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ABSTRACT

Background: Minichromosome maintenance complex component 3 (MCM3) plays a key role in
various tumours. However, it remains largely unknown what the specific role and clinical
significance of MCM3 in pancreatic adenocarcinoma (PAAD) are.

Materials and Methods: We integrated high-throughput data from PAAD worldwide to analyse
the expression level of MCM3 mRNA. We used immunohistochemistry to analyse MCM3 protein
expression levels in 145 cases in the PAAD group and 29 cases in the non-PAAD group. We also
mainly analysed the necessity of MCM3 for PAAD growth based on CRISPR screen data. In
addition, we used enrichment analysis and protein—protein interaction networks to explore the
molecular mechanism of MCM3 in PAAD. We also analysed the correlation between MCM3
expression, components of the immune microenvironment in PAAD tissue and clinical prognosis.
Results: In PAAD, we observed for the first time that MCM3 was significantly highly expressed at
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both the mRNA (SMD = 0.67, 95% Cl: 0.38~0.96) and the protein level (p<0.05). The mRNA (AUC
= 0.78, 95% ClI: 0.74~0.81; sensitivity = 0.66, 95% Cl: 0.55~0.76; specificity = 0.76, 95% ClI:
0.67 ~0.84) and protein (AUC = 0.929) expression levels of MCM3 had a good ability to distinguish
between PAAD and non-PAAD tissue. There was heterogeneity reflected by the differential
expression of MCM3 protein in PAAD cells. MCM3 played an essential role in PAAD growth,
through abnormal DNA replication, p53 signalling and cell cycle checkpoints. PAAD with high
MCM3 expression was sensitive to c-75, brivanib, flavopiridol and VNLG/124 drugs, with stable
molecular docking models.

Conclusion: MCM3 is likely to be a critical element in promoting the initiation and growth of
PAAD. Flavopiridol may exert its anti-PAAD effect through the interaction between MCM3, classic
CDK1 targets in the cell cycle checkpoint and p53 pathway as well as related molecules in other
pathways.

KEY MESSAGES

1.  MCM3 could potentially play a crucial role in promoting the onset and growth of PAAD.

2. There is heterogeneity reflected by the differential expression of MCM3 protein in PAAD cells.

3. The interplay between MCM3, well-established CDK1 targets in the cell cycle checkpoint and
p53 pathway, along with relevant molecules in other pathways, may mediate the
anti-pancreatic adenocarcinoma (PAAD) effect of flavopiridol.
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1. Background

Over the last few years, some pancreatic adenocarci-
noma (PAAD) patients screened out early can hope to
be completely cured through surgical treatment [1]. At
the same time, researchers have developed immuno-
therapies that induce the body’s anti-tumour immune
potential to specifically resist PAAD cells [2]. However,
PAAD is still a malignant neoplasm with a very pessi-
mistic prognosis [1-5]. In 2020, there were almost as
many new cases of PAAD worldwide (496,000) as there
were deaths (466,000) [3]. This phenomenon is mainly
due to the challenges in early detection, the aggres-
sive and metastatic nature of PAAD and the current
lack of early and effective screening methods [6-8].
Many patients with PAAD are already in the advanced
stage when they first seek treatment. From this time
and for the remainder of their lives, the quality of life
of PAAD patients plummets due to symptoms such as
diarrhoea, abnormal bowel movements, ascites, ste-
atorrhoea, abdominal pain, back pain and weight loss
[9-11]. Although several progresses were made in the
treatment of pancreatic cancer, clinical trial data is still

largely missing and urgently needed to verify relevant
effects and for the development of more personalized
treatment approaches [12-15]. Therefore, further
research on the mechanisms related to PAAD is of
great significance for developing more effective early
screening programmes and better treatment pro-
grammes to improve the current situation of poor
prognosis for PAAD [16].

