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Abstract
MCM10 plays a vital role in genome duplication and is crucial for DNA replication initiation, elongation, and termination. It 
coordinates several proteins to assemble at the fork, form a functional replisome, trigger origin unwinding, and stabilize the 
replication bubble. MCM10 overexpression is associated with increased aggressiveness in breast, cervical, and several other 
cancers. Disruption of MCM10 leads to altered replication timing associated with initiation site gains and losses accompanied 
by genome instability. Knockdown of MCM10 affects the proliferation and migration of cancer cells, manifested by DNA 
damage and replication fork arrest, and has recently been shown to be associated with clinical conditions like CNKD and 
RCM. Loss of MCM10 function is associated with impaired telomerase activity, leading to the accumulation of abnormal 
replication forks and compromised telomere length. MCM10 interacts with histones, aids in nucleosome assembly, binds 
BRCA2 to maintain genome integrity during DNA damage, prevents lesion skipping, and inhibits PRIMPOL-mediated 
repriming. It also interacts with the fork reversal enzyme SMARCAL1 and inhibits fork regression. Additionally, MCM10 
undergoes several post-translational modifications and contributes to transcriptional silencing by interacting with the SIR 
proteins. This review explores the mechanism associated with MCM10’s multifaceted role in DNA replication initiation, 
chromatin organization, transcriptional silencing, replication stress, fork stability, telomere length maintenance, and DNA 
damage response. Finally, we discuss the role of MCM10 in the early detection of cancer, its prognostic significance, and 
its potential use in therapeutics for cancer treatment.
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Abbreviations
ATP	� Adenosine triphosphate
BRCA2	� Breast cancer gene 2
BrdU	� Bromodeoxyuridines
CAF-1	� Chromatin assembly factor 1
CCND1	� Cyclin D1
CDC	� Cell division cycle

CDK	� Cyclin-dependent kinases
Cdt1	� Chromatin licensing and DNA replica-

tion factor 1
Chk1	� Checkpoint kinase 1
CIN	� Chromosomal instability
CMG	� Cdc45-MCM2-7-GINS
CNKD	� Classical natural killer cell deficiency
CTD	� C-terminal domain
Ctf4	� Chromosome transmission fidelity 4
DH	� Double hexamers
DDK	� DBF4-dependent kinase
DDR	� DNA damage response
DSB	� Double-strand breaks
dsDNA	� Double-stranded DNA
ERK	� Extracellular signal-regulated kinase
EMT	� Epithelial-mesenchymal transition
GINS	� Go-ichi-ni-san (5–1-2–3 in Japanese, 

Sld5, and Psf1,2,3)
HSC	� Hematopoietic stem cell
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HP1	� Heterochromatin protein 1
ID	� Internal domain
IGF	� Insulin-like growth factor
MCM	� Minichromosome maintenance protein
MYCN(N-MYC)	� One of the Myc family protooncogene
NTD	� N-terminal domain
NER	� Nucleotide excision repair
NK cells	� Natural killer cells
ORC	� Origin recognition complex
OSCC	� Oesophageal squamous cell carcinoma
PCa 	� Prostate cancer
PCOS	� Polycystic ovarian syndrome
PIP	� PCNA interacting protein
pre-RC	� Pre-replication complex
PRIMPOL	� Primase and DNA-directed polymerase
RCM	� Restrictive cardiomyopathy
RECQ	� DNA helicase encoded by 

the RECQL4 gene
RTEL1	� Regulator of telomere length 1
RPA	� Replication protein A
RIF1	� Rap-interacting factor 1
ssDNA	� Single-stranded DNA
SIR	� Silent information regulators
SIRT1	� Sirtuin 1
SMARCAL1	� SW1/SNF-related, matrix-associated, 

actin-dependent regulator of chroma-
tin, subfamily A Like 1

1  Introduction

The genome duplicates in a highly regulated process during 
DNA replication, which occurs only once in a cell cycle [1, 
2]. During the G1 phase, as cells prepare to replicate their 
DNA, errors in copying the parental DNA strands can lead 
to mutations as a result of chromosomal breakage, rearrange-
ment, and missegregation of the genetic material. If DNA 
damage remains unrepaired, it can disrupt the process of 
DNA replication and trigger the activation of checkpoints 
[3, 4], which block cellular processes like DNA replication 
initiation. Consequently, this activates a DNA damage and 
repair response that provides protective benefits against dis-
eases like cancer [5].

The eukaryotic replicative DNA helicase, responsible for 
driving the genome duplication process, becomes activated 
upon the recruitment of several replication factors, includ-
ing CDC45, the mini chromosome maintenance protein 
2–7 (MCM2-7), and GINS. These factors come together to 
form the CMG complex, which, in the presence of ATP, 
initiates the process of origin melting [6, 7]. MCMs, being 
an integral part of the active replisomes in vivo, have been 
proposed as potential biomarkers in malignancy and dys-
plasia, highlighting their significance in identifying these 

conditions [8, 9]. Several hypotheses exist on how dysfunc-
tion of replication factors like the MCM proteins can lead to 
cancer due to chromosomal instability (CIN) and replication 
stress [10]. One member of the DNA replication-associated 
MCM family of proteins, MCM10, is involved in the forma-
tion of functional CMG complex and helps in the binding of 
DNA polymerase to replication forks [11, 12]. MCM10 is 
an evolutionarily conserved DNA-binding protein [11, 13, 
14], but its role has remained controversial [15–18]. It has no 
sequence homology with the MCM2-7 family members and 
was first isolated from Saccharomyces cerevisiae mutants 
that affect the stability of centromeric plasmids [13, 14, 
19]. The size of MCM10 proteins differs depending on the 
organism, from 571 amino acids in yeast to 874 in humans 
[20, 21] (Table 1). Structurally, it features distinct functional 
regions, including the N terminal domain (NTD), the C ter-
minal domain (CTD), and the Internal domain (ID). The ID 
contains two conserved motifs: a PCNA-interacting protein 
(PIP) box and an oligonucleotide/oligosaccharide-binding 
(OB) fold consistent with the ability to bind single-stranded 
DNA (ssDNA) [22]. The PIP box allows deubiquinated 
MCM10 to interact with PCNA, a critical factor for the pro-
cessivity of DNA polymerases during replication elongation 
and repair [23]. It also interacts with MCM2, MCM6, and 
origin recognition complex subunit 2 (ORC2). The ORC and 
CDC6 load Cdt1-bound hexameric complexes of MCM2-7 
onto the replication origins [24]. Studies from mammalian 
systems have shown that these interactions are regulated by 
proteolysis and phosphorylation in a cell cycle-dependent 
manner [20, 25].

