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Purrosk. To explore the expression patterns and clinical significance of minichromosome
maintenance (MCM) complex members in retinoblastoma (RB).

MerHoDs. Single-cell RNA sequencing datasets from five normal retina, six intraocular,
and five extraocular RB samples were integrated to characterize the expression patterns
of MCM complex members at the single-cell level. Western blot and quantitative PCR
were used to detect the expression of MCM complex members in RB cell lines. Immuno-
histochemistry was conducted to validate the expression of MCM complex members in
RB patient samples and a RB mouse model.

Resurts. The expression of MCM2-7 is increased in RB tissue, with MCM2/3/7 showing
particularly higher levels in extraocular RB. MCM3/7 are abundantly detected in cell types
associated with oncogenesis. Both mRNA and protein levels of MCM3/4/6/7 are increased
in RB cell lines. Immunohistochemistry further confirmed the elevated expression of
MCM3 in extraocular RB, with MCMG being the most abundantly expressed MCM in RB.

Concrusions. The distinct MCM expression patterns across various RB cell types suggest
diverse functional roles, offering valuable insights for targeted therapeutic strategies.
The upregulation of MCM3, MCM4, MCMG6, and MCM7 in RB, with a specific emphasis
on MCMBG as a notable marker, highlights their potential significance.
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R etinoblastoma (RB) is a pediatric intraocular malig-
nancy that originates from the inactivation of the RB1
tumor suppressor gene during retinal development.! Its
global annual incidence stands at approximately 1:15,000 to
1:20,000 cases.” Despite the considerable improvements in
RB prognosis and treatment over recent decades, the chal-
lenge remains in effectively managing invasive RB, which
current therapies have limited success in controlling.> In
regions with limited resources, extraocular extension of
RB remains relatively common owing to delayed diagnosis.
This extension carries a notably higher mortality rate, espe-
cially when combined with metastatic disease or metastatic
relapse.“~® Therefore, distinguishing the features of invasive
RB is of paramount importance in clinical practice.
Genomic instability plays a role in tumor progression by
generating genetic diversity within the tumor cell popula-
tion.” This diversity can lead to the emergence of subpopu-
lations of cancer cells with distinct characteristics, including
resistance to treatments like chemotherapy.® The minichro-
mosome maintenance (MCM) complex is composed of six
members with similar structural characteristics, including
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MCM2, MCM3, MCM4, MCM5, MCM6, and MCM7, forming a
hexagonal arrangement.” This complex plays a crucial role
in coordinating DNA replication, functioning as a central
regulator in this essential cellular process. Numerous stud-
ies have demonstrated that variations in MCM genes are
associated with genomic instability and have implications
for cancer prognosis.'®~!3 Dysregulated expression and acti-
vation of MCM proteins are common findings in various
malignancies, contributing to both genomic instability and
uncontrolled progression of the cell cycle.'* However, the
specific prognostic value of individual MCM2 to MCM7
members in the development and progression of RB remains
unclear.

Bioinformatics has opened up new avenues in cancer
research, closely linked to genomics, proteomics, and phar-
maceutical development. In recent years, single-cell RNA
sequencing (scRNA-seq) technology has emerged as a
powerful tool for studying the diverse cellular composi-
tion within the tumor microenvironment.!”> In this study,
we used scRNA-seq data to examine the expression profiles
of MCM complex members in RB at the single cell level.
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Additionally, we identified key MCM proteins associated
with tumor progression and invasion in RB.