The main function of minichromosome maintenance
complex component 3 (MCM3) is to participate in the
initiation of eukaryotic genomes [17]. It has been
established that it has a crucial role in the initiation
and progression of different types of tumours, and it
has been explored as a potential avenue for tumour
treatment. Scientific evidence has elucidated the
important contribution of MCM3 in the occurrence and
development of head and neck squamous cell carci-
noma, highlighting its significance as a prognostic
marker for this malignancy [18]. MCM3 has been impli-
cated in the progression of the tumour microenviron-
ment in lung squamous cell carcinoma and holds
promise as a candidate for immunotherapeutic inter-
ventions targeting this particular cancer [19]. MCM3 may



promote ovarian cancer progression by enhancing DNA
replication and cell cycle synergy, and it is expected to
serve as a therapeutic target and prognostic indicator
for ovarian cancer [20]. It has also been reported that
oestrogen receptor—positive breast cancer cells can
resist treatment with tamoxifen and letrozole by upreg-
ulating the expression of MCM3 [21]. Multiple studies
have shown that MCM3 is a reliable indicator related to
early screening, predicting the prognosis and treatment
of cervical cancer [17,22-24]. However, to our knowl-
edge, there is only one report on the role of MCM3 in
PAAD. Moreover, that study has a single data source
and a small number of clinical samples included in the
analysis, and it mainly analyses only the expression and
prognosis of MCM3 without further analysing more
specific mechanisms and drug treatments [25]. At the
same time, the level of MCM3 protein in PAAD and the
necessity of MCM3 for the growth of PAAD cells have
not been verified [25]. Therefore, the specific mecha-
nism and clinical significance of MCM3 in PAAD are still
unknown.

This study is the first to integrate global high-
throughput datasets, in-house protein level and CRISPR
screening data to comprehensively analyse the expres-
sion of MCM3 in PAAD and its impact on the occur-
rence and growth of PAAD. We also investigate the
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potential biological behaviour of MCM3 in PAAD using
gene ontology (GO) enrichment analysis, the Kyoto
Encyclopedia of Genes and Genomes (KEGG) and
protein-protein interaction networks (PPI). We predom-
inantly utilise CRISPR screen data, which integrates
diverse studies, to examine the association between
MCM3 and drug sensitivity in PAAD cells, the compo-
nents of the tissue microenvironment and the clinical
significance. The insights gained from these analyses
will contribute fresh understanding of the specific
mechanisms and clinical implications of MCM3 in PAAD.

2. Materials and methods

2.1. Study design and collection, screening, and
integration of high-throughput datasets related to
PAAD worldwide

Figure 1 illustrates the overall framework of this study,
demonstrating the comprehensive design. We explored
the PAAD tissue expression status of MCM3 at the
mMRNA level by analysing relevant PAAD high-throughput
datasets from the Cancer Genome Atlas (TCGA), Gene
Expression Omnibus (GEO), Sequence Read Archive
(SRA) and Genotype-Tissue Expression (GTEx) project.
The detailed inclusion and exclusion process is shown

SMD  95%-CI

——i 0.10 [-0.28; 0.47]

0.55 [0.43; 0.67]
0.67 [0.38; 0.96]

— Groupl
—— Group2

p-value=0.003

0

25 50 75

Flavopiridol (affinity energy=-8.5kcal/mol)
Months

Figure 1. The flowchart of the main design in this study.



4 €> Y.CHENETAL.

in Figure S1. The main information of the datasets ulti-
mately included in the RNA sequencing is detailed in
Table S1-2. We used the sva and limma-voom pack-
ages of R v4.2 to eliminate batch effects and integrate
expression matrices with the same platform.

2.2. Comprehensive analysis of MCM3 expression
levels at the mRNA level in PAAD tissue

Differences in MCM3 expression between PAAD and
non-PAAD tissue worldwide were analysed using the
Wilcoxon test. If p<0.05, the difference in MCM3
expression was considered to be statistically signifi-
cant. In addition, we used R v4.2 to draw a funnel plot
to determine whether there was publication bias. We
also used R v4.2 to analyse the number, mean and
standard deviation of MCM3 expression cases in PAAD
and non-PAAD tissue and drew standard the mean dif-
ference (SMD) forest plot to conduct a comprehensive
analysis of the variations in MCM3 expression between
PAAD and non-PAAD tissue. In addition, we used Stata
v15.1 and R v4.2 to draw a summary receiver operat-
ing characteristic curve (sROC) and sensitivity and
specificity forest plots.