In budding yeast, the MCM double hexamer (DH) activa-
tion occurs after the formation of the Cdc45-MCM-GINS 
(CMG) complex [7]. ATP binding nucleates origin DNA 
melting with the aid of the CMG complex and maintains 
replisome stability at initiation [7]. Ctf4/And1 bridges DNA 
polymerase alpha and the CMG helicase acts as a fork pro-
tection complex to ensure stability [26]. Studies from both 
budding and fission yeast indicate that Cdc45 and GINS can 
bind the origin DNA to form the CMG without MCM10, 
but the complex is only functional upon MCM10 bind-
ing, which is dependent on Cdc45 and CMG proteins like 
Sld2. This ultimately leads to the crucial role of MCM10 
in unwinding the dsDNA and manifesting in the form of 
replication initiation [12, 18, 27–31]. However, other stud-
ies from Xenopus, yeast, and mammalian cells show that 
MCM10 is required for the chromatin association of GINS 
and Cdc45 [15–17, 32–34]. This difference in opinion on 
MCM10 chromatin binding and its interdependency with 
Cdc45 and the GINS during the G1 phase can be explained 
by the fact that MCM10 recruitment might occur in two 
affinity modes: one in which loading of CMG happens with-
out MCM10 (low affinity, early G1 phase) and the other 
in which MCM10 recruitment happens followed by Cdc45 
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and CMG chromatin binding (high affinity, late G1/S-phase) 
[35]. Studies from Xenopus have shown that MCM10 coop-
erates with Cdc45 during elongation and is required for the 
stable association of Cdc45 with replication forks. Thus, 
MCM10 is the earliest detectable step in the activation of 
pre-RCs at the onset of DNA replication before Cdc45 load-
ing and independently of the DBF4-Cdc7 kinase and Cdk2 
during the G1/S transition [15]. These cell cycle checkpoint 
proteins ensure that origins are licensed before they can fire. 
MCM10 is important for DNA elongation and CMG helicase 
activity, overcoming replication blocks, and ensuring fork 
progression and stability as evident from studies in budding 
yeast [28, 30, 36, 37]. Its deficiency causes replication forks 
to stall during elongation, indicating that apart from the ini-
tiation of DNA synthesis at the origins of DNA replication, 
it is also required for strand elongation [14]. The stalling 
is probably due to unfired pre-RCs blocking replication 
fork progression [38, 39]. Support for the role of MCM10 
in elongation also comes from the genetic interactions of 
MCM10 with subunits of Pol α which primes the replication 
fork by synthesizing a short RNA primer and initiates short 
stretches of DNA along the lagging strand. Another protein, 
DNA2, acts as a quality control check during elongation, 
ensuring accurate copying of the DNA template by removing 
mistakes made by the polymerase [40–42]. In temperature-
sensitive mcm10 yeast mutants, depletion of MCM10 during 
the S phase results in the degradation of the catalytic subu-
nit of Pol α without affecting Cdc45, indicative of replica-
tion arrest [43]. As DNA synthesis continues, the replisome 
plays a crucial role in maintaining genomic integrity, thereby 
reducing replicative stress [30, 37, 44]. During replication, 
MCM10 acts as a crucial checkpoint to ensure DNA unwinds 

only once per cell cycle and thus prevents a second round 
of DNA replication [36]. Before S-phase, a double CMG 
complex forms, partially separating the DNA strands but 
not fully unwinding them as seen in yeast. MCM10 steps in 
upon S-phase transition, triggering the complete separation 
of the CMG complex into two individual units. This separa-
tion narrows the channel within the complex, forcing the 
ejection of the lagging strand template and initiating DNA 
unwinding. By regulating this process, MCM10 prevents 
unnecessary re-replication of chromosomes [45].

Studies from Xenopus also support the role of MCM10 
in the replication elongation step and the maintenance of 
genome integrity [30, 46, 47]. MCM10 might have a role in 
double-strand break (DSB) repair, an important mechanism 
for restoring damaged DNA, and was found along with the 
DSB response proteins NBS1 and ATM. Recruitment of 
Xenopus MCM10 (XMcm10) to origins requires the prior 
chromatin association of the XMcm2-7 complex, and in 
response to DSBs, MCM10 was shown to interact with the 
helicase Dna2 in complex with Ctf4 [46, 47]. MCM10-defi-
cient yeast cells are synthetically lethal with several mem-
bers of the DSB repair pathway [48]. In mammalian systems, 
it was shown to contribute to the maintenance of telomeres, 
the protective caps at the ends of chromosomes, thereby 
preventing chromosomal instability (CIN) and senescence 
[49]. MCM2-7 molecules are generally in excess to protect 
cells from replicative stress and license backup origins of 
replication [50]. Origins that fire later in the S-phase are 
prevented from firing early by the activation of the intra-S-
phase checkpoint. During cellular damage, MCM10 partici-
pates in the DNA damage response, assisting cells in coping 
with genotoxic stress in yeast and mammalian systems by 

Table 1   Overview of 
Minichromosome maintenance 
10 (MCM10)

MCM10

Aliases CNA43, DNA43, PRO2249, HsMCM10, IMD80, Cdc23
Latest human genome assembly GRCh38.p13
Size 875 amino acids
Molecular Mass 98183 Da
Interactions MCM2, MCM3, MCM4, MCM6, MCM7, CDC45, ORC2, RECQL4, 

WDHD1, ssDNA, DNA pol alpha, Mec3, CTf4/And1, Dna2, 
SIRT1, PCNA, HP1, Abp1, RTEL1, Sir2, Sir3, TopBP1, MRN 
complex (Mre11, Rad17 and Nbs1)

PTM’s Ubiquitination, Phosphorylation, Acetylation, SUMOylation
Subcellular localizations Nucleoli and Nucleoplasm
Cell cycle expressions Increases at the G1/S boundary

Decreases in late G2/M phase
Domains C terminal, N terminal and Internal domain

Zinc finger domain for ssDNA and dsDNA binding,
N-terminal coiled coil domain for homodimerization

Isoform 2 isoforms (Q7L590-1, Q7L590-2) produced by Alternative splicing
Disease involvement Classical Natural Killer Cell Deficiency (CNKD),

Restrictive Cardiomyopathy (RCM), and cancers
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firing dormant origins [36, 51]. In mammalian cells, this 
checkpoint inhibits the initiation of DNA replication at these 
origins after MCM10 loading but before the recruitment of 
Cdc45 and Ctf4/And1 to the replication fork, indicating 
checkpoint control of origin firing [52]. Studies from Dros-
ophila have implicated MCM10 in chromatin organization, 
contributing to the proper packaging of the genetic material 
[53]. Additional evidence comes from studies in budding 
yeast where it was shown to be involved in the distribution 
of silent information regulators (SIRs) like Sir2 on chroma-
tin, emphasizing its role in chromosome organization, and 
connecting DNA replication with higher-order chromatin 
structure [54]. Post-translational modifications like acetyla-
tion, ubiquitination, and SUMOylation play a pivotal role in 
fine-tuning MCM10’s activities and interactions with other 
proteins [25, 55, 56]. MCM10 also plays a role in regulating 
the phosphorylation of proteins within the DNA replication 
complex. For example, studies in Fission yeast have shown 
that MCM10 stimulates Hsk1/Cdc7-mediated phosphoryla-
tion of MCM2 and MCM4 [57]. MCM10 is thus a mul-
tifaceted protein whose classical functions discovered are 
mostly linked to DNA initiation function (Fig. 1), and some 
recently uncovered novel biological functions directly linked 
to human diseases are discussed in this review (Fig. 2).