METHODS
scRNA-seq Data Processing and Integration

scRNA-seq data from four RB samples, consisting of two
intraocular RB patients and two extraocular RB patients,'®
were combined with publicly available scRNA-seq datasets
comprising five normal retina samples, four intraocular
RB samples, and three extraocular RB samples.!”'!® Raw
scRNA-seq reads underwent processing using Cell Ranger
(version 6.0.2) software with default settings.!” The Seurat
R package (version 4.0.3) facilitated data integration.”
After normalization, the top 2000 variable genes were
selected using appropriate mean expression and dispersion
thresholds. The “FindIntegrationAnchors” function identi-
fied common anchors across samples. These anchors were
then used alongside the “IntegrateData” function to merge
the datasets seamlessly into a single entity containing indi-
vidual cells for subsequent analysis. Known gene mark-
ers from previous studies were used to determine specific
cell types.?!=?* Differentially expressed genes (DEGs) were
discerned among samples from distinct groups using the
FindMarkers function within the Seurat package. Genes
exhibiting a fold change greater than 1.5 and a Benjamini—
Hochberg adjusted P value of less than 0.05 were deemed
significant DEGs. The pseudotime trajectory was inferred
using Monocle3 software.? Genes between distinct states
were detected through the DifferentialGeneTest function
(Q value < 0.001).

Clinical Samples

Written informed consent was secured from the patients’
family members, and the study received approval from
the Ethics Review Board of Zhongshan Ophthalmic
Center (Guangzhou, China). All procedures adhered to
the principles outlined in the Declaration of Helsinki.
Human RB specimens were collected immediately after
eye enucleation at Zhongshan Ophthalmic Center, and
subsequent tissue dissection was performed to precisely
isolate the tumor region for subsequent single-cell dissoci-
ation. Patients with or without involving retrobulbar optic
nerve was first screened by imaging diagnosis before
surgery and finally validated by pathological diagnosis after
surgery.

Cell Lines

Two RB cell lines, WERI-Rb1 and Y79, along with a nontu-
mor human retinal pigment epithelial cell line, ARPE-19
(American Type Culture Collection, Manassas, VA, USA),
were used. Y79 and WERI-Rb1 cells were cultured in
RPMI 1640 medium (Corning, USA) supplemented with
10% fetal bovine serum (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) and 1% penicillin-streptomycin (Invit-
rogen, Waltham, MA, USA). ARPE-19 were cultured in
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% fetal bovine serum and 1% penicillin—
streptomycin. All cells were incubated at 37°C with
5% CO,.
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Western Blotting

Proteins from tumor cells and tissues were extracted
using RIPA lysis buffer (strong) (K1020, APExBio, Boston,
MA, USA). Western blotting followed established proto-
cols,® employing specific antibodies for MCM3 (1:500,
ZenBio [Durham, NC, USA], R22482), MCM4 (1:500, ZenBio,
160599), MCM6 (1:500, ZenBio, R22485), MCM7 (1:500,
ZenBio, R24932), and GAPDH (1:10000, ProteinTech [Rose-
mont, IL, USA], 10494-1-AP). Membranes were probed with
horseradish peroxidase—conjugated Affinipure Goat Anti-
Rabbit IgG(H+L) (1:10000, ProteinTech, SA00001-2) for
1 hour, followed by three rounds of 10-minute washes
in Tris-buffered saline 0.1% Tween-20. Visualization used
enhanced chemiluminescence (ECL; Tanon, China) and the
Tanon 5200 Multilmage System (Tanon, China).

RNA Extraction and Quantitative Real-time
quantitative PCR (qPCR)

Total RNA was extracted using the EZBioscience EZ-press
RNA Purification Kit (B0004D, EZBioscience, Roseville, MN,
USA). RNA purity and concentration were evaluated using
a Nanodrop 1000 spectrophotometer (Thermo Fisher Scien-
tific). Subsequently, cDNA synthesis used 1000 ng total RNA
and the EZBioscience 4 x Reverse Transcription Master Mix
(A001GQ). The resultant reverse transcription product was
mixed with other components in a 10 pl reaction for PCR
amplification. PCR amplification involved initial heating to
95°C for 10 min, followed by 40 to 45 amplification cycles
using specific primers. Each cycle encompassed denatura-
tion at 95°C for 40 seconds, annealing at 53°C for 30 seconds,
and extension at 72°C for 40 seconds (Roche, Basel, Switzer-
land). Data presented denote the relative mRNA abundance,
normalized to the reference gene GAPDH. Primer sequences
for each gene are available in Supplementary Table S1.

