free survival (DFS) in each cancer type. As shown in Fig. 84, increased MCM4 expression was significantly
associated with unfavorable OS prognosis in several cancer types, including ACC (P=0.0035), LGG (P =0.00085),
LUAD (P =0.00092), MESO (P =0.0031), PAAD (P=0.013), SARK (P =0.021), SKCM (P =0.028), and UVM
(P=0.01). Similarly, high MCM4 expression was correlated with poor DFS prognosis in ACC (P =0.0018), KICH
(P=0.044), LGG (P=0.0031), LUAD (P=0.047), MESO (P =0.03), PAAD (P=0.0083), and THCA (P=0.027),
as illustrated in Fig. 8B. Conversely, low expression of MCM4 was associated with unfavorable DFS prognosis
in COAD (P=0.019).

Utilizing ROC curves, we assessed the efficacy of MCM4 in forecasting the diagnosis of cancer patients. Our
analysis encompassed 29 distinct cancers, with 4 cancers (CHOL, SARC, THYM, and UCS) demonstrating prob-
lematic results due to an insufficient number of normal samples. Additionally, 6 cancers (KICH, KIRC, KIRP,
PCGC, PRAD, and READ) displayed AUC values below 0.7 (Fig. S8). The remaining 19 cancers were found to
have AUC values above 0.7 when utilizing MCM4. MCM4 yielded exceptionally high predictive values in CESC
(AUC=0.998, 95% CI 0.995-1.000), LAML (AUC=0.994, 95% CI 0.988-0.998), and OV (AUC=0.992, 95% CI
0.985-0.998). Conversely, the predicted values of MCM4 were relatively low in the COAD prediction model
(AUC=0.702, 95% CI 0.635-0.754). Moreover, the predicted values of MCM4 spanned a range of 0.788 to 0.989
across the other 15 types of cancer (Fig. 8C).

Furthermore, we conducted a comprehensive analysis of the relationship between MCM4 expression and
drug sensitivity across various cancer types using drug sensitivity genomics. Our findings revealed a positive
correlation between MCM4 and 12 identified correlated interacting genes and five anticancer drugs, as well as
a negative correlation with 25 drugs (Fig. S9). The magnitude of the correlation was found to be statistically
significant, with larger dots representing stronger correlations. These results suggest that MCM4 may serve as a
valuable biomarker for cross-cancer drug screening, enabling the identification of effective therapeutic strategies
for treating diverse malignancies.

Discussion

MCM4 functions as a constituent of the MCM2-7 complex, which plays a crucial role in DNA replication by serv-
ing as both a replication initiation factor and a potential replication helicase®®. Research has provided evidence
that the degradation of MCM4 can lead to a deficiency in MCM, causing disruptions in cellular proliferation
and inducing genome instability®. Ultimately, these mechanisms contribute to the development of cancer and
various developmental abnormalities'?. Limited studies have employed bioinformatics approaches to examine
the function of MCM4 in particular tumor types?'~>>*-*2, and a comprehensive pan-cancer analysis has yet to
be undertaken. This investigation addresses this knowledge deficit by providing an exhaustive assessment of
MCM4 across diverse cancer types, encompassing its expression levels in both normal and malignant tissues,
gene mutation profiles, immune cell infiltration, involvement in biological processes, prognosis, potential as a
diagnostic marker and drug sensitivity.

Our findings demonstrated a noteworthy increase in MCM4 expression across 22 various cancer types, in
contrast to normal tissue. IHC analysis was also conducted to validate this conclusion. Our findings were further
supported by the Depmap database’s cancer dependency analysis of MCM4, which used RNA interference and
CRISPR technology to show strong essentiality of MCM4 in a variety of cancer cell lines. We also detected a
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Figure 7. Functional and Pathway Enrichment Analysis of MCM4. (A) PPI network: 50 proteins interacting
with MCM4 and their interaction networks. The darker the color of a node means that the node is more
influential in the network. (B) Twenty-one genes with high correlation coefficients (R>0.7) among a set of 100
genes known to be associated with MCM4 and (C) corresponding heatmap plot for various types of cancer. (D)
Cross analysis between MCM4 binding genes and related genes, 12 identical genes are identified. (E) KEGG
enrichment analysis. (F) GO enrichment analysis. BP Biological process, CC cellular component, MF molecular
function.
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performance of MCM4 in the TCGA cohort.
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strong correlation between MCM4 expression and cancer progression. This association spanned the different
pathological stages of six types of cancer, as well as the G1, S and G2 phases of the cell cycle. Our results, which
are consistent with previous studies, suggest that MCM4 may contribute to the development of cancer?"**-.

Existing studies have reported that exceptional phosphorylation and mutation of MCM4 have implications in
the dysfunction of a variety of biological processes and may be contributors to cancer development**=>’. Thus, we
investigated the molecular structure and gene alterations of MCM4 to further explore the link between MCM4
and cancer. We found that mutations in MCM4 were frequent in cancer samples, and that phosphorylation levels
of MCM4 were also elevated in 8 cancer types. In addition, we investigated 8 genetic characteristic indicators
associated with tumors: HRD, MATH, MSI, NEO, ploidy, purity, TMB and LOH>%-%. These indicators have been
found to be strongly associated with the expression of MCM4. As these biomarkers can be used as targets for
immunotherapy®”%, we speculate MCM4 is a promising drug target for anticancer immunotherapy.