2 � MCM10 in DNA replication initiation

During the G1 phase of the yeast cell cycle, a group of pro-
teins comprising the ORC complex and CDC6 loads Cdt1-
bound hexameric complexes of MCM2-7 onto the replica-
tion origins. This process is called “origin licensing” and 
signifies that origins are primed to fire during the S-phase 
[58]. In eukaryotes, replication is initiated from thousands 
of such licensed replication origins distributed through-
out the genome. During DNA replication, origins fire only 
once during the S-phase, and cells restrict the re-initiation 
of already fired origins by multiple mechanisms controlled 
by CDKs [59]. The association of Cdc45 with the MCM 
2–7 and the GINS complex is critical for CMG assembly 
[52] and forms the complex, which creates two replicative 
helicases positioned in a head-to-head orientation on double-
stranded DNA (dsDNA) as seen in budding yeast. MCM10 
is essential for the activation of these CMG complexes, ena-
bling it to encircle ssDNA and facilitate bidirectional DNA 
replication [60]. MCM10 binds to the forked junction and 
the N-terminal tier of CMG, causing CMG to release its 
hold on duplex DNA. This places CMG in a steric exclu-
sion mode, encircling ssDNA and freeing the lagging strand 
from the interior of the MCM2-7 ring. With this configu-
ration, CMG can bypass the impediment on the DNA and 
continue replication. Additional isomerization reactions 
involving MCM10 include the cracking open of the N-tier 

of the MCM2-7 ring to navigate the block and subsequent 
reclosure, as well as the potential opening of both N- and 
C-tiers to overcome obstacles without displacement as seen 
in budding yeast [37, 61].

Although CMG assembly can occur in the absence of 
MCM10 in budding yeast, DNA replication origin firing 
and the recruitment of replication protein A (RPA) to rep-
lication origins are compromised [18, 27, 29], implying 
that MCM10’s unwinding function occurs downstream of 
helicase assembly. MCM10 appears to have two potential 
mechanisms for activating CMG helicase. Firstly, it actively 
assists in converting the replicative helicase from a double 
to a single CMG complex stimulated by the activity of DDK 
[18], an observation also supported in mammalian cells [62, 
63]. Secondly, MCM10 stabilizes ssDNA due to its stronger 
affinity for unwound DNA and is thus crucial for fork stabil-
ity [34, 48, 64]. In addition, it maintains the replication bub-
ble by initially binding to ssDNA, and later it is displaced 
by RPA, which protects longer stretches of ssDNA and has 
a much higher affinity for ssDNA than MCM10 [22, 65]. In 
another study, it has been proven biochemically that MCM10 
is also capable of stripping the single-strand binding protein 
RPA and reannealing complementary DNA strands, a pro-
cess that is important for fork reversal and DNA unwinding 
[66]. In budding yeast mutants having a defective MCM10 
DNA binding domain, there is a significant decrease in RPA 
association at specific origin sequences, associated with 
a severe reduction in viability [34]. MCM10 stimulates 
MCM2 phosphorylation in vitro and allows CMG to melt 
long stretches of dsDNA, aiding in origin melting [60]. The 
presence of an intact MCM10 coiled-coil interaction surface 
at the NTD along with Ctf4 facilitates the oligomerization 
required for helicase assembly and DNA polymerase recruit-
ment to MCM2-7 [42, 67, 68].

MCM10 helps in bridging the crucial components of ori-
gin activation like the mammalian RECQ4 and MCM2-7 
helicases, which makes the MCM-RECQ4 complex essen-
tial for origin activation and influences normal cell cycle 
progression by ensuring robust origin firing [62, 63, 69]. In 
budding yeast, the temperature-sensitive dna43-1 (originally 
isolated mutant allele of MCM10) fails to replicate DNA at 
the restrictive temperature of 37 °C and causes cells to arrest 
[13]. Furthermore, the mcm10-1 allele in yeast also affects 
the frequency of DNA replication initiation and causes DNA 
replication forks to stall during elongation at origins that 
have not initiated [14]. Evidence from the following studies 
in fission yeast involving cdc23 (mutant allele of MCM10) 
indicates that MCM10 is an essential gene for proliferation 
as fungal spores failed to germinate displaying a cell cycle 
arrest phenotype [70]. Cdc23 also interacts with the CENP-
B homolog Abp1, indicating its role in the origin firing of 
centromeric repeats [71]. Interestingly, insights from two-
hybrid studies revealed that Rad4, a DNA repair protein 
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particularly involved in nucleotide excision repair (NER), 
interacts with MCM10, and deletion mapping studies indi-
cated that the C-terminus of MCM10 is important for repair. 
The rad4-116 allele was unable to associate MCM10 with 
the replication origin at a restrictive temperature, leading to 
replication arrest; hence, MCM10 plays an important role 
in replication restart post-DNA damage repair [72]. The fact 
that MCM10 is also essential during the elongation process 
was shown by a hydroxyurea block experiment, in which 
cells that retain chromatin-bound Cdc45 are incapable of 

completing DNA replication in the absence of Cdc23 [16]. 
Thus, MCM10 is required in multiple aspects of the DNA 
replication process (Fig. 1, Table 1).

In a recent study using budding yeast, the function of 
MCM10 in the transition of CMG mode-switching between 
ssDNA and dsDNA was examined. MCM10 preserves the 
CMG complex on DNA and significantly enhances the 
CMG transition by facilitating its loading onto ssDNA [61]. 
Without MCM10, most CMGs dissociated from DNA after 
the collapse of the fork junction, leading to a significant 

Fig. 1   Classical functions of MCM10. The classical functions of 
MCM10 are broadly depicted under DNA replication, DNA damage 
repair, and post-translational modifications (grouped as white boxes), 
which are also under cell cycle regulation (represented at the center). 
MCM10 is required for DNA replication initiation. MCM10 helps 
in the recruitment and assembly of the CMG complex (comprising 
Cdc45, MCM2-7 helicase, and GINS) to the origin DNA bound by 
the ORC complex, Cdc6, and Cdt1. It is crucial in DNA unwinding, 
helicase activation, and single-stranded binding proteins (SSB). It 
also helps in loading the polymerase, taking part in elongation and 

maintaining the replication bubble. MCM10 plays a significant role 
in DNA damage repair. It monitors fork stability and interacts with 
MCM7 in fork stalling post-DNA damage. MCM10 interacts with 
members of the MRN complex (Mre11, Rad50, and Nbs1). It binds 
the silent information regulators Sir2 and Sir3 and plays a role in 
chromatin remodeling, which is a prerequisite for DNA damage 
repair. MCM10 undergoes post-translational modifications. MCM10 
undergoes cell cycle-dependent post-translational modifications like 
ubiquitination, phosphorylation, SUMOylation, and acetylation to 
perform its multifaceted functions. References are given in brackets
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decrease in mode-switching probability. This indicates that 
it plays a crucial role in stabilizing the CMG complex by 
enhancing CMG’s affinity for DNA [37]. Truncated versions 
of Mcm10, specifically Mcm10-N terminal and Mcm10-C 
terminal deletions, demonstrated different abilities to sup-
port CMG mode switching, correlating with cellular viabil-
ity. Interestingly, the C-terminal domain, a unique feature of 
MCM10 in higher eukaryotes, is lacking in yeast [73]. This 
highlights the importance of specific domains of MCM10 
in regulating CMG function among diverse groups of organ-
isms. MCM10 has the unique ability to bind to the DH heli-
case even before the recruitment of firing factors, potentially 
facilitating the immediate activation of the CMG complex 

as a result of strong affinity for ssDNA [74]. Although 
the exact order and timing of firing factor release remain 
unknown, MCM10 is implicated in the elongation phase of 
DNA replication, indicating that it may remain bound to the 
active helicase during this stage. Additionally, the crossing 
of CMG complexes in an “N-terminus first” manner ensures 
the complete unwinding of the origin DNA and aids in coor-
dinating the assembly of the two leading strand replisomes. 
This coordination is crucial for efficient and accurate DNA 
replication as observed in both the yeast and mammalian 
systems [34, 74].

