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Abstract
Cancer stem-like cells (CSCs) induce drug resistance and recurrence of tumors when 
they experience DNA replication stress. However, the mechanisms underlying DNA 
replication stress in CSCs and its compensation remain unclear. Here, we demon-
strate that upregulated c-Myc expression induces stronger DNA replication stress in 
patient-derived breast CSCs than in differentiated cancer cells. Our results suggest 
critical roles for mini-chromosome maintenance protein 10 (MCM10), a firing (acti-
vating) factor of DNA replication origins, to compensate for DNA replication stress 
in CSCs. MCM10 expression is upregulated in CSCs and is maintained by c-Myc. c-
Myc-dependent collisions between RNA transcription and DNA replication machin-
ery may occur in nuclei, thereby causing DNA replication stress. MCM10 may activate 
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1  | INTRODUC TION

Breast cancer is the most frequently observed tumor type among 
women worldwide. Some patients with breast cancer show poor 
prognosis due to resistance to therapy and tumor recurrence.1 Over 
the past few decades, studies have shown that a subset of cancer 
cells possess the capacity to initiate tumors.2,3 These tumor-initiat-
ing cells or cancer stem-like cells (CSCs) are resistant to conventional 
chemotherapeutic agents, resulting in tumor recurrence. Thus, CSC-
targeted therapeutic strategies are urgently required to improve the 
prognosis of breast cancer patients. Clarification of the features of 
CSCs is important for developing CSC-targeting therapies to remove 
these cells and prevent recurrence. In vitro tumor spheroid forma-
tion in serum-free floating culture conditions has been established 
to enrich CSCs.4,5 Researchers, including our group, have used this 
method to elucidate the features of CSCs.6-11 Although these fea-
tures have been studied extensively, the roles of DNA replication 
initiation factors in CSCs remain unclear.

In preparation for cell division, the whole genome must be rep-
licated during the S-phase of the cell cycle. To rapidly generate 
a complete copy of the entire genome, eukaryotic genome rep-
lication is initiated from thousands of origins.12,13 The inactive 
MCM2-7 helicases (composed of MCM family proteins MCM2, 

MCM3, MCM4, MCM5, MCM6, and MCM7) bind numerous sites 
of DNA replication origins in the genome to form pre-replicative 
complexes (pre-RCs) in the late M and G1-phases. Following the 
activation of S-phase cyclin-dependent kinase (S-CDK) in the 
S-phase, MCM2-7 in pre-RCs are activated to form the CDC45/
MCM2-7/GINS (CMG) helicase, and only about 1/10 of the chro-
matin-bound MCM2-7 are converted to the CMG helicase in nor-
mal cells. Subsequent recruitment of firing (activating) factors, 
including MCM10, activates the CMG helicase to form the repli-
some, which includes DNA polymerases, followed by initiation of 
bidirectional DNA replication.14-19 MCM10 opens the MCM2-7 
ring within the CMG, creating a gate for passage of a single DNA 
strand when the CMG helicase engages in fork progression.20 
However, most origins remain dormant, and pre-RCs are passively 
removed from DNA when the replisomes approach these dormant 
origins during replication progression.

DNA replication stress is defined as the stalling or slowing 
of replication progression due to interference with the normal 
replication process by a variety of mechanisms including DNA 
strand breaks, lack of nucleotides, and so on.21,22 Recently, re-
pair processes responding to DNA strand breaks have received 
much attention as potential therapeutic targets. Inhibitors 
of poly(ADP-ribose) polymerase (PARP), a repair enzyme for 
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dormant replication origins close to these collisions to ensure the progression of 
replication. Moreover, patient-derived breast CSCs were found to be dependent on 
MCM10 for their maintenance, even after enrichment for CSCs that were resistant 
to paclitaxel, the standard chemotherapeutic agent. Further, MCM10 depletion de-
creased the growth of cancer cells, but not of normal cells. Therefore, MCM10 may 
robustly compensate for DNA replication stress and facilitate genome duplication in 
cancer cells in the S-phase, which is more pronounced in CSCs. Overall, we provide a 
preclinical rationale to target the c-Myc-MCM10 axis for preventing drug resistance 
and recurrence of tumors.
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F I G U R E  1   CSCs are enriched in the sphere culture population and show activation of distinct pathways; c-Myc expression is upregulated 
in CSC-enriched spheroid cells. A, Images of PDC #1 cultured under adherent conditions (adh; left), and in sphere culture conditions (sph; 
right) are shown. Scale bars = 100 μm. B, Results of limiting dilution assays of PDC#1 obtained under adherent and sphere culture conditions 
were compared. CSC frequency and P-value were determined using ELDA software (http://bioinf.wehi.edu.au/softw are/elda/index.html). 
C, Expression levels of Nanog and Oct-4 in MCF7 and PDC #1 cells were compared between cells cultured under adherent and sphere 
conditions. Actin was used for the loading control. D, PDC #1 cells obtained by adherent and sphere culture conditions were stained with 
CD44 and CD24 antibodies, and then subjected to flow cytometry analysis. E, Schematic of the experimental procedure. Cancer cells were 
separated from clinical breast tumor samples, and then were cultured under adherent and sphere conditions. RNA was collected from both 
conditions for RNA-seq transcriptome analysis. F, Gene set enrichment analysis (GSEA) was used to compare gene expression profiles of 
PDC #1-#3. FDR, false discovery rate; NES, normalized enrichment score. G, Expression levels of c-Myc in PDC #1, #4 and #6 determined by 
immunoblotting were compared between cells cultured under the adherent and sphere conditions. Actin was used for the loading control