From the perspective of precise medicine, immune and molecular subtypes of cancer are essential for diagno-
sis and personalized treatment®-74. In miscellaneous TCGA cancers, the correlation between MCM4 expression
and molecular and immunological subtypes was found to be significant. The expression of MCM4 has been
found to be associated with molecular subtypes in eleven different types of cancer and 14 types of immune clas-
sifications. These findings may underscore the potential significance of MCM4 expression in the diagnosis and
treatment of cancer under the epoch of precision medicine.

Immune cell infiltration is of significant importance for understanding the immune evasion mechanisms of
tumors and developing immunotherapy strategies. Extensive studies have indicated a close correlation between
the degree and type of immune infiltration and the prognosis of tumors®”>-78, Previous research has revealed
MCM4’s function in modulating immune cell activities especially for NKT cells*7*%°. We also investigated the
association of MCM4 expression with immune infiltrates in different cancers. Cancer-associated fibroblasts have
been proven to play several crucial roles in tumor development®!. Our results indicated a positive correlation
between MCM4 expression and the extent of infiltration of cancer-associated fibroblasts in various forms of
cancer, suggesting that MCM4 may play a key role in promoting fibroblast recruitment into the tumor microen-
vironment. However, we also found that MCM4 expression was inversely associated with the degree of TGCT’s
infiltration by cancer-associated fibroblasts. This finding suggests that MCM4 may have different functions in
various types of cancer, and its role in TGCT may be distinct from its role in other cancer types. Understand-
ing the molecular mechanisms underlying these differences requires further research. We also examined the
correlation between MCM4 expression and the infiltration levels of ten distinct immune cell populations. Our
results showed that MCM4 expression was positively correlated with the infiltration of MDSCs, but negatively
correlated with the infiltration of NKT cells, while others showed no significant correlation. Overall, our study
provides new insights into the relationship between MCM4 expression and immune infiltration in various cancer
types. Future studies should continue to explore the functional implications of MCM4 expression in the context
of cancer development and progression, with a focus on elucidating the molecular mechanisms underlying its
effects on immune cell infiltration and tumor-immune cell interactions.

To elucidate the molecular mechanism underlying the role of MCM4 in tumor development, we constructed
a PPI network and a GGI network around MCM4. We then performed an extensive analysis of KEGG and GO
enrichment using the identified genes. Our findings provide insight into the potential role of MCM4 in modulat-
ing several cellular processes that contribute to cancer development and progression. First, our analysis revealed
that MCM4 is involved in cell cycle regulation, cell proliferation, and DNA replication. These processes are
tightly linked with cancer development, as uncontrolled cell growth and division can lead to the formation of
tumors®#?. Second, our study found that MCM4 is part of a larger network of genes involved in various cellular
processes, including cell signaling, metabolism, and apoptosis. This highlights the complexity of the molecular
mechanisms of MCM4 underlying tumorigenesis®**. In conclusion, our study provides evidence that MCM4
plays a crucial role in modulating various cellular processes that contribute to cancer development and progres-
sion. Future research should continue to explore the functional relationships between MCM4 and other genes
in the context of cancer, with the goal of identifying novel mechanisms of tumorigenesis.

Finally, we explored the potential of MCM4 as a cancer biomarker and its correlation with poor prognosis
in various cancers. Eight types of cancer were detected to have unfavorable OS prognoses while seven types of
cancer had unfavorable DFS prognoses. We also evaluated the effectiveness of MCM4 in predicting the diagnosis
of cancer patients. Strong diagnostic potential with AUC values above 0.7 was found in 19 types of cancer when
utilizing MCM4 as a diagnostic biomarker. We finally analyzed the relationship between MCM4 expression
and drug sensitivity in miscellaneous cancer types. Our findings indicate that MCM4 expression is positively
correlated with resistance to five anticancer drugs including 17-AGG, PD-0325901, RDEA119, trametinib and
selumetinib, and negatively correlated with sensitivity to 25 drugs. The significance of our study lies in the fact
that MCM4 has not been previously studied extensively as a potential biomarker for cancer prognosis, diagnosis
and drug sensitivity.

There are still several limitations to our study that should be acknowledged. First, due to the incomplete
data in some databases, such as the lack of normal controls for certain cancer types in the TCGA data and the
lack of corresponding data on protein expression levels and phosphorylation for certain TCGA cancer types in
the CPTAC database, the comprehensiveness of our study will be affected. Second, our analysis was based on
in silico data, which may not accurately reflect the clinical setting. Future studies should validate our findings
using experimental models and clinical samples. Third, our study did not delve into the molecular mechanism
underlying the role of MCM4 in cancers. Therefore, future research should be conducted to investigate the
mechanism of MCM4 expression in tumors.
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Methods

Molecular phylogenetic analysis

We searched for "MCM4" using the “Protein” Module on the NCBI website and selected protein sequences from
species such as H. sapiens, X. tropicalis, B. taurus and others. We then analyzed the conserved domains of these
proteins using the NCBI CD-Search tool and finally mapped these domains using the IBS website®. We obtained
the amino acid sequence files of these proteins and drew the initial phylogenetic tree using MEGA11 software®’.