MCM10 has been implicated in multiple functions dur-
ing replication initiation, and two major mechanisms have 

Fig. 2   Novel functions of MCM10. The novel functions of MCM10 
are broadly grouped under diseases concerning human health, chro-
matin organization, fork stability, and telomere maintenance (grouped 
as white boxes). MCM10 is associated with clinical conditions. 
MCM10 regulates replication timing, and overexpression is linked 
to the aggressiveness of cancer. Mutants of MCM10 are associated 
with clinical conditions like restrictive cardiomyopathy (RCM) and 
classical natural killer cell deficiency (CNKD). MCM10 is required 
for chromatin organization. It interacts with the histone subunits 

H3 and H4 and the heterochromatin protein 1 (HP1), showing links 
with chromatin organization. MCM10 in telomere length mainte-
nance. It interacts with RTEL1 to maintain telomere length and con-
fer telomere stability. MCM10 is essential for fork-related functions. 
MCM10 exhibits potent strand annealing activity and inhibits fork 
regression with the help of SMARCAL1. During DNA damage, it 
inhibits PRIMPOL-mediated repriming and lesion skipping. MCM10 
is also involved in replication termination and double hexamer split-
ting. References are given in brackets
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been proposed to explain its actions in budding yeast like 
the regulation of CMG activity and recruitment of other pro-
teins to replication forks (Fig. 1). Firstly, MCM10 interacts 
with the CMG complex and has been proposed to stabilize 
the helicase, promote DNA unwinding, and coordinate rep-
lication fork progression [37, 61, 74]. Secondly, MCM10 
has been implicated in recruiting other proteins to the rep-
lication forks. This is shown by the ability of MCM10 to 
interact with and recruit factors such as DNA polymerases, 
helicases, PCNA, and DNA repair proteins to the replica-
tion machinery. MCM10 also exhibits genetic interactions 
with several DNA replication elongation factors, including 
Cdt1 [40, 75]. These interactions facilitate the coordination 
of various enzymatic activities at the replication fork and 
ensure proper DNA replication and repair processes [23], 
observations which are also supported by studies in Xeno-
pus [73, 76]. By combining these two mechanisms, MCM10 
emerges as a critical player in regulating DNA replication 
initiation and fork progression.

3 � MCM10 in the regulation of replication 
timing

Earlier studies from fission yeast and mammalian cells 
have shown that DNA replication is heterogeneous across 
the S-phase and exhibits a stochastic mode of origin fir-
ing [77–79]. Aberrant MCM10 function has been linked to 
replication timing alterations, highlighting its indispensable 
role in establishing and maintaining the order of DNA rep-
lication. MCM10’s involvement in DNA unwinding and its 
interaction with other replication proteins could indirectly 
influence origin selection. By affecting the efficiency or tim-
ing of origin firing, MCM10 contributes towards determin-
ing which origins are activated first during S-phase. Since 
certain origins fire early, others fire late during the S-phase. 
Our previous study with budding yeast showed that DNA 
origin firing efficiency depends on the number of MCM 
hexamers loaded onto the origins of DNA replication. Fur-
ther, we showed that mutations in the MCM binding domain 
severely reduced MCM association with the origin DNA 
and altered the replication timing profile [80]. This observa-
tion is supported by recent studies on the replication timing 
of 184 cell lines from 3 cell types, which uncovered muta-
tions in 2 genes that consistently resulted in altered replica-
tion timing [81]. The first gene identified was RIF1 (Rap-
interacting factor 1), a known replication timing regulator, 
while the second gene was MCM10. Mutation of MCM10 
is associated with replication delay and initiation site gains 
and losses, clearly indicating its role in the regulation of 
replication timing in mammalian cells [81]. Thus, MCM 
complex depletion affects replication origin activity and 
chromosomal translocation and disrupts global replication 

timing [81–83] (Fig. 2). Notably, similar replication timing 
aberrations were not observed in cells mutated for other cen-
tral components of the DNA replication initiation machin-
ery, such as GINS4 and RECQL4. The replication timing 
phenotype of mcm10 cells therefore appears to exhibit a high 
level of specificity, in line with the diverse roles of MCM10 
in stabilizing the CMG helicase complex and the replisome 
[81]. A study on breast cancer cell lines showed an increase 
in cell proliferation following MCM10 overexpression which 
hints at a potential link between MCM10 and replication 
timing. While the exact mechanism remains elusive, several 
possibilities emerge. Overexpressed MCM10 could accel-
erate S-phase [5] leading to faster cell division. Alterna-
tively, it might increase the number of replication origins 
initiated, thereby influencing replication fork distribution. 
Furthermore, the accelerated replication process induced by 
MCM10 overexpression could potentially generate replica-
tion stress, prompting cellular responses that might include 
alterations in replication timing. These indirect effects on 
epigenetic modifications cannot be ruled out, as these factors 
are known to influence replication timing [5]. In summary, 
while MCM10’s primary function is in DNA unwinding dur-
ing S-phase, emerging evidence suggests its broader involve-
ment in replication timing and potentially in origin selection.

4 � MCM10 in chromatin organization 
and transcriptional silencing

MCM protein’s role in chromatin organization is evidenced 
by studies involving Drosophila, mice, zebrafish, yeast, and 
Xenopus. Members of the MCM family promote stem cell 
differentiation through their ability to bind to nucleosome 
components, including the core histones H3 and H4, and 
this direct interaction of the MCM protein with chroma-
tin is facilitated by the parental histone transfer to daughter 
chromosomes during DNA replication as evidenced from 
studies in mice [84]. Loss of MCM10 was recently shown to 
affect hematopoietic stem cell (HSC) emergence in zebrafish 
embryos signifying the importance of MCM10 in HSC 
development [85]. In Arabidopsis, MCM10 (AtMCM10) 
was shown to directly bind to histone H3-H4 and promote 
nucleosome assembly [86]. As in Xenopus, where it is not 
required for bulk DNA replication [44], it is also not essen-
tial for plant growth and development [86]. However, the 
loss of both AtMCM10 and the histone chaperone CAF-1 is 
lethal and hence absolutely needed for replication-coupled 
nucleosome assembly [86]. Thus, MCM10 plays a major role 
in chromatin organization, as its depletion has been shown to 
result in chromatin condensation and loss of DNA content in 
Drosophila [87]. One such study that points towards a role in 
chromatin organization reported that MCM10 and Sirtuin 1 
levels affect origin activation and replication fork velocity. 
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Sirtuin 1 regulates MCM10 acetylation, and its concentra-
tion might modulate MCM10 levels. Furthermore, deple-
tion of Sirtuin 1 by siRNA resulted in an increased level of 
MCM10 and chromatin binding activity in mammalian cells 
[88] indicating that Sirtuin-dependent acetylation might 
modulate MCM10 binding (loading and unloading) to the 
chromatin. It was observed that budding yeast cells carrying 
the mcm10 mutation exhibit a loss of chromosome integrity 
when attempting DNA replication at non-permissive tem-
peratures. Interestingly, the double mutant containing both 
the mcm10-1 and cdc47-1 (mcm7-1 allele) restores the inter-
action between MCM10 and MCM7, thereby correcting the 
defects observed in each single mutant, such as stalling of 
replication forks at origins [21]. The ability of budding yeast 
MCM10 to bind to the DNA sliding clamp indicates that it 
enhances protein–protein interactions during the pre-repli-
cation complex (pre-RC) and its transition to the elongation 
stage [89]. During the G1 phase, MCM10 exhibits weak 
loading onto the DHs, and as the cell enters the S phase, the 
connection between MCM10 and DHs strengthens, coincid-
ing with the increased recruitment of CDC45 [35, 90]. In 
vitro studies using yeast extract have shown that MCM10 
directly interacts with Cdc45 and recruits it to the MCM2-7 
complex [34] an observation also supported by mammalian 
studies [91]. Budding yeast MCM10 binds to the N-terminal 
domains of MCM2, MCM4, and MCM6 within the replica-
tion machinery, and it is essential for the proper regulation 
of helicase activity. In vivo DH-splitting assays have dem-
onstrated that the interaction between MCM10 and DH is 
vital for helicase separation, during initiation, which in turn 
correlates with relatively slow S-phase progression in the 
absence of MCM10 [90].