http://bioinf.wehi.edu.au/software/elda/index.html
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single-stranded breaks, are clinically used to treat breast cancer 
with BRCA mutations.23 However, in most patients without BRCA 
mutations, PARP inhibitors are not obviously effective. In can-
cer cells, constitutive activation of oncogenes is a primary cause 
of replication stress.24-26 DNA replication stress is reported to 

be upregulated in glioblastoma stem cells27, however the level 
of DNA replication stress in other CSC types, including breast 
CSCs, remains unknown. When cells suffer from replication 
stress, checkpoint pathways are activated.25,26,28 Ataxia telangi-
ectasia- and Rad 3-related protein (ATR) kinase, and subsequently 
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F I G U R E  2   c-Myc expression and DNA replication stress are upregulated in CSC-enriched spheroid cells. A, Expression levels of ATR, 
p-ATR, Chk1, and p-Chk1, determined by immunoblotting, were compared between cells cultured under the adherent and sphere conditions. 
Expression levels were quantified using ImageJ software and normalized to Actin. B, Schematic of the experimental procedure. Cells were 
incubated sequentially with iodo-deoxyuridine (IdU) then chloro-deoxyuridine (CldU). Labeled DNA was spread onto glass slides, and then 
stained with antibodies for IdU (green) and CldU (red). If replication started in the first 30 min, bidirectional forks stained with green and red 
could be observed. C, Proportion of asymmetric forks, representative of replication stress. The ratio of longer CldU tracks (L1) to shorter 
tracks (L2) was calculated; forks with L1/L2 ≥ 1.3 were regarded as asymmetric. Thirty bidirectional forks in each slide were counted. 
Three slides for each population were prepared (mean ± SEM, n = 3; *P < .05). Scale bar = 10 μm. D, Proportion of stalled forks, labeled 
only with green was calculated. In total, 200 labeled forks in each slide were counted. Three slides for each population were prepared 
(mean ± SEM, n = 3; **P < .01). Scale bar = 5 μm. E, Immunofluorescence images of RNA/DNA hybrid staining in PDCs are shown. Cells 
were cultured under the sphere condition with or without RNase H treatment. Nuclei were counterstained with DAPI. Scale bars = 10 μm. 
F, (Left) Immunofluorescence images of RNA/DNA hybrid staining in PDCs cultured under adherent and sphere conditions are shown. (Right) 
Number of RNA/DNA hybrid foci in each cell was counted and compared between the 2 conditions. In total, 100 cells in each slide were 
counted. Three slides for each population were prepared (mean ± SEM, n = 3; ***P < .001). Scale bars = 10 μm
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checkpoint kinase 1 (Chk1), are phosphorylated and activated. 
Activated Chk1 slows down cell cycle progression in the S-phase 
and allows dormant origins to be activated for the completion of 
DNA replication. Many proteins included in the aforementioned 
DNA replication initiation machinery work together to activate 
the dormant origins.

c-myc is a typical oncogene that is frequently overexpressed in 
numerous cancer types. The transcription factor c-Myc can induce 
the transcription of c. 15% of all genes in the genome.29 Transcription 
in the G1-phase is sequentially followed by DNA replication in the 
S-phase in normal cells, however, in cancer cells, c-Myc overexpres-
sion in cancer cells disrupts the cooperation between the transcrip-
tion and replication machineries.30 As a result, they collide with DNA 
strands, leading to DNA replication stress.

In this study, we examined breast cancer patient-derived 
primary samples to clarify the specific features of CSCs. We 

compared whole transcriptomes of CSC-enriched spheroid cells 
and cultured cells under regular adherent conditions. We found 
that pathways contributing to c-Myc activation and DNA replica-
tion stress were upregulated in CSC-enriched spheroid cells. Our 
results suggest that c-Myc causes frequent collisions between the 
transcription and replication machinery in the nuclei. These col-
lisions may be one of the major causes of higher DNA replication 
stress levels in CSCs compared with that in differentiated cancer 
cells. Furthermore, we showed that the expression of MCM10 was 
increased in CSCs and in differentiated cancer cells, and that its 
expression was higher in the former than in the latter, compared 
with that in normal cells. MCM10 may compensate for replication 
stress by activating dormant origins. Moreover, we demonstrated 
that MCM10 plays critical roles in the maintenance of CSCs, in-
cluding those resistant to paclitaxel, a commonly used chemo-
therapeutic agent for breast cancer. Furthermore, by analyzing 

F I G U R E  3   c-Myc expression contributes to replication stress. A, Knockdown efficiencies of siRNAs targeting c-myc (siMyc #1 and 
#2) or control siRNA (siCtrl) in PDCs was compared by immunoblotting (left) and qPCR (right) (mean ± SEM, n = 3; ***P < .001). B, The 
number of RNA/DNA hybrid foci in each cell was counted and compared among spheroid cells treated with siCtrl, siMyc #1, and siMyc #2. 
Scale bars = 10 μm. In total, 100 cells in each slide were counted. Three slides for each population were prepared (mean ± SEM, n = 3; 
***P < .001). C, Expression levels of ATR, p-ATR, Chk1, and p-Chk1 as determined by immunoblotting, were compared among cells treated 
with siCtrl, siMyc #1, and siMyc #2. Expression was quantified by ImageJ software and normalized to Actin
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patient-derived cancer cells (PDCs), we found that MCM10 is also 
essential for the growth of differentiated cancer cells. Thus, inhi-
bition of MCM10 may be a novel therapeutic strategy to target 
replication initiation in CSCs.