Expression analysis of MCM4

With the help of the TIMER?2 database, we analyzed the differential mRNA expression levels of MCM4 across
different cancers®. Wilcoxon’s test was employed to examine the statistical significance. In cases where normal
tissue samples were limited or unavailable, we employed the "Expression analysis-box plot" module of the GEPIA2
database®. Our analysis was conducted with specific parameters, including a 0.05 P value cutoff, a log2FC (fold
change) cutoff of 1, and the option to match TCGA and GTEx data.

To further explore the MCM4 level across different pathological stages, we utilized GEPIA2’s “Pathological
Stage Map” module. This module allowed us to generate violin plots based on log2 [TPM (Transcripts per Mil-
lion) + 1] transformed expression data.

We also utilized the UALCAN portal, a dedicated web asset, to investigate the protein expression level by
using the CPTAC module®®!. Our focus was on examining the expression status of the MCM4 protein in both
primary tumor tissues and normal tissues separately. Additionally, immunohistochemistry (IHC) data were
retrieved from the Human Protein Atlas (HPA) database®?.

We performed an exhaustive assessment of the protein levels and transcript abundance of MCM4 in various
normal tissues and cell lines, utilizing the extensive resources available through the HPA. Furthermore, we car-
ried out a analysis of the subcellular localization of MCM4 by obtaining immunofluorescence (IF) data from the
HPA database. Moreover, to gain additional insights into the involvement of MCM4 in cellular mechanisms, we
examined the association between the expression of MCM4 transcripts and the progression through the cell cycle.

Cancer dependency analysis

DepMap (Cancer Dependency Map) is a database used to screen potential therapeutic targets for cancer by
utilizing RNAi and CRISPR-Cas9 technology®***. Through DepMap database, we obtained the gene dependency
data of MCM4 in various cancer cell lines. The Chronos and DEMETER2 dependency scores rely on data derived
from a cellular depletion assay. A reduced Chronos or DEMETER?2 score suggests an increased probability that
the gene under examination is crucial within a specific cell line. A score of 0 denotes non-essentiality of the gene,
while -1 aligns with the median among all pan-essential genes (represented by the red line).

Genetic alternation analysis

Using the cancer genomics database cBioPortal, we conducted a comprehensive exploration of the specific muta-
tion types and sites involved in MCM4 amino acids across various types of cancer®. Three-dimensional (3D)
model was also obtained from cBioportal.

To further investigate the correlation between MCM4 expression and diverse tumor genomic characteristics
including tumor mutational burden (TMB), microsatellite instability (MSI), homologous recombination defi-
ciency (HRD), mutant allele tumor heterogeneity (MATH), neoantigen, purity, ploidy and loss of heterozygosity
(LOH), the sangerBox website was utilized.

Protein phosphorylation analysis

We utilized the online platform UALCAN to perform a detailed analysis of phosphoprotein expression®®!. Our
investigation focused on quantifying the levels of both total protein and phosphoprotein expression of MCM4
across various cancer types.

Molecular orimmune subtypes of MCM4

TISIDB database, a comprehensive resource that integrates various data formats to assess interactions between
tumors and the immune system®®. Our analysis concentrate on investigating the connections between MCM4
expression levels and molecular or immune subtypes in multiple cancers.

Immune infiltration analysis

For investigation of the correlation between MCM4 expression and immune infiltration in various TCGA tumor
types, we utilized the “Immune Genes” module of the TIMER2 webserver. We evaluated the strength of asso-
ciation by utilizing the purity-corrected Spearman’s rank correlation test and provided Partial_cor values and
P-values. A scatter plot and heatmap were used to present the results.

PPI network and GGI network analysis

In order to predict the functional association between MCM4 and genes with similar functions, we utilized the
GeneMANIA website to construct a gene-gene interaction (GGI) network®. Additionally, we used STRING
website to identify the binding protein associated with MCM4. This led to the formation of a protein-protein
interaction (PPI) network®. To ensure the reliability of the network, we applied several filtering criteria, including
a minimal required interaction score of 0.150, consideration of significant network boundaries with evidence
support, limitation of displayed interactors was limited to 50 interactors, and utilization of active experimental
sources as interaction inputs. To further indentify the most influential node in the network, genes were analyzed
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using and "CytoHubba” app in Cytoscape (edition 3.10.1). All 51 genes in the network was ranked by “Degree”
method.