2.3. Analysis of in-house and external MCM3
protein expression in PAAD tissue

To further validate the expression level of MCM3 in
PAAD, we used 145 PAAD and 29 non-PAAD tissue
samples and verified the protein expression status of
MCM3 in PAAD tissue through tissue microarray and
immunohistochemistry (IHC). The 29 non-PAAD tissues
were pancreatic tissues from non-PAAD patients. The
pathological properties of these tissues were healthy
or only benign lesions. The 174 cases of pancreatic tis-
sue were divided into PAC482 and PAC1021 tissue
chips (provided by Guilin Fanpu Biotech of Guangxi, a
subsidiary wholly owned by Pantomics, Inc.) for IHC,
and MCM3 antibody (rabbit monoclonal antibody
[EPR7080]) was purchased from Abcam Plc (Shanghai,
China). These 174 pancreatic samples were collected
by Guilin Fanpu Biotech of Guangxi from October 2018
to October 2021.All operational procedures adhered to
the operational guidelines outlined by the manufactur-
ers. The IHC score was independently evaluated by
two senior pathologists. We selected any 10 fields of
view from each pancreatic tissue sample and counted
the number of positive cells out of 100 cells for each
field at the highest magnification possible with the
analysis tools available. The average of these 10
field-positive cells was the IHC score of this sample.
This study was approved by the Ethics Committee of

the First Affiliated Hospital of Guangxi Medical
University (No. 2023-S382-01) and Guilin Fanpu Biotech
of Guangxi (2018, Oct, 25th). All patients or their fam-
ilies signed informed consent forms. Our study fol-
lowed the principles of the Declaration of Helsinki. We
examined the protein expression of MCM3 in PAAD
tissue through analysis of the Human Protein Atlas.

2.4. Exploring the effect of MCM3 on PAAD cell
growth

Based on the DepMap database, we applied chronos
scores to further investigate the correlation between
MCM3 and the growth of PAAD cells [26, 27]. The
chronos score of MCM3 in 25 PAAD cell lines was
mainly knocked out by the CRISPR system to form the
MCM3 group. The chronos scores of 25 randomly
knocked-out genes in 25 PAAD cell lines comprised
the control group. A Chronos score of 0 indicated that
the growth of the cell line was not dependent on the
gene, and a larger negative value indicated greater
dependence [27]. The main information about these
25 PAAD cell lines was shown in Table S3.

2.5. Screening of differentially expressed genes
(DEGs) in non-PAAD and PAAD tissues

We used the metafor and meta packages of R v4.2 to
batch calculate the SMD of each gene in the above
high-throughput datasets.If a gene was found to have
p<0.05 and the 95% confidence interval of SMD did
not include 0, the gene would be considered a DEG
between non-PAAD tissues and PAAD tissues. In addi-
tion, when the SMD of a DEG was greater than 0, the
gene was considered to be a high-expression gene in
PAAD. Otherwise, the DEG was considered to be a
low-expression gene in PAAD.

2.6. Screening for MCM3 co-expression genes in
PAAD

We screened the co-expressed genes of MCM3 in
PAAD based on cBioPortal [28, 29]. If a certain gene in
PAAD had a |Spearman’s correlation| > 0.3 and p <0.05,
the gene was classified as a co-expressed gene of
MCM3 in PAAD.

2.7. Enrichment analysis and construction of the
PPI network based on the intersection genes

We took the intersection of the DEGs obtained above
and the co-expressed genes to obtain the intersection
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genes. Afterwards, we used R v4.2 to conduct GO and
KEGG enrichment analyses utilising intersection genes.
In addition, we used STRING v12.0 and Cytoscape
v3.9.1 to build PPl networks for some pathways.