In Xenopus, MCM10 interacts with MCM2-7 through its 
C-terminal domain (CTD), which is necessary to recruit and 
activate the helicase complex. Homologous regions of the 
MCM10 protein from other organisms are clustered in the 
CTD, and NTD regions, suggesting the presence of struc-
tured domains connected by the highly conserved IDs [73]. 
This modular architecture of MCM10, with distinct domains 
for dimerization and interactions with DNA and DNA poly-
merase α-primase, likely enables efficient coordination of 
MCM10’s biochemical activities within the replisome [73]. 
Functionally, the CTD, similar to the NTD, facilitates inter-
actions with DNA and Pol-α, and their combined utilization 
enhances the binding affinity of MCM10 to DNA [73, 91]. 
In budding yeast, the zinc finger motif is required for self-
interaction to form homo complex assembly, which might 
provide the structural basis for interaction with the MCM2-7 
complex [92]. Interestingly, yeast homologs lack the major 
C-terminal region, which indicates that the NTD and ID are 
responsible for the essential functions of MCM10 in lower 
organisms [93]. Additionally, MCM10 was shown to play 
a role in nuclear localization, though the exact mechanism 

remains unclear [94]. In budding yeast, the short CTD of 
MCM10 interacts with MCM2 and MCM6, but this region is 
not conserved in higher eukaryotes [35, 90]. MCM10 CTD 
in Drosophila is known to interact with the heterochromatin 
protein 1a (HP1a) and is involved in chromatin condensation 
and precisely controlled cellular processes, like cell cycle 
regulation and differentiation. Knockdown of either HP1 
or MCM10 activates the G1 checkpoint [53] and has been 
shown to result in semi-lethality in Drosophila [95].

Chromatin silencing plays a crucial role in regulating the 
transcript levels of cells as evidenced from studies in bud-
ding yeast. Transcriptional silencing occurs at the silent mat-
ing type loci HML, HMR, and the yeast telomeres. MCM10 
plays a role in the maintenance but not in the establishment 
of the silent loci at HML in the budding yeast Saccharomy-
ces cerevisiae. Silencing of the expression of genes coding 
Uracil (URA3) and Adenine (ADE2) reporter genes inserted 
into telomeric and HMR loci is significantly reduced in two 
recessive alleles of MCM10 [96], indicating a defect in the 
maintenance or inheritance of telomeric silencing. MCM10 
has been found to interact with members of the silent infor-
mation regulators (SIR), Sir2 and Sir3, confirming that it 
plays a functional role at the cryptic mating-type loci in 
yeast, and these interactions with the SIR proteins promote 
transcriptional silencing [97]. MCM10 is necessary for the 
coupling of replication and the silencing machinery via the 
short C-terminal domain, and studies from yeast have indi-
cated that the silencing function of MCM10 is separate from 
its replication function [54].

5 � MCM10 in genome amplification 
and telomere maintenance

Gene amplification is a common phenomenon in cancers, 
characterized by an increase in the copy number of a specific 
region of a chromosome arm which leads to the overexpres-
sion of genes [98]. In several cancers, amplification of the 
MCM10 gene is observed [56, 99–102], which is responsi-
ble for the overexpression phenotype and might also alter 
the CMG or replisome function [103]. Elevated levels of 
MCM10 can disrupt normal DNA replication processes, 
leading to accelerated DNA synthesis and cell proliferation 
[104]. Additionally, increased MCM10 expression can cause 
aberrant replication fork dynamics, promoting genomic 
instability [56], which in turn can lead to uncontrolled cell 
proliferation and tumorigenesis [105].

Recent studies from mammalian cells indicate the critical 
role of MCM10 in maintaining telomere length. Chronic 
MCM deficiency is associated with defects in telomere 
maintenance leading to telomere erosion, which is directly 
linked to aging [49]. In HCT116 (human colorectal carci-
noma cell line) MCM10 mutants, shorter telomeres were 
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observed compared to the wild-type samples. MCM10 
mutants utilize the repair protein MUS81 to process stalled 
replication forks and improve cell survival [49]. MCM10 
also interacts with the regulator of telomere length 1 
(RTEL1), an essential DNA helicase involved in mamma-
lian telomere replication, and promotes the progression of 
stalled forks, especially during termination [49, 76]. Recent 
reports point towards a link between compromised replisome 
machinery and inherited cardiomyopathy. Patients with bi-
allelic MCM10 variants suffered from the clinical condition 
restrictive cardiomyopathy (RCM) [49]. Biallelic mutations 
of MCM10 were associated with a significant reduction in 
proliferation rates caused by a decrease in active replication 
forks, eventually leading to increased cell death irrespective 
of the cell type [49].

6 � MCM10 in DNA replication stress, fork 
stability, and damage response

DNA replication stress involves the stalling or slowing of 
replication due to various mechanisms interfering with the 
normal replication process that leads to fork collapse and 
DNA strand breaks as evidenced by the studies in mamma-
lian cells [51, 106]. Lesions occurring during DNA replica-
tion have been shown to generate mutations, copy number 
changes, and chromosomal rearrangements associated with 
cancer development [107]. The MCM complex is impor-
tant in influencing the ability to replicate genetic material, 
respond to DNA damage, and interact with elements of DNA 
repair pathways in mammalian cells [108]. It is degraded 
through the Cul4-DDB1-VprBP ubiquitin ligase complex as 
a consequence of UV stress-induced proteolysis [109]; how-
ever, in another study, endogenous MCM10 of Xenopus was 
found to be stable in egg extracts, even in the presence of 
active DNA damage signaling [110]. This might be because 
the degradation complex is active later in the developmen-
tal phase. In reaction to replication stress induced by UV 
irradiation, budding yeast MCM10 was shown to interact 
with the Mec3 subunit of the 9–1-1 clamp, probably hav-
ing a role in DNA repair or replication fork restart [89]. In 
response to replication stress like UV, many checkpoint and 
repair pathways are activated to maintain genomic stability 
[111], and mcm10 mutants are synthetically lethal in combi-
nation with the DNA replication checkpoint mutant rad53-1 
[40]. Recent experimentation in budding yeast has shown 
that Rad53 phosphorylation of MCM10 leads to reduced 
fork rate under certain conditions, indicating that MCM10 
functionality is under the control of the cell cycle check-
point [112]. Inactivation of MCM10 in these cells during 
the S phase leads to loss of chromosome integrity, and the 
absence of S-phase checkpoint function leads to catastrophic 

mitosis. These findings indicate that mcm10 cells rely on 
a checkpoint mechanism to preserve genetic stability [40].