This study is the first to demonstrate that increased c-Myc ac-
tivity is a major cause of DNA replication stress in breast CSCs. 
Furthermore, MCM10, a c-Myc-dependent firing factor, which is re-
quired for replisome activation, is essential for CSCs, probably com-
pensating for DNA replication stress.

2  | MATERIAL S AND METHODS

2.1 | Primary cell culture

To isolate lineage-negative (Lin−) breast cancer cells, cells obtained 
from breast tumor specimens were incubated with a mixture of bio-
tin-conjugated antibodies against Lin+ cells, as previously described.10 
The antibody mixture included a magnetic cell separation (MACS) line-
age kit for depletion of hematopoietic and erythrocyte precursor cells 
(CD2, CD3, CD11b, CD14, CD15, CD16, CD19, CD56, CD123, and 
CD235a; Miltenyi Biotec, Birgisch Gladbach, Germany), endothelial 
cells (CD31, eBioscience, San Diego, CA), and stromal cells (CD140b, 
Biolegend, San Diego, CA). After incubation, cells were separated 
using the MACS system (Miltenyi Biotec). Isolated Lin− breast cancer 
cells were cultured in Human EpiCult™-B Medium Kit medium (Stem 
Cell Technologies, Vancouver, Canada) containing a supplement mix, 
freshly prepared 0.48 μg/mL hydrocortisone (Stem Cell Technologies), 
2 mmol/L l-glutamine (Nacalai Tesque), 100 units/mL penicillin 
(Nakarai tesque, Inc), and 100 µg/mL streptomycin (Nakarai tesque, 
Inc). Isolated single cells were cultured in a humidified atmosphere at 
37°C in 5% CO2, and the culture medium was changed every 2 d.

Tumor spheres were cultured as follows. Single-cell suspensions 
were cultured in ultra-low attachment plates and cells were grown 
in sphere culture medium (SCM), which consists of DMEM/F-12 
(GIBCO), 20 ng/mL epidermal growth factor (Millipore, Burlington, 
MA), 20 ng/mL basic fibroblast growth factor (PeproTech, Cranbury, 
NJ), B27 supplement (GIBCO), and 2 µg/mL heparin (Stem Cell 
Technologies), as previously described.10 Adherent cells attached to 

regular cell culture plates were cultured in RPMI1640 (GIBCO) sup-
plemented with 10% FBS (GIBCO) and 1% penicillin/streptomycin 
(P/S) (Nacalai Tesque Inc). Patient-derived ovarian cancer spheroid 
cells (OVN62) were established from clinical specimens using previ-
ously reported procedures.31

2.2 | Tumor sphere formation assay

We have confirmed previously that patient-derived breast cancer 
cells plated at 5000 cells/mL yield tumor spheres clonally derived 
from single cells.11 Hence, cells were plated as single-cell suspen-
sions on ultra-low attachment 24-well plates (1000-5000 cells/
well) to obtain single-cell–derived tumor spheres. The cells were 
grown in SCM. Spheres with diameter >75 µm were counted after 
4-7 d.

2.3 | Study approval

All human breast carcinoma specimens were obtained from the 
University of Tokyo Hospital, Minami Machida Hospital, and 
Kanazawa University Hospital. Human ovarian cancer specimens 
were obtained from Niigata University Medical & Dental Hospital. 
This study was approved by the institutional review boards of the 
Institute of Medical Science, The University of Tokyo; The University 
of Tokyo Hospital, Minami Machida Hospital, National Cancer 
Center, Niigata University, and Kanazawa University. Written in-
formed consent was received from all participants before inclusion 
in the study.

3  | RESULTS

3.1 | CSCs are enriched in spheroid culture 
conditions and show distinct features

To identify the specific features of CSCs, we first cultured pa-
tient-derived breast cancer cells in spheroid conditions; cells 