Functional enrichment analysis

To identify genes that are closely correlated with MCM4, we exploited the "Similar Gene Detection" module of
GEPIA2. By inputting MCM4 as the gene of interest, we obtained a list of the top 100 genes that exhibited strong
correlation with MCM4 expression. In addition, we performed pairwise Pearson correlation analysis on the top
100 associated genes of MCM4, which led to the identification of 21 genes exhibiting a strong positive correla-
tion (R>0.7). Point plots were generated to visualize the correlation coeflicients (R) and corresponding P values.
Subsequently, we exploited the "GeneCorr" module available on the TIMER2 platform to generate heatmap that
included partial correlation coefficients (cor) and corresponding P values obtained from the Spearman rank
correlation test. Finally, we leveraged a Venn plot for cross-analysis to identify overlapping genes among the set
of interacting and relating genes.

We couducted functional enrichment analysis utilizing the Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Ontology (GO) databases®'®. We employed the R programming language and the ggplot2
and cluster packages to execute this analysis. Specifically, we utilized the cnetplot function to visualize the data
from the cellular component (CC), biological process (BP) and molecular function (MF) categories of GO, with
circular layout disabled (circular = F) and edge colors enabled (colorEdge =T). Additionally, we opted for node
labels to be displayed (node_label = T) for improved interpretability.

Survival analysis

We utilized the "survival plot" module supplied by GEPIA2%. The expression data were clustered into high and
low groups using a threshold-based method, where the threshold value was set at 50%. With the assumption that
the log-rank test was employed for survival analysis, we generated survival plots.

Receiver operating characteristic analysis

We initially obtained expression data from both normal and cancerous tissues from the TCGA and GTEx data-
bases and then conducted receiver operating characteristic (ROC) assays using the “R pROC” and “R ggplot2”
packages in R studio. This analysis involved calculating the area under the curve (AUC) scores.

Drug sensitivity analysis

GSCALite incorporates information on over 750 small-molecule medications from the GDSC and CTRP
databases!'?!. To evaluate the sensitivity of the MCM4 gene and its interactions with other genes in relation to
multiple anticancer drugs, GSCALite was used.

Data availability

In this study, publicly available datasets were analyzed. All data can be found: The UCSC XENA database (https://
xenabrowser.net/datapages/), the TCGA Pan-Cancer datasets (https://xenabrowser.net/), the Genotype-Tissue
Expression database (https://www.genome.gov/Funded-Programs-Projects/Genotype-Tissue-Expression-Proje
ct), the NCBI website (https://www.ncbi.nlm.nih.gov/), the MEGA11 software (https://megasoftware.net/), the
Human Protein Atlas database (https://www.proteinatlas.org/), the UALCAN portal (http://ualcan.path.uab.
edu/analysis-prot.html), the GEPIA2 database (http://gepia2.cancer-pku.cn/#index), the cBioPortal (https://
www.cbioportal.org/), the Tumor Immune Estimation Resource version 2 (TIMER2) (http://timer.cistrome.
org/), the STRING tool (https://string-db.org/) and the DepMap (Cancer Dependency Map) Portal (https://
depmap.org/portal/).

Received: 4 October 2023; Accepted: 16 March 2024
Published online: 18 March 2024

References
1. Pavlova, N.N,, Zhu, ]. & Thompson, C. B. The hallmarks of cancer metabolism: Still emerging. Cell Metabol. 34, 355-377 (2022).
2. Hanahan, D. Hallmarks of cancer: New dimensions. Cancer Discov. 12, 31-46. https://doi.org/10.1158/2159-8290.CD-1121-1059
(2022).
3. Zaimy, M. A. et al. New methods in the diagnosis of cancer and gene therapy of cancer based on nanoparticles. Cancer Gene
Ther. 24, 233-243 (2017).
4. Mun, E. ], Babiker, H. M., Weinberg, U,, Kirson, E. D. & Von Hoff, D. D. Tumor-treating fields: A fourth modality in cancer
treatment. Clin. Cancer Res. 24, 266-275 (2018).
5. Jiang, P. et al. Big data in basic and translational cancer research. Nat. Rev. Cancer 22, 625-639. https://doi.org/10.1038/s41568-
022-00502-0 (2022).
6. Bagaev, A. et al. Conserved pan-cancer microenvironment subtypes predict response to immunotherapy. Cancer Cell 39, 845-
865.6847 (2021).
7. Pan-cancer analysis of whole genomes. Nature 578, 82-93 (2020).
8. Qian, J. et al. A pan-cancer blueprint of the heterogeneous tumor microenvironment revealed by single-cell profiling. Cell Res.
30, 745-762 (2020).
9. Weinstein, J. N. et al. The cancer genome Atlas pan-cancer analysis project. Nat. Genet. 45, 1113-1120 (2013).
10. The Genotype-Tissue Expression (GTEx) project. Nat. Genet. 45, 580-585 (2013).
11. Remus, D. et al. Concerted loading of Mcm2-7 double hexamers around DNA during DNA replication origin licensing. Cell
139, 719-730 (2009).
12. Costa, A. et al. The structural basis for MCM2-7 helicase activation by GINS and Cdc45. Nat. Struct. Mol. Biol. 18, 471-477
(2011).
13. Li, N. et al. Structure of the eukaryotic MCM complex at 3.8 A. Nature 524, 186-191 (2015).