A key telomere-associated protein, the Regulator of Tel-
omere Elongation Helicase 1 (RTEL1), and MCM10 play 
a crucial role in promoting the progression of stalled forks 
during termination as a result of stress in Xenopus [76]. 
In budding yeast, CMG ubiquitination is blocked in the 
absence of MCM10, a signal required for replication ter-
mination and CMG disassembly [55]. Further studies from 
mammalian cells have shown that MCM10 associated with 
self-ubiquitination initiates degradation before the onset of 
mitosis to prevent aberrant initiation of DNA replication 
[113] (Fig. 1). Recently, it has been shown that pathogenic 
mutations associated with DNA replication genes can lead to 
classical natural killer cell deficiency (CNKD), pointing to a 
potential link between DNA replication and NK cell devel-
opment [106, 114]. MCM4, GINS, and MCM10 are affected 
in individuals with CNKD, suggesting that the disease is 
caused by defects in origin licensing or firing [115]. Specific 
bi-allelic variations in MCM10 lead to the premature dif-
ferentiation arrest of distinct cardiac and immune cell line-
ages, contributing to the clinical phenotype seen in CNKD 
patients [49]. Also, this NK cell deficiency has been linked 
to compound heterozygous variants of MCM10. A recent 
study identified patients with significant decreases in func-
tional MCM10 due to these variants. MCM10 haploinsuffi-
ciency in induced pluripotent stem cell (iPSC) lines demon-
strated impaired clonogenic survival and increased genomic 
instability, including micronuclei formation and telomere 
erosion. These defects were correlated with reduced yields 
of hematopoietic stem cells (HSCs) and impaired NK cell 
differentiation [116]. The human germline MCM10 variants 
were also observed in restrictive cardiomyopathy (RCM) 
associated with thymic and splenic hypoplasia, emphasiz-
ing the clinical significance of DNA replication-associated 
proteins in stress [49] (Fig. 2).

Genomic instability has been demonstrated to increase 
mammalian cellular heterogeneity, resulting in aggres-
sive tumor behavior [117]. BRCA2, a tumor suppressor 
protein crucial for maintaining genome integrity through 
its interaction with MCM10, inhibits lesion skipping and 
primase polymerase-mediated repriming to control fork 
progression post-DNA damage [118] in mammalian cells. 
MCM10 recruits BRCA2 upon stalling DNA polymerase 
epsilon at DNA lesions (stalled forks) and inhibits PRIM-
POL-mediated repriming, thereby restraining fork progres-
sion and preventing ssDNA gap formation (Fig. 2). Loss 
of the association between MCM10 and BRCA2 leads 
to unrestrained fork progression after DNA damage, and 
depletion of MCM10 leads to reduced DNA synthesis 
and slower replication fork progression, as determined by 
BrdU incorporation and DNA combing [118]. Previous 
studies using mammalian cells demonstrated an increased 
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expression of MCM10 during the G1/S transition and a 
decreased expression level of MCM10 in the G2/M phase 
of the cell cycle, which indicates that MCM10 is depleted 
post-genome duplication [113, 119]. Reduction of MCM10 
in S-phase results in prolonged DNA synthesis as there is 
inhibition of new origin firing [75]. MCM10 is required 
for replication fork elongation and replisome stability, and 
it interacts with the members of the MRN complex, the 
S-phase checkpoint kinases ATM and ATR to avoid repli-
cation catastrophe in the event of DNA damage in Xeno-
pus [120, 121]. MCM10 was also found to be essential for 
the peri-implantation development of the mouse embryo 
since its absence leads to defective cellular proliferation, 
which underlies developmental failure [122]. MCM10 
knockdown also activates the G2 checkpoint (comprising 
Chk1 and Cdc25). This arrest of the cell cycle and pro-
longed depletion lead to DNA damage followed by cell 
death [121]. Additionally, MCM10 deficiency reduces the 
activity of the DNA polymerase subunit p180, leading to 
a delay in S-phase entry [120]. Loss of both Mcm10 and 
p180 in HeLa cells was shown to inhibit S phase entry 
and accumulation of cells in late S/G2 due to DNA dam-
age, triggering apoptosis in a subset of cells. Interest-
ingly, similar studies in Drosophila embryonic cells did 
not result in a similar arrest, suggesting differences in cel-
lular responses between organisms [120]. On the other 
hand, overexpression of MCM10 induces enhanced prolif-
eration by activating the replicative complexes, resulting 
in decreased DNA replication accuracy and an increase in 
single-strand DNA accumulation. Excess ssDNA activates 
the DNA damage response (DDR) pathway, recruiting sev-
eral proteins that drive uncontrolled cell cycle progres-
sion in mammalian cells [123, 124]. To counter replica-
tion stress, the SUMOylated MCM10 variant rs2274110, 
located at the 15th exon of MCM10, is found to be overex-
pressed in oesophageal squamous cell carcinoma (OSCC) 
[56]. Aberrant overexpression of MCM10 facilitates can-
cer cells’ proliferation and metastatic abilities by induc-
ing DNA over-replication and genomic instability [56]. In 
budding yeast loss of MCM10 can indeed result in repli-
some instability and DNA damage, which require DSB 
repair. In cases where the DNA damage response check-
points are compromised or unable to efficiently repair, the 
breaks can persist and contribute to a severe form of fork 
collapse, leading to irreversible replication and fork fail-
ure [125]. MCM10 inhibits fork regression by binding the 
fork reversal enzyme SMARCAL1 to the fork junction or 
helps to reanneal unwound nascent strands to their parental 
template [126]. Interestingly, in MCM10 deficient fission 
yeast cells, the pre-initiation complex is formed, but DNA 
unwinding does not occur, which is required for replica-
tion fork assembly. These findings imply that MCM10 

self-interaction might directly influence DNA replication 
[127].