F I G U R E  4   MCM10 expression is upregulated in CSC-enriched spheroid cells and MCM10 is co-localized with RNA/DNA hybrid foci. 
A, Expression levels of MCM10 in MCF10A, MCF7, BT20, and BT474 were compared by immunoblotting. Actin was used for the loading 
control. B, Expression levels of MCM10 in PDCs treated with siCtrl, siMyc #1 and siMyc #2 were compared by immunoblotting (left) and 
qPCR (right) (mean ± SEM, n = 3; ***P < .001). Actin was used for the loading control. C, Expression levels of MCM10 in PDC #1, #4, #5 
and MCF7 cells were compared between cells cultured under adherent and sphere conditions, by qPCR (mean ± SEM, n = 3; ***P < .001, 
**P < .01). D, Expression levels of MCM10 were compared in cells cultured under the adherent and sphere conditions, by immunoblotting. 
Actin was used for the loading control. E, Immunofluorescence images of MCM10 staining in PDCs after transfection with control siRNA 
(left) or siMCM10 #1 (right) are shown. Nuclei were counterstained with DAPI. Scale bars = 5 μm. F, (left) Immunofluorescence images 
of MCM10 staining in PDCs cultured under adherent and sphere conditions are shown. Nuclei were counterstained with DAPI. Scale 
bars = 50 μm. (Right) The intensities of MCM10 staining were quantified using ImageJ software. In total, 100 cells in each slide were counted 
(mean ± SD, n = 3; ***P < .001). G, (Left) Immunofluorescence images of MCM10 and S9.6 antibody staining in PDCs cultured in the sphere 
conditions are shown. The median values of the intensities of MCM10 staining (F) were used as the cut-off to determine MCM10-low cells 
and MCM10-high cells. Nuclei were counterstained with DAPI. Arrowheads indicate double-positive puncta. Scale bars = 5 μm. (Right) 
Scatter plot showing the total number of MCM10-positive puncta and double-positive puncta in each cell. MCM10-positive puncta and 
double-positive puncta were quantified using ImageJ software. Fifty cells were counted for each group. (mean ± SD; ***P < .001)
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were cultured in SCM on ultra-low attachment dishes and under 
normal adherent conditions (Figure 1A). Spheroid cells retained 
stem cell features such as high tumor-initiating ability and expres-
sion of stemness marker proteins.4,9,32 Patient-derived spheroid 
cells showed significantly higher tumor-initiating ability in vivo 
compared with their counterparts under adherent conditions 
(Figure 1B and Figure S1A). In addition, western blotting revealed 
that the expression of the stemness marker proteins Nanog 
and Oct-4 was higher in spheroid cells than in adherent cells 
(Figure 1C). Sox2, another stemness marker protein, also showed 
slightly higher expression in spheroid cells than in adherent cells 
(Figure S1B). Immunocytochemistry (ICC) showed strong Nanog 
staining in the nucleus and that more spheroid cells were strongly 
positive for Nanog (Figure S1C). A subpopulation of breast CSCs 
is known to be enriched in the CD24low/−/CD44high cell popula-
tion33, thus we investigated this population using flow cytometry. 
The proportion of cells in the CD24low/−/CD44high cell fraction 
was higher in spheroid cells than in adherent cells (Figure 1D). 
These results indicated that breast CSCs were more abundant 
among spheroid cells, whereas differentiated cancer cells were 
more abundant among adherent cells.

Next, we performed RNA sequencing (RNA-seq) to compare the 
transcriptomes of spheroid cells and adherent cells (Figure 1E). All 
samples were derived from breast tumor tissues of 3 individual pa-
tients (PDCs #1, #2, and #3; the clinical sample information is sum-
marized in Table S1). Gene set enrichment analysis (GSEA) (http://
softw are.broad insti tute.org/gsea/index.jsp) based on the RNA-seq 
data revealed that genes associated with drug resistance and epi-
thelial-mesenchymal transition (EMT) were upregulated in spheroid 
cells compared with adherent cells (Figure 1F). Because these are 
well known features of CSCs, we confirmed that CSCs were en-
riched in spheroid cells.34 We also noted that other gene sets related 
to Myc targets and DNA replication stress responses were highly 
upregulated in spheroid cells.

3.2 | c-Myc expression is increased in CSC-
enriched spheroid cells and may lead to strong DNA 
replication stress

We then investigated c-Myc protein levels. Western blotting re-
vealed that c-Myc expression was higher in spheroid cells than in 
adherent cells among all 3 PDC samples irrespective of the different 
subtypes (Figure 1G, triple negative [#1], HER2 [#4], and luminal-like 
[#6]). ICC showed strong accumulation of c-Myc in the nucleus, and 

more spheroid cells were strongly positive for c-Myc compared with 
adherent cells (Figure S1D), suggesting that a subpopulation of CSCs 
strongly expresses c-Myc.

Because gene sets related to DNA replication stress responses 
were upregulated in spheroid cells, we examined the proteins in-
volved in the checkpoint pathways.25,26 We found that the phos-
phorylation levels of ATR and Chk1 were higher in spheroid cells than 
in adherent cells (Figure 2A). These results suggested that spheroid 
cells experience more DNA replication stress, which activates the 
checkpoint pathways. To directly monitor DNA replication fork stall-
ing caused by DNA replication stress, we performed DNA fiber as-
says.35 We labeled cells with iodo-deoxyuridine (IdU) for 30 min and 
then with chloro-deoxyuridine (CldU) for 30 min (Figure 2B). Using 
this approach, bidirectional forks can be observed when a single rep-
lication origin is activated in the first 30 min (IdU: green) and then 
proceeds in 2 opposite directions (Figure 2C, left and middle pan-
els). If the 2 forks proceed normally, a CIdU-labeled (red) fork of the 
same length should be observed. In contrast, when 1 fork stalls be-
cause of DNA replication stress, the 2 forks have different lengths. 
We observed fork stalling more frequently in spheroid cells, as re-
flected in the higher frequency of asymmetric CIdU-containing forks 
(Figure 2C, right panel, and Figure S2A,C). If forks stalled during the 
first 30 min, the stalled forks would be labeled only with IdU (green) 
(Figure 2D, left panel). We observed these stalled forks more fre-
quently in spheroid cells (Figure 2D, right panel, and Figure S2B,D). 
Taken together, we concluded that DNA replication stress is upregu-
lated in CSCs compared with that in differentiated cancer cells.