Scientific Reports |

(2024) 14:6517 | https://doi.org/10.1038/s41598-024-57299-1 nature portfolio


https://xenabrowser.net/datapages/
https://xenabrowser.net/datapages/
https://xenabrowser.net/
https://www.genome.gov/Funded-Programs-Projects/Genotype-Tissue-Expression-Project
https://www.genome.gov/Funded-Programs-Projects/Genotype-Tissue-Expression-Project
https://www.ncbi.nlm.nih.gov/
https://megasoftware.net/
https://www.proteinatlas.org/
http://ualcan.path.uab.edu/analysis-prot.html
http://ualcan.path.uab.edu/analysis-prot.html
http://gepia2.cancer-pku.cn/#index
https://www.cbioportal.org/
https://www.cbioportal.org/
http://timer.cistrome.org/
http://timer.cistrome.org/
https://string-db.org/
https://depmap.org/portal/
https://depmap.org/portal/
https://doi.org/10.1158/2159-8290.CD-1121-1059
https://doi.org/10.1038/s41568-022-00502-0
https://doi.org/10.1038/s41568-022-00502-0

www.nature.com/scientificreports/

14.

15.

16.
17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Hatoyama, Y. & Kanemaki, M. T. The assembly of the MCM2-7 hetero-hexamer and its significance in DNA replication. Biochem.
Soc. Trans. 51, 1289-1295 (2023).

Quan, Y. et al. Cell-cycle-regulated interaction between Mcm10 and double hexameric Mcm2-7 is required for helicase splitting
and activation during S phase. Cell Rep. 13, 2576-2586 (2015).

Li, J. et al. The human pre-replication complex is an open complex. Cell 186, 98-111.e121 (2023).

Chuang, C.-H. et al. Post-transcriptional homeostasis and regulation of MCM2-7 in mammalian cells. Nucleic Acids Res. 40,
4914-4924 (2012).

You, Z. & Masai, H. DNA binding and helicase actions of mouse MCM4/6/7 helicase. Nucleic Acids Res. 33, 3033-3047 (2005).
Ishimi, Y. A DNA helicase activity is associated with an MCM4, -6, and -7 protein complex. J. Biol. Chem. 272, 24508-24513
(1997).

You, Z. et al. Thymine-rich single-stranded DNA activates Mcm4/6/7 helicase on Y-fork and bubble-like substrates. EMBO J
22, 6148-6160 (2003).

Pei, L.-P,, Zhang, Y.-Z., Li, G.-Y. & Sun, J.-L. Comprehensive analysis of the expression and prognosis for MCM4 in uterine
corpus endometrial carcinoma. Front. Genet. 13, 890591 (2022).

Zhou, H. et al. Identification of MCM4 as a prognostic marker of hepatocellular carcinoma. BioMed Res. Int. 2021, 7479326
(2021).

Huang, X.-P. et al. MCM4 expression in esophageal cancer from southern China and its clinical significance. J. Cancer Res. Clin.
Oncol. 131, 677-682 (2005).

Liu, Q. et al. MCM4 is a novel biomarker associated with genomic instability, BRCAness phenotype, and therapeutic potentials
in soft-tissue sarcoma. Front. Cell Dev. Biol. 9, 666376 (2021).

Yang, S. et al. MCM4 is a novel prognostic biomarker and promotes cancer cell growth in glioma. Front. Oncol. 12, 1004324
(2022).

Wen, D.-Y. et al. Potential clinical value and putative biological function of miR-122-5p in hepatocellular carcinoma: A com-
prehensive study using microarray and RNA sequencing data. Oncol. Lett. 16, 6918-6929 (2018).

Watanabe, E., Ohara, R. & Ishimi, Y. Effect of an MCM4 mutation that causes tumours in mouse on human MCM4/6/7 complex
formation. J. Biochem. 152, 191-198. https://doi.org/10.1093/jb/mvs060 (2012).

Ishimi, Y. & Irie, D. G364R mutation of MCM4 detected in human skin cancer cells affects DNA helicase activity of MCM4/6/7
complex. J. Biochem. 157, 561-569. https://doi.org/10.1093/jb/mvv015 (2015).

Liu, Q. et al. MCM4 is a novel biomarker associated with genomic instability, BRCAness phenotype, and therapeutic potentials
in soft-tissue sarcoma. Front. Cell Dev. Biol. 9, 666376. https://doi.org/10.3389/fcell.2021.666376 (2021).

Tatsumi, R. & Ishimi, Y. An MCM4 mutation detected in cancer cells affects MCM4/6/7 complex formation. J. Biochem. 161,
259-268. https://doi.org/10.1093/jb/mvw065 (2017).

Shima, N. et al. A viable allele of Mcm4 causes chromosome instability and mammary adenocarcinomas in mice. Nat. Genet.
39, 93-98. https://doi.org/10.1038/ng1936 (2007).

Bagchi, S., Yuan, R. & Engleman, E. G. Immune checkpoint inhibitors for the treatment of cancer: Clinical impact and mecha-
nisms of response and resistance. Annu. Rev. Pathol. Mech. Dis. 16, 223-249 (2021).