7 � MCM10 in disease, cancer diagnostics, 
and therapeutics

One of the early events during cancer development in 
mammalian cells is the accumulation of genomic instabil-
ity among healthy cells, and MCM10 plays a crucial role 
in its progression [117]. It has been reported that MCM10 
controls prostate cancer’s progression by regulating several 
biological processes, including cell death and apoptosis 
[128]. MCM10 controls the cell cycle by regulating the 
expression of genes that are essential for DNA replication 
and cell division. It enhances tumorigenic characteristics in 
non-tumorigenic mammary cells through increased prolif-
eration and a shortened cell cycle [129]. In such cells, mes-
enchymal markers are affected, including the up-regulation 
of Vimentin, the transcription factors Snail and Twist2, 
and the down-regulation of the tumor suppressor protein 
E-cadherin, which are part of the complex process of cancer 
progression and metastasis. Elevated MCM10 expression in 
normal epithelial cells leads to increased mRNA levels of 
the transcription factors Snail and Twist2, along with ele-
vated phospho-AKT(ser473) and phospho-Gsk-3beta levels, 
which indicates MCM10’s role in cancer development [5]. 
This is supported by the fact that phosphorylation of AKT, 
GSK3β, and Snail promotes tumorigenesis, particularly 
in squamous cell carcinoma and breast cancer [130, 131]. 
Additionally, increased accumulation of ssDNA has been 
correlated with overexpression of MCM10, as evidenced 
by enhanced expression of ATR and CHK1 proteins which 
are the downstream targets of ssDNA [5]. Recently, it was 
shown that increased c-Myc activity is a major factor of 
DNA replication stress in breast cancer stem cells and that 
MCM10 is a c-Myc-dependent firing factor [51]. c-Myc is 
induced by the expression of the E2F1 and E2F2 genes and 
can indirectly promote MCM expression [132]. Similarly, 
MYCN (N-MYC), another MYC family of proto-oncogenes, 
was shown to be involved in the regulation of the MCM10 
protein [132] possibly via the E2F/pRB pathway, which 
induces the expression of MCM10 in the human colorectal 
carcinoma cell line HCT116 [133, 134]. In neuroblastoma, 
a strong correlation was observed between MCM10 and 
N-MYC expression with accompanying promoter binding 
[132]. All these observations point towards the role of these 
protooncogenes in regulating MCM10 expression. The Wnt/
β-catenin signaling pathway is critical in cell proliferation 
and differentiation and contributes to the progression of can-
cer. Wnt signaling controls the G1-S phase transition, which 
leads to genome duplication and mitosis. Increased levels of 
β-catenin could potentially stimulate the transformation of 
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normal cells into a cancerous state by inducing the expres-
sion of the Cyclin D1 gene (CCND1), leading to unregu-
lated cell cycle progression [135]. Interestingly, among the 
MCM10 knockout group, substantial downregulation was 
observed in cyclin D1 levels responsible for the G1/S transi-
tion, which indicates that reduced expression of this cyclin 
might leads to a cell cycle arrest phenotype. Analyzing the 
expression levels of both MCM10 and CCND1 could serve 
as a valuable prognostic indicator for early-stage lung cancer 
[136].

Recent studies have shown MCM10 to be overexpressed 
in various cancer tissues, including the ovarian, breast, pan-
creas, prostate, bone, brain, and lung [101, 102, 128, 132, 
137, 138] (Fig. 3). Overexpression of MCM10 can up-reg-
ulate the DNA damage response during the early stages of 
cancer, and recent studies have investigated the link between 
MCM10 expression and the aggressiveness of breast and 
cervical cancer [5, 139]. In addition, elevated MCM10 levels 
were found to correspond to increased genomic amplifica-
tion in cancer cells [25, 140, 141]. Breast cancer patients 
expressing a lower level of MCM10 had significantly longer 
survival than those patients whose tumors expressed a higher 
level of MCM10 [5], indicating that MCM10 levels are 
linked to tumor progression. All the above findings imply 

that MCM10 expression correlates with cancer progres-
sion and defines the aggressiveness of cancer. Recently, 
insulin-like growth factors (IGFs) have been shown to play 
significant roles in mammalian growth, development, aging, 
and disease processes [142]. Current research indicates that 
MCM10 is regulated by IGF-1, and dysregulated IGF signal-
ing can contribute to malignant transformations leading to 
the advancement of tumors [128, 142, 143]. MCM10 expres-
sion can also be influenced by microRNA like miR-146-5p, 
known for its involvement in the regulation of cancer gene 
expression such as CXCL8 and UHRF1. miR-146-5p may 
target specific mRNA molecules that modulate the levels of 
proteins, including those related to DNA replication [144]. 
In addition, it also sheds light on the possible mechanisms of 
action and regulation of different pathways that lead to tumo-
rigenesis. In liver cancer, MCM10 is known to be one of 
the genes related to clonal expression and shows poor prog-
nosis [145–147], and patients with lung adenocarcinoma 
were shown to have considerably higher MCM2, MCM4, 
and MCM10 mRNA expression [148]. In the neuroblastoma 
cell line IMR32, the overexpression of DAX1 (an orphan 
nuclear receptor that is induced by the EWS/FLI1 oncopro-
tein, which is highly expressed in Ewing’s tumor), leads to 
a substantial increase in the expression of MCM10, which 

Fig. 3   Schematic representa-
tion of MCM10 overexpression 
in different types of cancer. 
MCM10 overexpression is a 
promising biomarker for cancer 
diagnosis, prognosis, and is 
a potential therapeutic target. 
Elevated MCM10 levels in 
specific cancer types could aid 
in identifying high-risk patients, 
facilitating early detection, and 
guiding personalized treatment 
approaches. References are 
given in brackets



	 Cancer and Metastasis Reviews

indicates that certain oncoproteins can directly influence 
MCM10 levels [140]. Increased MCM10 immunoexpression 
was found to be substantially correlated with an advanced 
primary tumor, nodal status, and vascular invasion in urothe-
lial carcinoma [141]. Also, it is highly expressed in osteosar-
coma samples compared to their normal counterparts [149]. 
Similarly, a recent study revealed a significant upregulation 
of MCM10 in prostate cancer (PCa) with a strong corre-
lation between elevated MCM10 expression and advanced 
clinical stages [128]. In glioma cells, MCM10 mRNA was 
quantitated using qRT-PCR and microarray methods and 
validated with increasing expression in grade II, III, and IV 
gliomas [150].

MCM10 knockdown drastically reduced colony forma-
tion and cell proliferation in prostate cancer cell lines and 
induced cell apoptosis [128]. Another study found that the 
knockdown of MCM10 in glioma cells showed disrupted 
cell proliferation, invasion, and migration, which indicates 
that MCM10 is involved in the regulation of glioblastoma 
multiforme [143]. In addition, a recent study identified high-
frequency rare variants (c.849G > T) in MCM10 among Han 
Chinese women affected with Polycystic ovarian syndrome 
(PCOS) [151] that have been linked to the progression of the 
disease. MCM10 expression has been shown as a prognostic 
biomarker for patients with uterine corpus endometrial car-
cinoma and glioma [152, 153]. MCM genes may activate the 
ERK pathway, and it is thought that the ERK-1 and ERK-2 
pathways may be related to the pathogenesis of PCOS [154]. 
The increased demand in cancer cells suggests that com-
pounds inhibiting MCM10 might be important therapeutic 
agents to control cancer. MCM10 analogs like suramin (an 
antiparasitic agent) have recently been reported as anti-can-
cer treatments [155]. Therefore, MCM10 is a potential tar-
get with prognostic, diagnostic, and therapeutic significance 
[101, 139, 145, 152].