Upregulation of c-Myc induces collisions between the transcrip-
tion and replication machinery in the nucleus, leading to DNA rep-
lication stress.30 We hypothesized that upregulated c-Myc in CSCs 
causes collisions between the transcription and replication machin-
ery more frequently than in differentiated cancer cells. These col-
lisions are associated with stabilized R-loops, that is an RNA/DNA 
hybrid and the displaced single-stranded DNA behind the elongation 
of RNA polymerases.22,36 R-loops can be detected by ICC staining 
using the monoclonal antibody S9.6, which is a tool used widely to 
recognize RNA/DNA hybrids.37 RNA/DNA hybrid foci detected with 
the S9.6 antibody were localized in the nucleus (Figure 2E). The stain-
ing disappeared following treatment with ribonuclease H (RNase H), 
which cleaves the RNA strands in RNA/DNA hybrids, confirming 
the specificity of the antibody (Figure 2E). We found that spheroid 
cells showed a higher number of RNA/DNA foci than adherent cells 
(Figure 2F and Figure S3A,B). These results suggest that collisions be-
tween transcription and replication machinery occur more frequently 
in CSCs than in differentiated cancer cells.

F I G U R E  5   MCM10 plays important roles for proliferation of cancer cells. A, Kaplan-Meier survival curves were drawn using the 
Stockholm cohort (GSE1456; overall survival) and the Uppsala, Oxford, Stockholm, IGR, GUYT, and CRH cohorts (GSE7390; overall 
survival). The median values were used as the cut-off. P-values were obtained by log-rank test. B and C, Knockdown efficiencies of siRNAs 
targeting MCM10 (siMCM10 #1 and #2) in MCF7, BT20 and PDC #1 were compared by immunoblotting (B) and qPCR (C) (mean ± SEM, 
n = 3; ***P < .001). D, Cells were seeded in 12-well plates (10 000 cells/well) and cultured. Then they were harvested and counted after 
4 d (mean ± SEM, n = 3; **P < .01, *P < .05). E, (Left) PDCs treated with siCtrl, siMCM10 #1, or siMCM10 #2 were incubated with BrdU for 
30 min. DNA and incorporated BrdU content were analyzed by flow cytometry. (Right) The proportion of BrdU-positive cells was averaged 
from 3 biological replicates (mean ± SEM, n = 3; ***P < .001, **P < .01)

http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp
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We then depleted c-Myc expression using small interfering 
RNAs (siRNAs) for c-myc (Figure 3A and Figure S4A). Depletion of 
c-Myc led to a decreased number of RNA/DNA hybrid foci and de-
creased the phosphorylation levels of ATR and ChK1 (Figure 3B,C 
and Figure S4B,C). Therefore, c-Myc-induced collisions between 
transcription and replication machinery in the nuclei are likely to 
lead to DNA replication stress, which is more frequent in CSCs than 
in differentiated cancer cells.

3.3 | MCM10 expression is upregulated in CSC-
enriched spheroid cells and co-localizes with the 
RNA/DNA hybrid foci in nuclei

Based on the results described above, we expected that CSCs 
possess mechanisms to manage higher levels of DNA replica-
tion stress. Gene Ontology (GO) enrichment analysis based on 
the RNA-seq data showed that several gene sets related to DNA 
replication were upregulated in the spheroid cells (Figure S5). 
We focused our attention on MCM10, which was the fifth most 
highly upregulated gene (Table S2) considering that MCM10 can 
activate dormant origins to compensate for DNA replication 
stress.38 Western blotting showed that MCM10 expression lev-
els were higher in several breast cancer cell lines than in MCF10A 
cells, a normal mammary epithelial cell line (Figure 4A). We found 
that MCM10 mRNA and protein levels were reduced in c-myc-de-
pleted cancer cells both under adherent conditions (Figure 4A,B) 
and spheroid conditions (Figure S6A), indicating that MCM10 ex-
pression is associated with c-Myc expression. qPCR and western 
blotting analyses showed that MCM10 expression levels were 
higher in spheroid cells than in adherent cells in several PDCs and 
breast cancer cell lines (Figure 4C,D). In addition, the expression 
of MCM10 was higher in the CD24low/−/CD44high cell population, 
a subpopulation of CSCs, compared with in the control popula-
tion (Figure S6B,C).

Further, ICC staining showed that MCM10-positive puncta 
were present in the nucleus (Figure 4E). The staining disappeared 
after depletion of MCM10 using siRNAs for MCM10, confirm-
ing the specificity of the antibodies (Figure 4E). The number of 
MCM10-positive puncta was significantly higher in spheroid cells 
than in adherent cells (Figure 4F). These results suggested that 
MCM10 expression is maintained by c-Myc and is upregulated 
in CSCs.