Orthotopic Xenograft Model

Animal experiments adhered to the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research and
were sanctioned by the Institutional Animal Care and Use
Committee of Zhongshan Ophthalmic Center. For xenograft
studies, BALB/c female nude mice (18-20 g body weight;
4-6 weeks old) were procured from Zhuhai BesTest Bio-
Tech Co (Zhuhai, China) and maintained under specific
pathogen-free conditions with climate control. Orthotopic
RB xenografts were established as per a previously docu-
mented method.?>2° Briefly, WERI-Rb1 cells (1 x 10° in 1 uL
PBS) were injected onto the retina of right eye through a
33G Hamilton needle. Mice were euthanized after 28 days
for enucleation.

Immunohistochemistry

Immunohistochemistry (IHC) was performed on 4-um-thick
paraffin sections of both human and mouse tissues using
standardized protocols with optimized conditions. Tissue
samples for the THC analysis were collected from a total
of 8 RB patients, comprising four intraocular RB patients
and four extraocular RB patients who underwent treat-
ment at Zhongshan Ophthalmic Center. The IHC stain-
ing of RB samples was assessed by two authors (J.T.
and Y.L). To quantify the expression of MCM3 (1:50,
ZenBio, R22482), MCM4 (1:50, ZenBio, 160599), MCMG6
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(1:50, ZenBio, R22485), and MCM7 (1:50, ZenBio, R24932),
Image J software (version 1.46; National Institutes of Health)
was used for semiquantitative IHC analysis. The IHC analy-
sis involved calculating the average optical density (AOD)
value to measure the depth of MCMs (+4) staining in RB
cells.

Statistical Analysis

Data are expressed as means £ SD. Data analysis and visu-
alization were conducted using the R software (R Foun-
dation for Statistical Computing, Vienna, Austria, http://
www.r-project.org) and GraphPad Prism Software v 8.0.2
(GraphPad, Inc., La Jolla, CA, USA). Statistical assessments
involved unpaired two-tailed Student’s ¢ test and one-way
ANOVA. Significance levels are indicated in the correspond-
ing figures.
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RESULTS

Differential Expression of MCM Complex
Members in RB

To identify clinically significant candidates associated with
RB, a comprehensive analysis of MCM complex member
expression, spanning MCM2-7, was conducted using scRNA-
seq data. The scRNA-seq datasets comprised samples from
five extraocular RB patients, six intraocular RB patients,
and five normal retinas. After rigorous quality control
procedures, including the removal of low-quality cells and
doublets, a total of 128,454 qualified cells were retained.
Among these, 55,492 and 61,882 cells were identified in
extraocular and intraocular RB samples, respectively. A total
of 1439 upregulated DEGs and 136 downregulated DEGs
were identified in the RB samples. Among the upregu-
lated DEGs, TFF1, HIST1H4C, and TUBB emerged as the
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Ficure 1.

Differential expression of MCM complex members in RB. Comparative analysis of scRNA-seq data highlights the upregulation

of all six MCM complex members (MCM2-7) in RB samples in comparison to normal retina. Significance assessed by unpaired, two-tailed

Student’s ¢ test, with P values denoted as ***P < 0.0001.

Downloaded from iovs.arvojournals.org on 04/25/2024


http://www.r-project.org

Investigative Ophthalmology & Visual Science

MCM:s Expression & Clinical Significance in RB

MCM2

*kkk

Expression Level
Expression Level

IOVS | January 2024 | Vol. 65 | No. 1 | Article 31 | 4

MCM4

Kk ns

Expression Level

kkkk

Expression Level
Expression Level

Expression Level

Ficure 2. Comparative expression of MCM complex members in extraocular and intraocular RB. Notable differential expression of MCM
complex members observed in extraocular RB in comparison with intraocular RB. Significance assessed by unpaired, two-tailed Student’s
t test, with P values denoted as ***P < 0.0001. ns, no significant difference.