8 � Discussion

MCM10 has long remained an enigmatic molecule, and 
recent research points towards its multifaceted nature, which 
includes novel and classical functions (Figs. 1 and 2). This 
evolutionary conserved protein physically interacts with 
members of the MCM2-7 helicase complex and with other 
DNA replication-associated proteins (Table 1). It is involved 
in DNA replication initiation, elongation, termination, and 
the maintenance of genome stability, as evident from the 
studies conducted in both vertebrates and non-vertebrates 
[15, 21, 30, 76, 87, 156]. MCM10 is not a stable component 
of the replisome, unlike DNA polymerase α or MCM2-7 
core helicase as evidenced in yeast [27, 31]. It binds to chro-
matin through interactions with MCM2-7, followed by the 
loading of CDC45 and DNA polymerase α [42] as seen in 

human/Xenopus, and this ultimately leads to the initiation 
of genome duplication [75]. Overexpression of MCM10 is 
linked to the accumulation of DNA damage, genomic insta-
bility, and accelerated tumorigenesis [5, 139]. In addition, 
it has been shown that MCM10-deficient mammalian cells 
are incompetent in correcting replication-associated DNA 
damage, suggesting that MCM10 might have a role in repair 
[49]. The impact of mutations in MCM10 and their effects 
on the expression of reporter gene at the telomeres and HM 
loci of budding yeast revealed its role in maintaining het-
erochromatin (involving acetylation and deacetylation of the 
SIR proteins) and influencing transcriptional silencing [54].

Apart from its crucial role during DNA replication, 
other functions like chromatin organization, telomere 
maintenance, and replication timing might be second-order 
effects of the DNA replication process since all these func-
tions (Figs. 1 and 2) are directly related to the genome dupli-
cation process, starting from DNA unwinding, replicating 
the genetic material, and repackaging of the newly synthe-
sized DNA into a higher order chromatin structure. MCM10 
also undergoes several cell cycle-linked post-translational 
modifications, like ubiquitination [55], SUMOylation [56], 
phosphorylation [25], and acetylation [88] as shown in stud-
ies from yeast and mammalian cells (Fig. 1). During periods 
of replicative stress, MCM10 regulates DNA fork speed and 
ensures timely completion by firing backup (dormant) repli-
cation origins so that the genome is duplicated on time, thus 
helping in recovery from DNA damage during the period of 
replicative stress [51, 66, 103, 157]. In mammalian cells, a 
small amount of MCM10 is sufficient for DNA replication, 
as shown by the fact that MCM10 ablation does not sig-
nificantly affect cell proliferation in normal cells. However, 
this is not the case in cancer cells, where MCM10 appears 
to be a limiting factor and hence MCM10 levels dictate the 
extensiveness of origin firing and define the aggressive-
ness of cancer [5, 45, 51]. We speculate an increased num-
ber of MCM10 molecules can trigger a greater number of 
licensed origins with higher MCMs loaded (affinity), and 
this changes the replication dynamics between a normal and 
cancer cell. Recent observations in mammalian cells have 
demonstrated how deletion of MCM10 disrupts the replica-
tion timing program and plays an important role similar to 
the telomere-binding protein RIF1, which also modulates 
replication timing [81]. Telomerase activity is constrained 
in mcm10 mutants, resulting in the accumulation of abnor-
mal replication fork structures and shortened telomeres 
[49]. MCM10 interacts with the tumor suppressor protein 
BRCA2 during DNA damage and recruits it to stabilize the 
fork [118]. In addition, it prevents lesion skipping and inhib-
its PRIMPOL-mediated repriming [118]. In budding yeast, 
MCM10 has been shown to interact with the fork reversal 
enzyme SMARCAL1 and inhibit fork regression, providing 
an overall protective function [126]. In such situations, either 
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MCM10 nonspecifically binds the single-stranded region of 
a forked DNA that is stalled at the lesion on the leading 
strand or MCM10 prevents fork reversal by direct strand 
annealing activity [126]. All these findings from both yeast 
and mammalian studies support the hypothesis that loss of 
MCM10 leads to replication fork arrest, fork instability, 
DNA damage, and cell death.

The significance of MCM10 in cancer extends beyond 
its DNA replication-associated functions (discussed above), 
where it plays a role in firing backup origins. It differs from 
members of the MCM2-7 core helicase complex, which is 
not a limiting factor for cancer cell proliferation. Indeed, 
an environment with more licensed origins in cancer cells 
[158] creates a perfect opportunity to fire (aided by the 
dynamic nature of MCM10 to activate origins of DNA rep-
lication). It is tempting to speculate that increased MCM10 
molecules can be attributed as a result of genomic amplifi-
cation in cancer cells. We think that this feature probably 
controls the aggressiveness of cancers seen in breast, cervi-
cal, and ovarian, which is also defined by increased colli-
sions between transcription and the replication machinery 
[51, 139]. Recently, it was shown that increased replication 
origin firing is linked to enhanced chromosomal missegrega-
tion and instability (CIN) in cancer cells [159]. We hypoth-
esize that random origin firing by MCM10 can be a crucial 
factor behind increased microtubule dynamics in mitosis, 
leading to whole chromosome missegregation and CIN seen 
in cancer cells. We believe that MCM10, though involved 
throughout the replication process (initiation, elongation, 
and termination), is not an integral part of the replisome but 
can be envisioned acting in a loading/unloading mechanism 
where MCM10 transiently interacts with the DNA to accom-
plish its function. This hypothesis, which is also supported 
by studies from yeasts [12, 27, 28], needs further confirma-
tion. Increased levels of MCM10 as a result of gene ampli-
fication might be regulating the number of active origins 
(which are crucial for the determination of the cancerous 
stage of the cervical cells) [139]. Overexpression of MCM10 
leads to shortened cell cycle, particularly the S-phase which 
indicates a high rate of DNA replication. MCM10 binding 
to licensed origins can lead to multiple origin firing, and 
this can be tested for accumulation of ssDNA. An increased 
measure of RPA2 among the breast cancer biopsy sam-
ples compared to normal indicated a higher possibility of 
ssDNA accumulation in the presence of increased MCM10 
molecules [5]. Interestingly, epigenetic and non-mutational 
regulatory mechanisms control MCM10 expression. This 
insight opens avenues for exploring MCM10 as a diagnostic 
and therapeutic target across various malignancies [160]. In 
addition, MCM10’s role in uncontrolled cellular prolifera-
tion makes it a prime target for drug design [161].

Since MCM10 acetylation is regulated by the mammalian 
histone deacetylase SIRT1 [88], its regulation points to the 

loading and unloading nature of MCM10 chromatin bind-
ing. Given the fact that MCM10 is upregulated in several 
cancers, it is a good candidate for early detection since its 
expression has been found to correlate with the tumor stages, 
which warrants the need to develop therapeutics like the 
antiparasitic drug Suramin [155] and also small molecule 
inhibitors designed against the posttranslational modifica-
tions of MCM10 (Fig. 1). MCM10 expression was shown 
to correlate with the stages of breast cancer and Gliomas 
[5, 150], and our ongoing studies with MCM10 and clinical 
cases of cervical cancer indicate a link between MCM10 
expression and tumor progression (unpublished observa-
tion). Such studies can translate into kits for the early detec-
tion of cancer based on MCM10 expression levels. As we 
learn more about MCM10, we gain insights into its clinical 
manifestations in diseases like CNKD and RCM [49, 106, 
115, 116] and get to know about the rare variants and muta-
tions in MCM10 that have been identified in various dis-
eases, highlighting its potential as a prognostic biomarker. 
This again urges the scientific community to investigate 
more into pathogenic mutations related to dysregulated 
replication initiation factors. MCM10 is thus a multifaceted 
molecule of clinical importance that should be explored fur-
ther for the benefit of human health.
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