To test whether MCM10 is recruited close to the collisions be-
tween the transcription and replication machinery, we stained PDCs 
using antibodies against MCM10 and with S9.6. We found significant 
co-localization of MCM10-positive puncta and RNA/DNA hybrid foci 
(Figure 4G). This result supports the notion that MCM10 is recruited 
to stalled forks due to collisions in nuclei. Together, our findings sug-
gested that MCM10 expression is upregulated in both CSCs and in 
differentiated cancer cells, and that its expression is higher in the 
former than in the latter, compared to normal cells. MCM10 expres-
sion may thus be partly induced by upregulated c-Myc expression. 
Furthermore, MCM10 may be recruited to stalled forks in the nuclei.

3.4 | MCM10 expression levels are prognostic and 
MCM10 plays important roles in the proliferation of 
adherent cells

To examine the clinical relevance of MCM10, we analyzed the data 
obtained from publicly available gene expression profiles of breast 
cancer tissues.39,40 We found that patients with breast cancer showing 
high levels of MCM10 expression had poor prognosis (Figure 5A), sup-
porting the possibility that MCM10 plays an important role in tumo-
rigenesis. Based on the Oncomine database (https://www.oncom ine.
org), MCM10 expression was higher in various cancer tissues including 
breast and colon cancer, than in their normal counterparts (Figure S6C).

To examine the functions of MCM10 in cancer cells, we depleted 
MCM10 by using siRNAs. We confirmed that 2 types of siRNAs ef-
ficiently suppressed MCM10 expression compared with the control 
siRNA (siCtrl) (Figure 5B,C). We evaluated the effect of these siR-
NAs on the proliferation of adherent cells. Knockdown of MCM10 
greatly decreased the proliferation of MCF7 (luminal), BT20 (triple 
negative), and PDC #1 (triple negative) cells relative to a nonspecific 
control siRNA (siCtrl) (Figure 5D), indicating that MCM10 is essential 
for the proliferation of differentiated cancer cells regardless of the 
breast cancer subtype. To verify the requirement of high MCM10 
expression for the proliferation in ovarian cancer cells, another 
type of gynecological cancer cell, we utilized the CRISPR-caspase 
9 (CRISPR/Cas9)-mediated conditional knockout system to deplete 
MCM10 in PDC #8) (Figure S7A,B). We found that doxycycline (Dox)-
induced depletion of MCM10 significantly reduced the proliferation 
of ovarian cancer cells (Figure S7C). In contrast, knockdown of 
MCM10 in normal MCF10A cells did not significantly alter their pro-
liferation (Figure S7D). These results suggested that MCM10 plays 

F I G U R E  6   MCM10 plays important roles for CSC properties. A, (Left) Representative images of tumor spheres. PDC #1, #7 and MCF7 
cells treated with siRNA targeting MCM10 were cultured under sphere conditions. Scale bars = 100 μm. (Right) Quantification of tumor 
sphere formation efficiency. Spheres were formed for 6 d (mean ± SEM, n = 4; ***P < .001, **P < .01, *P < .05). B, MCF7 and BT20 cells 
treated with siCtrl, siMCM10 #1 or siMCM10 #2 were stained with CD44 and CD24 antibodies, and then subjected to flow cytometry 
analysis. C, Expression levels of Nanog and Oct-4, as determined by immunoblotting, were compared between PDCs treated with siCtrl, 
siMCM10 #1 and siMCM10 #2. D, Expression levels of MCM10 were analyzed by qPCR in PDCs introduced with shCtrl, shMCM10 #1, or 
shMCM10 #2 (mean ± SEM, n = 3; ***P < .001). E, Expression levels of MCM10 and Nanog were compared by immunoblotting in PDCs 
introduced with shCtrl, shMCM10 #1, or shMCM10 #2. F, Results of limiting dilution assay of shRNA-introduced PDCs #1 are shown. 
Tumors larger than 50 mm3 were counted. CSC frequency and P-values were determined using ELDA software. G,H, Growth curves (G) and 
representative images (H) of tumors are shown (1 × 105 cells/site) (mean ± SEM, n = 4). Scale bar = 10 mm

https://www.oncomine.org
https://www.oncomine.org
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important roles in the proliferation of differentiated cancer cells, but 
not in normal cells.

We next measured DNA replication activity by examining 
BrdU incorporation. When MCM10 was depleted in adherent cells, 
BrdU incorporation was decreased, indicating that DNA replica-
tion activity was significantly decreased in MCM10-depleted cells 
(Figure 5E). Together, these results are consistent with the notion 
that MCM10 depletion increases DNA replication stress, slows 
S-phase progression, and decreases cell proliferation. MCM10 
thus appears to be a limiting factor for dealing with DNA replica-
tion stress to complete the S-phase, leading to cell proliferation.