most significant, whereas the most significant downregu-
lated DEGs were PDEGG, RHO, and SAG, as depicted in
Supplementary Figure S1A. Additionally, the results consis-
tently reveal an upregulation pattern across all six MCM
complex members in RB samples when compared with the
normal retina (Supplementary Fig. S1B). For each member,
the individual log2 fold changes (I1og2FC) and P values are
as follows: MCM2 (log2FC = 0.83; P = 0), MCM3 (log2FC
= 1.84; P = 0), MCM4 (log2FC = 1.13; P = 0), MCM5
(log2FC = 0.88; P = 0), MCM6 (1og2FC = 1.14; P = 0),
and MCM7 (log2FC = 1.88; P =0) (Fig. 1). For a compre-
hensive overview, the list of DEGs between RB and the
normal retina has been appended in the Supplementary File.
Furthermore, when comparing extraocular RB with intraocu-
lar RB, it was observed that three MCM members were upreg-
ulated in extraocular RB: MCM2 (log2FC = 0.18; P = 5.31E-
121), MCM3 (log2FC = 0.67; P = 0), and MCM7 (log2FC =
0.08; P = 5.84E-84) (Fig. 2).

Heterogeneous Expression of MCM Complex
Members in Distinct RB Cell Types

Ten distinct cell types were identified using specific
markers, including cone precursor-like cells, MKI67"
photoreceptorness-decreased cells, rod precursor-like cells,
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retinoma-like cells, rods or rod-like cells, bipolar cells,
Miller glia, microglia, and cones or cone-like cells. The
expression patterns of MCM complex members exhibited
heterogeneity across different cell clusters (Fig. 3A). Within
the cell clusters of the normal retina, all members of the
MCM complex manifested relatively low expression levels
(Fig. 3B). Conversely, in the RB cell clusters, all MCM
complex members showed elevated expression levels. Of
particular note, MCM3 and MCM7 displayed significantly
heightened expression levels in MKI67, photoreceptorness-
decreased cells, rod precursor-like cells, cone precursor-
like cells, and retinoma-like cells (Fig. 3C), suggesting their
potential involvement in the regulation of these cell types.
Branched expression analysis modeling analysis revealed
a notably elevated expression level of MCM7 in both
cone precursor-like cells and MKI67" photoreceptorness-
decreased cells across pseudotime (Fig. 3D). However, this
distinctive expression pattern was not observed in other cell
types (Supplementary Fig. S2).

Overexpression of MCM Complex Members in RB
Cell Lines

To gain deeper insights into the functional implications of
MCM complex members in RB, we conducted an assessment
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Ficure 3. Heterogeneous expression of MCM complex members in distinct cell types. (A) Expression profiles of MCM complex members

(MCM2-7) analyzed using integrated scRNA-seq datasets. (B) Expression
retina. (C) Expression patterns of MCM complex members in different
MCM complex members expression in malignant RB cell types.

of their expression in RB cell lines (WERI-Rbl and
Y79). Our gPCR assays revealed a notable upregula-
tion of MCM3, MCM4, MCM6, and MCM7 in RB cell
lines when compared with the control cell line ARPE-
19 (Fig. 4A). These findings were further corroborated
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patterns of MCM complex members in different cell types of normal
cell types of RB. (D) Pseudotime analysis reveals the trajectory of

through Western blot analysis, which demonstrated signif-
icantly elevated levels of MCM3, MCM4, MCM6, and MCM7
proteins in RB cell lines (Fig. 4B). Collectively, these results
provide compelling evidence for the pronounced over-
expression of MCM3, MCM4, MCM6, and MCM7 in RB
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cell lines, underscoring their potential functional relevance
in RB.

Identification of Key MCM Proteins Associated
With RB Development and Progression