Llovet, J. M. et al. Immunotherapies for hepatocellular carcinoma. Nat. Rev. Clin. Oncol. 19, 151-172 (2022).

Kennedy, L. B. & Salama, A. K. S. A review of cancer immunotherapy toxicity. CA Cancer J. Clin. 70, 86-104 (2020).
Christofides, A. et al. The complex role of tumor-infiltrating macrophages. Nat. Immunol. 23, 1148-1156 (2022).

Mao, X. et al. Crosstalk between cancer-associated fibroblasts and immune cells in the tumor microenvironment: New findings
and future perspectives. Mol. Cancer 20, 131 (2021).

Fu, C. & Jiang, A. Dendritic cells and CD8 T cell immunity in tumor microenvironment. Front. Immunol. 9, 3059 (2018).
Shima, N. et al. A viable allele of Mcm4 causes chromosome instability and mammary adenocarcinomas in mice. Nat. Genet.
39, 93-98 (2007).

Gineau, L. et al. Partial MCM4 deficiency in patients with growth retardation, adrenal insufficiency, and natural killer cell
deficiency. J. Clin. Investig. 122, 821-832 (2012).

Issac, M. S. M., Yousef, E., Tahir, M. R. & Gaboury, L. A. MCM2, MCM4, and MCM6 in breast cancer: Clinical utility in diagnosis
and prognosis. Neoplasia 21, 1015-1035 (2019).

Choy, B, LaLonde, A., Que, J., Wu, T. & Zhou, Z. MCM4 and MCM?7, potential novel proliferation markers, significantly cor-
related with Ki-67, Bmil, and cyclin E expression in esophageal adenocarcinoma, squamous cell carcinoma, and precancerous
lesions. Hum. Pathol. 57, 126135 (2016).

Xu, Y. et al. MCM4 in human hepatocellular carcinoma: A potent prognostic factor associated with cell proliferation. BioSci.
Trends 15, 100-106 (2021).

Ding, X., Duan, H. & Luo, H. Identification of core gene expression signature and key pathways in colorectal cancer. Front.
Genet. 11, 45 (2020).

Youns, M. et al. Celastrol modulates multiple signaling pathways to inhibit proliferation of pancreatic cancer via DDIT3 and
ATF3 up-regulation and RRM2 and MCM4 down-regulation. OncoTargets Ther. 14, 3849-3860 (2021).

Sheng, Y. et al. A critical role of nuclear m6A reader YTHDCI in leukemogenesis by regulating MCM complex-mediated DNA
replication. Blood 138, 2838-2852 (2021).

Xie, L., Li, T. & Yang, L. H. E2F2 induces MCM4, CCNE2 and WHSC1 upregulation in ovarian cancer and predicts poor overall
survival. Eur. Rev. Med. Pharmacol. Sci. 21, 2150-2156 (2017).

Gan, N,, Du, Y., Zhang, W. & Zhou, J. Increase of Mcm3 and Mcm4 expression in cervical squamous cell carcinomas. Eur. J.
Gynaecol. Oncol. 31, 291-294 (2010).

Watanabe, E., Ohara, R. & Ishimi, Y. Effect of an MCM4 mutation that causes tumours in mouse on human MCM4/6/7 complex
formation. J. Biochem. 152, 191-198 (2012).

Ishimi, Y. & Irie, D. G364R mutation of MCM4 detected in human skin cancer cells affects DNA helicase activity of MCM4/6/7
complex. J. Biochem. 157, 561-569 (2015).

Ishimi, Y., Komamura-Kohno, Y., Kwon, H.-J., Yamada, K. & Nakanishi, M. Identification of MCM4 as a target of the DNA
replication block checkpoint system. J. Biol. Chem. 278, 2464424650 (2003).

Ishimi, Y., Komamura-Kohno, Y., Karasawa-Shimizu, K. & Yamada, K. Levels of MCM4 phosphorylation and DNA synthesis
in DNA replication block checkpoint control. J. Struct. Biol. 146, 234-241 (2004).

Tatsumi, R. & Ishimi, Y. An MCM4 mutation detected in cancer cells affects MCM4/6/7 complex formation. J. Biochem. 161,
259-268 (2017).

Kudoh, A. et al. Phosphorylation of MCM4 at sites inactivating DNA helicase activity of the MCM4-MCM6-MCM?7 complex
during Epstein-Barr virus productive replication. J. Virol. 80, 10064-10072 (2006).

Ishimi, Y. & Komamura-Kohno, Y. Phosphorylation of Mcm4 at specific sites by cyclin-dependent kinase leads to loss of Mcm
4,6,7 helicase activity. J. Biol. Chem. 276, 34428-34433 (2001).

Hendrickson, M., Madine, M., Dalton, S. & Gautier, J. Phosphorylation of MCM4 by cdc2 protein kinase inhibits the activity
of the minichromosome maintenance complex. Proc. Natl. Acad. Sci. U. S. A. 93, 12223-12228 (1996).