We next examined whether MCM5, a component of pre-RCs, 
is a limiting factor for cancer cell proliferation to the same extent 
as MCM10. We then depleted MCM5 in MCF7 cells with siRNAs. 
However, we found that cell proliferation was not significantly al-
tered in these cells (Figure S8A,B). These results indicated that 
MCM5 is not a limiting factor for the cancer cell proliferation under 
these conditions. Consistently, a previous report has shown that 
MCM2-7 is highly abundant and that MCM5-depleted cells do not 
show a significant growth defect under normal culture conditions.41 
We then asked whether MCM10 overexpression contributes to the 
replication stress response and thus promotes cell proliferation. To 
test this, we first overexpressed MCM10 and found that cell prolifer-
ation was not significantly altered by MCM10 overexpression alone 
(Figure S8C,D). We further treated cells with hydroxyurea (HU), an 
inhibitor of ribonucleotide reductase, to induce replication stress. 
Treatment with HU leads to a shortage of deoxyribonucleotides that 
are used for DNA synthesis in the S-phase.42 As expected, treatment 
with HU decreased cell proliferation because the cells experienced 
stronger replication stress (Figure S8E). We found that decreased 
cell proliferation was partly restored by MCM10 overexpression 
when the cells were treated with 500 µmol/L HU. Under these con-
ditions, we found that MCM5 depletion blocked the restored effects 
on cell proliferation by MCM10 overexpression (Figure S8F). These 
results suggested that MCM10 overexpression counteracts the 
strong replication stress induced by HU in cooperation with MCM5.

3.5 | MCM10 plays important roles in 
CSC properties

Next, we focused on the association between MCM10 upregula-
tion and CSCs. To this end, we first examined its effects on tumor 

sphere-forming capacity. MCM10 depletion greatly decreased 
the sphere-forming ability of all tested cancer cells (Figure 6A and 
Figure S9A). We subsequently examined the proportion of CD24low/−/
CD44high cells, a subpopulation of breast CSCs and found that 
they were decreased in MCM10-depleted cells than in control cells 
(Figure 6B and Figure S9B). Furthermore, the expression levels of 
Nanog and Oct-4 were lower in MCM10-depleted cells than in con-
trol cells (Figure 6C). These results suggested that MCM10 plays an 
important role in CSC maintenance.

We next constructed short hairpin RNAs (shRNAs) against MCM10 
(shMCM10 #1 and #2) and confirmed that these constructs significantly 
decreased the levels of MCM10 at both the RNA and protein levels rel-
ative to the control (shCtrl) (Figure 6D,E). An in vitro limiting dilution 
assay revealed that MCM10 depletion using shRNA decreased tumor 
sphere-forming ability and estimated CSC frequency (Figure S8G). We 
then examined the tumor-initiating capacity using a patient-derived 
xenograft model. Using the in vivo limiting dilution assay, we found 
that MCM10-depleted cells had a greatly reduced tumor-initiating abil-
ity and estimated CSC frequency (Figure 6F). The tumor growth rate 
following inoculation of 105 cells was also decreased by MCM10 deple-
tion (Figure 6G,H). Together, these results illustrate the importance of 
MCM10 in the maintenance of CSCs both in vitro and in vivo.

3.6 | Expression of c-Myc and MCM10 is enriched 
in paclitaxel-resistant CSCs that are dependent on 
MCM10 for their maintenance

Finally, we examined the possibility that MCM10 depletion can 
eradicate CSCs. CSCs are enriched after paclitaxel treatment, as 
only differentiated cancer cells are efficiently killed by this chemo-
therapeutic drug.43,44 Indeed, when cancer cells were treated with 
paclitaxel, the remaining resistant cells showed significantly higher 
sphere-forming abilities (Figure 7A,B). We also found that the ex-
pression levels of MCM10, c-Myc, and Nanog were enriched after 
treatment (Figure 7C). However, when MCM10 was depleted, the 
paclitaxel-resistant cells displayed a significant reduction in sphere-
forming abilities, and enrichment of CSCs with high Nanog and 
c-Myc expression was abrogated (Figure 7C,D). These results are 
consistent with the notion that CSCs that are resistant to paclitaxel 
can be eradicated by MCM10 depletion.

Taken together, our findings suggested that upregulated c-Myc 
increases RNA transcription in CSCs (Figure 7E). This increased 

F I G U R E  7   Paclitaxel-resistant cancer cells are dependent on MCM10 for their maintenance. A, PDCs were seeded into 12-well plates 
(10 000 cells/well) and cultured with 10 nmol/L paclitaxel or control DMSO for 3 d. Cells were harvested and counted (mean ± SEM, n = 3; 
***P < .001). B, Cells that survived after the treatment with paclitaxel or DMSO were used to analyze sphere-forming ability. Spheres were 
counted after 6 d (mean ± SEM, n = 4; **P < .01). C and D, The cells that survived after the treatment with paclitaxel or DMSO were treated 
with siRNA for MCM10 or control siRNA (Ctrl), and then cultured under the sphere conditions. Expression levels of Nanog, c-Myc, and 
MCM10, as determined by immunoblotting, were compared (C). Expression was quantified using ImageJ software and normalized to Actin. 
D, Representative images of tumor spheres are shown (upper panels). Scale bars = 100 μm. Spheres were counted after 4 d (mean ± SEM, 
n = 4; ***P < .001, **P < .01) (lower panel). E, Models of MCM10 function in CSCs and differentiated cancer cells are illustrated. In CSCs, 
upregulation of c-Myc leads to higher levels of replication stress due to collisions between transcription machinery and replication 
machinery. MCM10 is necessary to deal with such DNA replication stress. MCM10 promotes the completion of DNA replication by 
activating dormant origins near the stalled forks
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RNA transcription may result in collisions between the transcription 
and replication machinery, thereby causing DNA replication stress, 
which is more frequent in CSCs than in differentiated cancer cells. 