Given the significant upregulation of MCM3, MCM4, MCMO,
and MCM7 observed in both RB cell lines and scRNA-
seq datasets (Iog2FC > 1), we proceeded with immunos-
taining for MCM3, MCM4, MCM6, and MCM7 on a set of
four clinical samples diagnosed with intraocular RB, four
samples diagnosed with extraocular RB, and four clini-
cal samples from normal human retinas. The IHC analy-
sis showed that the AOD of MCM3 was elevated in both
intraocular and extraocular RB samples when compared
with the normal retina, with extraocular RB demonstrat-
ing a particularly pronounced increase in MCM3 AOD
compared with intraocular RB (Fig. 5A). Additionally, MCM4,
MCM6, and MCM7 also exhibited heightened AOD in
both intraocular and extraocular RB tissues relative to the
normal retina, although no statistically significant differ-
ences were observed between extraocular RB and intraoc-
ular RB for these three MCM proteins (Figs. 5B-D). Among
the four MCM proteins assessed, MCMG6 displayed the most
pronounced increase in AOD within RB samples (Fig. 5C). To
further detect the role of MCM6 in RB development, WERI-
Rb1 cells were injected intravitreally into BALB/c nude mice.
Hematoxylin and eosin staining displayed that the tumor
cells completely occupied both the vitreous cavity and the
subretinal space, infiltrating the anterior chamber, cornea,
and optic nerve (Fig. 6A). IHC staining demonstrated signifi-
cant expression of MCMG in the tumor tissue, although mini-
mal expression was observed in noncancerous tissues such
as the sclera, normal optic nerve, and retina (Fig. 6B). This
finding suggests that MCMG6 may serve as a potential marker
for RB.
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DISCUSSION

Genomic instability is a significant factor in RB develop-
ment and progression, highlighted by occurrences like RB1
loss and MYCN amplification.”” A decrease in the binding of
the replicative helicase MCM complex 2 to MCM complex
7 at replication origins can induce replication stress and
contribute to genome instability.?® Although the role of the
MCM complex in oncogenesis and prognosis has been vali-
dated partly in various cancers, a comprehensive analysis
of the MCM complex in RB at the single-cell level is lack-
ing. Importantly, emerging evidence emphasizes the signif-
icant role of tumor cell heterogeneity in RB and its impact
on tumor progression.”” In the present study, scRNA-seq
data from five extraocular RB samples, six intraocular RB
samples, and five normal retina samples were collected
and processed. We conducted an analysis of scRNA-seq
databases to investigate the expression of MCM2, MCM3,
MCM4, MCM5, MCM6, and MCM7 in RB at both the tissue
and single-cell levels. After this, we performed in vitro
expression validation using RB cell lines through West-
ern blotting and qPCR. Finally, we used IHC staining to
further validate the results in both human and animal RB
samples. Our findings revealed a widespread upregulation
of MCMs in RB, with MCMG6 consistently exhibiting a signif-
icant upregulation in all experimental validations, whereas
MCM3 and MCM7 showed a potential association with tumor
invasion.

Before the discovery of MCM protein functionality, stan-
dard cell proliferation markers included proliferating cell
nuclear antigen (PCNA) and Ki-67. However, PCNA’s involve-
ment in DNA replication and repair interfered with its accu-
racy as a marker, reflecting cell proliferation activity.>® Simi-
larly, although many studies have associated Ki-67 with
the proliferating cell growth phase, numerous functions of
the Ki-67 antigen remain unknown. In contrast, the func-
tions of the MCM protein family in the cell cycle, particu-
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Figure 5. Immunohistochemical analysis of MCM3, MCM4, MCM6, and MCM7 in RB tissues. Immunohistochemical analysis revealing
increased AOD of (A) MCM3, (B) MCM4, (C) MCMG6, and (D) MCM7 in intraocular and extraocular RB samples compared with normal
retina. Statistical significance denoted by *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001 using ordinary one-way ANOVA. Ns, no
significant difference.

larly because essential factors for initiating eukaryotic cell and aiding in predicting the risk of tumor recurrence.??:3?
DNA replication are relatively well-established.?! Numerous In this study, MCMG6 exhibited a notable upregulation in RB

Investigative Ophthalmology & Visual Science

studies have demonstrated that concurrent positive expres- across all validation assays. MCMG, a crucial DNA replication
sion of Ki-67, PCNA, and MCM provides a more precise regulator, not only maintains cell cycle dynamics, but also
reflection of cellular proliferation status, offering valuable potentially facilitates epithelial-mesenchymal transition and
insights into the prognosis and survival of cancer patients, activates the MEK/ERK signaling pathway, contributing to
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Ficure 6. Validation of MCMG expression in a murine RB model. (A) Histopathological and (B) immunohistochemical analyses in a murine
model injected with WERI-Rb1 cells, illustrating tumor infiltration and significant expression of MCMG6 in tumor tissue compared with
noncancerous tissues. AC, anterior chamber; C, cornea; L, lens; ON, optic nerve; R, retina; T, tumor.