Masai, H. et al. Phosphorylation of MCM4 by Cdc7 kinase facilitates its interaction with Cdc45 on the chromatin. J. Biol. Chem.
281, 39249-39261 (2006).

Scientific Reports |

(2024) 14:6517 |

https://doi.org/10.1038/s41598-024-57299-1 nature portfolio


https://doi.org/10.1093/jb/mvs060
https://doi.org/10.1093/jb/mvv015
https://doi.org/10.3389/fcell.2021.666376
https://doi.org/10.1093/jb/mvw065
https://doi.org/10.1038/ng1936

www.nature.com/scientificreports/

57.

58.

87.

88.
89.

90.

91.

92.

93.

94.

95.
96.

97.
98.

99.
100.
101.

Komamura-Kohno, Y. et al. Site-specific phosphorylation of MCM4 during the cell cycle in mammalian cells. FEBS J. 273,
1224-1239 (2006).

Jardim, D. L., Goodman, A., de Melo Gagliato, D. & Kurzrock, R. The challenges of tumor mutational burden as an immuno-
therapy biomarker. Cancer Cell 39, 154-173 (2021).

Pino, M. S. & Chung, D. C. The chromosomal instability pathway in colon cancer. Gastroenterology 138, 2059-2072 (2010).
Sheikine, Y., Kuo, F. C. & Lindeman, N. I. Clinical and technical aspects of genomic diagnostics for precision oncology. J. Clin.
Oncol. 35,929-933 (2017).

Ben-David, U. & Amon, A. Context is everything: Aneuploidy in cancer. Nat. Rev. Genet. 21, 44-62 (2020).

Fearon, E. R. Human cancer syndromes: Clues to the origin and nature of cancer. Science (New York) 278, 1043-1050 (1997).
Bartha, I, di Iulio, J., Venter, J. C. & Telenti, A. Human gene essentiality. Nat. Rev. Genet. 19, 51-62 (2018).

Imyanitov, E. & Sokolenko, A. Integrative genomic tests in clinical oncology. Int. J. Mol. Sci. 23, 13129 (2022).

Bakhoum, S. E & Cantley, L. C. The multifaceted role of chromosomal instability in cancer and its microenvironment. Cell 174,
1347-1360 (2018).

Schumacher, T. N. & Schreiber, R. D. Neoantigens in cancer immunotherapy. Science (New York) 348, 69-74 (2015).

Zhu, Y., Zhu, X,, Tang, C., Guan, X. & Zhang, W. Progress and challenges of immunotherapy in triple-negative breast cancer.
Biochimica et Biophysica Acta Rev. Cancer 1876, 188593 (2021).

Palmeri, M. et al. Real-world application of tumor mutational burden-high (TMB-high) and microsatellite instability (MSI)
confirms their utility as immunotherapy biomarkers. ESMO Open 7, 100336 (2022).

Bhinder, B, Gilvary, C., Madhukar, N. S. & Elemento, O. Artificial intelligence in cancer research and precision medicine. Cancer
Discov. 11, 900-915 (2021).

Llovet, J. M. et al. Hepatocellular carcinoma. Nat. Rev. Dis. Primers 2, 16018 (2016).

Thorsson, V. et al. The immune landscape of cancer. Immunity 48, 812-830.e814 (2018).

Chia, N. Y. & Tan, P. Molecular classification of gastric cancer. Ann. Oncol. 27, 763-769 (2016).

Derakhshan, F. & Reis-Filho, J. S. Pathogenesis of triple-negative breast cancer. Annu. Rev. Pathol. 17, 181-204 (2022).

Gay, C. M. et al. Patterns of transcription factor programs and immune pathway activation define four major subtypes of SCLC
with distinct therapeutic vulnerabilities. Cancer Cell 39, 346-360.e347 (2021).

Bayik, D. & Lathia, J. D. Cancer stem cell-immune cell crosstalk in tumour progression. Nat. Rev. Cancer 21, 526-536 (2021).
Bruni, D., Angell, H. K. & Galon, J. The immune contexture and Immunoscore in cancer prognosis and therapeutic efficacy.
Nat. Rev. Cancer 20, 662-680 (2020).

Gajewski, T. E, Schreiber, H. & Fu, Y.-X. Innate and adaptive immune cells in the tumor microenvironment. Nat. Immunol. 14,
1014-1022 (2013).

Cézar, B. et al. Tumor-infiltrating natural killer cells. Cancer Discov. 11, 34-44 (2021).

Hughes, C. R. et al. MCM4 mutation causes adrenal failure, short stature, and natural killer cell deficiency in humans. J. Clin.
Investing. 122, 814-820 (2012).

Orange, J. S. Unraveling human natural killer cell deficiency. J. Clin. Investig. 122, 798-801 (2012).

Biffi, G. & Tuveson, D. A. Diversity and biology of cancer-associated fibroblasts. Physiol. Rev. 101, 147-176 (2021).
Diaz-Moralli, S., Tarrado-Castellarnau, M., Miranda, A. & Cascante, M. Targeting cell cycle regulation in cancer therapy. Phar-
macol. Ther. 138, 255-271 (2013).