MCM10 may then activate the dormant origins near the stalled rep-
lication forks. Upregulated MCM10 by c-Myc may robustly compen-
sate for DNA replication stress by activating the dormant origins. 
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Therefore, MCM10 is essential for the proliferation of cancer cells 
and maintenance of CSCs that are resistant to paclitaxel.

4  | DISCUSSION

In this study, we provide evidence that MCM10, a component of the 
DNA replication initiation machinery, is essential for maintaining CSCs, 
probably by helping them compensate for DNA replication stress. 
MCM10 expression is upregulated in many types of cancer cells.45-47 
Although previous studies have reported that MCM10 upregulation is 
correlated with tumor malignancy, the underlying molecular mecha-
nisms remain largely unclear. In this study, we have provided mecha-
nistic insights into how MCM10 is required in cancer cells, including 
CSCs. MCM10 may efficiently activate dormant origins to compensate 
for DNA replication stress, which is more frequent in CSCs than in dif-
ferentiated cancer cells. In contrast, depletion of MCM10 did not sig-
nificantly alter cell proliferation in normal cells, indicating that a small 
amount of MCM10 is sufficient for DNA replication in normal cells. In 
cancer cells, an increased amount of MCM10 appears to be required to 
compensate for the increased DNA replication stress. Thus, targeting 
MCM10 is likely to be effective for eliminating cancer cells, including 
CSCs, without adverse effects on normal cells.

We also provide evidence that the replication stress in breast 
cancer cells and CSCs may be caused by collisions between the tran-
scription and replication machinery. In neural progenitor cells and 
glioblastoma CSCs, transcription of long neural genes is reported 
to increases the frequency of collisions between the transcription 
and replication machinery, leading to a higher level of DNA replica-
tion stress.27 In contrast, in breast CSCs, it appears that upregulated 
c-Myc induces collisions between the transcription and replication 
machinery. Emerging evidence indicates that CSCs are maintained 
by unique mechanisms that may endow them with a stress-resistant 
phenotype relative to differentiated cancer cells. CSCs may need 
to produce a higher amount of proteins compared with differenti-
ated cancer cells to maintain their properties, possibly explaining 
why CSCs upregulate c-Myc expression. The molecular mechanisms 
that link c-Myc and stemness genes are still unclear in our study. 
c-Myc is reported to directly interact with Nanog and Sox2, leading 
to self-renewal in T-cell leukemia cells.48 c-Myc activation in hepa-
toma cells is also reported to cause upregulation of Nanog, Oct4, 
and Sox2 in a p53-dependent manner.49 It would thus be intriguing 
to study the detailed molecular mechanisms by which c-Myc regu-
lates stemness in breast CSCs. A more detailed understanding of the 
mechanisms of replication stress in CSCs will facilitate the develop-
ment of therapeutic strategies targeting CSCs.

MCM10 was found to be the most highly upregulated gene 
among DNA replication initiation factors in spheroid cells compared 
with adherent cells. Our finding that reduction of MCM10 expression 
in c-myc-depleted cells raises the intriguing possibility that c-Myc in-
duces MCM10 transcription. However, further studies are required 
to clarify the detailed molecular mechanisms for this. We found that 
other MCM proteins in the pre-RCs were also among the top 100 

upregulated genes. MCM5 was the 43rd most highly upregulated 
gene and the second most highly upregulated MCM family gene. 
However, MCM5 depletion alone did not affect cell proliferation sig-
nificantly (Figure S3B).50 Thus, MCM10, but not MCM5, is likely to 
be essential for cancer cell proliferation. In fact, MCM2-7 helicase 
complexes are expressed abundantly, and cancer cells can survive 
for some time after depletion of these molecules.41 MCM5 remains 
in the pre-RCs in the licensed or dormant origins, whereas MCM10 
is recruited as a firing factor to activate these origins. This functional 
difference between these MCMs may explain the respective pheno-
types in cancer cells after the knockdown of each molecule. GINS 
and CDC45, other firing factors, were the 12th and 19th most highly 
upregulated genes, respectively, but their roles in CSCs remain un-
known. We are interested in analyzing their roles in future projects.

Overall, we provide a proof-of-principle that molecules inhibiting 
the functions of MCM10 will be useful for targeting cancer cells as well 
as CSCs in breast cancer. We also provide evidence that MCM10 can 
be an appropriate target for ovarian cancer. It is possible that MCM10 
could be targeted for other cancer types as well. Our future analy-
sis will clarify these points. Suramin, an anti-parasitic agent, is known 
to inhibit the functions of MCM10.51 It may also be possible to de-
velop MCM10 inhibitors without enzymatic activity using Proteolysis 
Targeting Chimera (PROTAC) technology.52 The combination of such 
MCM10 inhibitors with chemotherapeutic reagents that induce DNA 
replication stress is expected to synergistically target cancer cells.
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