carcinogenesis.”>! Recent research has revealed substantial
methylation of MCMG6 in RB, indicating a potential novel
mechanism for its abnormal overexpression in RB.%

In the progression of RB, distinct cell types, such as cone
precursor-like cells, MKI67" photoreceptorness-decreased
cells, and retinoma-like cells, play diverse roles and warrant
attention. Cone precursor-like cells are early stage cells that
have the potential to differentiate into cones and malignant
cells.?! MKI67" photoreceptorness-decreased cells repre-
sent a highly proliferative population of malignant cells.'”
Retinoma-like cells could be an intermediate cell stage
between premalignant cone precursors and tumor cells.?®
The heterogeneity in MCM complex member expression
across various cell types within RB sheds light on their
diverse functional roles within the tumor microenvironment.
Particularly, heightened expression of MCM3 and MCM?7 in
cone precursor-like cells and MKI67" photoreceptorness-
decreased cells implied their potential involvement in regu-
lating critical cell types pivotal to tumor progression.
Furthermore, in the present study, the heightened expres-
sion of MCM3 was corroborated through ITHC staining in
extraocular RB samples. MCM3 has previously been reported
to be significantly overexpressed in various tumors, and its
specific high expression in cancer cells holds promise as a
biomarker for cancer detection.’” MCM7 plays a vital role
in maintaining the initial stability of DNA replication and is
involved in the ubiquitin-dependent degradation of MCM2-
7 during termination.?® Although the precise mechanisms
of MCM3 and MCM?7 in RB remain unclear, previous study
identified interactions between the cell cycle protein cyclin
D1/CDK4 kinase and components of the MCM complex,
particularly emphasizing MCM3 and MCM7 as cyclin D1-
binding proteins.*

In light of the heightened expression observed among
specific members within the MCM complex in RB, it is
necessary to recognize their potential significance in both
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diagnostic modalities and therapeutic interventions for RB.
Presently, biofluids such as plasma or aqueous humor are
subject to investigation for the identification of circulating
tumor DNA or cell-free DNA,*4! respectively. This result
not only simplifies the process of making informed deci-
sions about treatment and monitoring treatment responses,
but also plays a vital role in offering prognostic guidance
for RB.“2~44 Notably, research has revealed an elevation of
MCM2 in cell-free RNA extracted from blood plasma in
pediatric neuroblastoma,® especially in cases with metas-
tasis, suggesting the potential use of minimally invasive
MCM detection for RB diagnosis. Because MCMs exhibit
upregulation in various cancers, investigations into the
targeted suppression of MCMs as a strategy to impede tumor
growth have been undertaken.®” These studies under-
score the potential therapeutic significance of MCM targeting
in RB.

Our study has certain limitations. Although we observed
upregulation of MCM proteins in RB, we did not explore
correlations with clinical outcomes, treatment response, or
patient survival. Moreover, it is important to note that the
general applicability of our results may be confined to the
particular patient samples included in this study, emphasiz-
ing the need for broader validation in larger and more varied
populations.

In summary, this study illuminates the critical role of
MCM complex members in RB. Through a comprehensive
analysis using scRNA-seq data and subsequent experimen-
tal validations, we consistently observed an upregulation of
MCM3, MCM4, MCM6, and MCM7 in RB, suggesting their
significant functional relevance and potential implications
in RB progression. Notably, MCM6 exhibited a particularly
prominent elevation across various experimental validations,
hinting at its promising usefulness as a valuable marker
for RB. Moreover, the observed heterogeneity in MCM
expression across different RB cell types underscores their
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diverse functional roles within the tumor microenvironment,
offering a basis for future investigations aimed at targeted
therapeutic strategies.
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