Gaglia, G. et al. Temporal and spatial topography of cell proliferation in cancer. Nat. Cell Biol. 24, 316-326 (2022).

Tang, D., Lotze, M. T., Kang, R. & Zeh, H. ]. Apoptosis promotes early tumorigenesis. Oncogene 30, 1851-1854 (2011).

Dang, C. V. MYC, metabolism, cell growth, and tumorigenesis. Cold Spring Harbor Perspect. Med. 3, 014217 (2013).

Liu, W. et al. IBS: An illustrator for the presentation and visualization of biological sequences. Bioinformatics (Oxford, England)
31, 3359-3361 (2015).

Tamura, K, Stecher, G. & Kumar, S. MEGA11: Molecular evolutionary genetics analysis version 11. Mol. Biol. Evol. 38, 3022-3027
(2021).

Li, T. et al. TIMER2.0 for analysis of tumor-infiltrating immune cells. Nucleic Acids Res. 48, W509-W514 (2020).

Tang, Z., Kang, B,, Li, C., Chen, T. & Zhang, Z. GEPIA2: An enhanced web server for large-scale expression profiling and inter-
active analysis. Nucleic Acids Res. 47, W556-W560 (2019).

Chandrashekar, D. S. et al. UALCAN: A portal for facilitating tumor subgroup gene expression and survival analyses. Neoplasia
(New York) 19, 649-658 (2017).

Chandrashekar, D. S. et al. UALCAN: An update to the integrated cancer data analysis platform. Neoplasia (New York) 25, 18-27
(2022).

Asplund, A., Edqvist, P.-H.D., Schwenk, ]. M. & Pontén, E. Antibodies for profiling the human proteome-The Human Protein
Atlas as a resource for cancer research. Proteomics 12, 2067-2077 (2012).

Shimada, K., Bachman, J. A., Muhlich, J. L. & Mitchison, T. J. shinyDepMap, a tool to identify targetable cancer genes and their
functional connections from Cancer Dependency Map data. eLife 10, €57116. https://doi.org/10.7554/eLife.57116 (2021).
Arnold, P. K. et al. A non-canonical tricarboxylic acid cycle underlies cellular identity. Nature 603, 477-481. https://doi.org/10.
1038/541586-022-04475-w (2022).

Gao, J. et al. Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci. Signal. 6,11 (2013).
Ru, B. et al. TISIDB: An integrated repository portal for tumor-immune system interactions. Bioinformatics (Oxford, England)
35, 4200-4202 (2019).

Franz, M. et al. GeneMANIA update 2018. Nucleic Acids Res. 46, W60-W64 (2018).

Szklarczyk, D. et al. The STRING database in 2023: Protein-protein association networks and functional enrichment analyses
for any sequenced genome of interest. Nucleic Acids Res. 51, D638-d646. https://doi.org/10.1093/nar/gkac1000 (2023).

Gene Ontology Consortium: going forward. Nucleic Acids Res. 43, D1049-1056 (2015).

Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27-30 (2000).

Liu, C.-]. et al. GSCALite: A web server for gene set cancer analysis. Bioinformatics (Oxford, England) 34, 3771-3772 (2018).

Author contributions

The authors collaborated on all aspects of this article, from conceptualization to writing. YX.L., WT.G., and Z.Y.
were instrumental in collecting and processing the data, while all authors worked together to draft the paper.
YX.L. and WT.G. organized and arranged the manuscript. YX.L and JJ.L made significant contributions to the
revision process, refining the content and ensuring its clarity. All authors have read and agreed to the published
version of the manuscript.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2024) 14:6517 |

https://doi.org/10.1038/s41598-024-57299-1 nature portfolio


https://doi.org/10.7554/eLife.57116
https://doi.org/10.1038/s41586-022-04475-w
https://doi.org/10.1038/s41586-022-04475-w
https://doi.org/10.1093/nar/gkac1000

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-57299-1.

Correspondence and requests for materials should be addressed to J.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:6517 | https://doi.org/10.1038/s41598-024-57299-1 nature portfolio


https://doi.org/10.1038/s41598-024-57299-1
https://doi.org/10.1038/s41598-024-57299-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Multi-omics pan-cancer analyses identify MCM4 as a promising prognostic and diagnostic biomarker
	Results
	Structural characteristics and phylogenetic tree of MCM4
	Differential expression of MCM4 in tumor and normal samples
	Gene mutation and protein phosphorylation of MCM4
	Molecular or immune subtypes of MCM4 in pan-cancer
	Correlations between MCM4 and immune infiltration in pan-cancer
	Functional enrichment of MCM4 across cancers
	Clinical value of MCM4

	Discussion
	Methods
	Molecular phylogenetic analysis
	Expression analysis of MCM4
	Cancer dependency analysis
	Genetic alternation analysis
	Protein phosphorylation analysis
	Molecular or immune subtypes of MCM4
	Immune infiltration analysis
	PPI network and GGI network analysis
	Functional enrichment analysis
	Survival analysis
	Receiver operating characteristic analysis
	Drug sensitivity analysis

	References