2.8. Identifying of immune microenvironment
components in PAAD tissue

We determined the immune microenvironment com-
ponents in PAAD tissue by using single-cell sequenc-
ing and immune infiltration analysis. In the single-cell
sequencing analysis, we analysed samples of primary
PAAD and untreated PAAD in the GSE205013 dataset
from the GEO database [30]. We began by integrating
the samples and removing batch effects. We then con-
ducted quality control on the analysed cells to remove
low-quality cells and some interfering factors, and we
standardised and normalised them. Next, we con-
ducted principal component analysis on the stan-
dardised and normalised single-cell sequencing
expression matrix and selected the 20 principal com-
ponents with the highest standard deviation for UMAP
and TSNE dimensionality reduction. We then a con-
ducted cluster analysis on them and used the Wilcoxon
test to analyse the genes with strong features in each
cell cluster. We combined the CellMarker database and
the SingleR package for cell type identification [31,
32]. Additionally, we investigated the expression of
MCM3 across different cell types.

To evaluate immune infiltration, we analysed the
MRNA expression levels of MCM3 in 179 PAAD sam-
ples obtained from the TCGA dataset. These samples
were then segregated into two groups, the MCM3
MRNA high-expression group and the MCM3 mRNA
low-expression group, based on the median expres-
sion level of MCM3. Next, we used the cibersort
method of the IBOR package to evaluate the MCM3_
High group, and the MCM3_Low group underwent
immune infiltration analysis [33].

2.9. Analysing the relationship between MCM3
expression, components of the immune
microenvironment in PAAD tissue and clinical
prognosis

We used Q-omics data integrating the prognosis and
immune infiltration of a considerable amount of
patients worldwide to analyse the components of the
immune microenvironment and clinical prognosis in
PAAD tissue [34]. Based on the median, we categorised
the diverse cells infiltrating PAAD tissue into a group
with high infiltration and another group with low
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infiltration. By grouping the immune cells according to
their extent of infiltration, we examined the associa-
tion between various infiltrating immune cells and the
clinical prognosis of patients. We then plotted a
Kaplan—-Meier survival curve. Finally, we used TISIDB to
study the correlation between the mRNA expression of
MCM3 and the level of immune cell infiltration in
PAAD tissue and drew a correlation scatter plot [35].

2.10. Exploring the correlation between MCM3
expression and the drug sensitivity of PAAD cells

We used Q-omics data integrating mRNA expression
and drug intervention in multiple cell lines around the
world to analyse the correlation between MCM3 mRNA
expression and drug sensitivity in PAAD cells [34]. We
began by using cross-association analysis to screen
drugs that have a close relationship between MCM3
expression and the -log (IC,,) of the drug. If the pre-
dictive and descriptive p-values of the analysis were
both less than 0.01, the relationship was considered to
be close. We divided the drugs into two groups,
namely the high expression group and the low expres-
sion group, based on the median MCM3 mRNA expres-
sion level. After that, we studied the difference in -log
(IC5,) of the drugs between the MCM3 high expression
group and the low expression group. If p<0.05, it was
determined statistically significant.

2.11. Molecular docking analysis of drugs and
MCM3 protein

First, we collected the three-dimensional structure
information of MCM3 macromolecule proteins and
small-molecule drugs from the RCSB PDB and PubChem
databases, respectively. We then used PyMOL to
pre-treat the macromolecular proteins by removing
irrelevant water molecules, ions and other subunits of
the macromolecular proteins as well as hydrogenation.
We used Open Babel to convert the format of the
three-dimensional structure of small-molecule drugs
and AutoDockTools to adjust its active torsion to
pre-process small-molecule drugs. Next, we used
AutoDock Vina to predict and computationally analyse
various docking models of small-molecule drugs and
MCM3 macromolecule proteins [36]. Finally, we
selected the docking model with the largest |binding
energy| for visual display using PyMOL. In addition, we
also used CB-Dock2 to perform molecular docking on
small-molecule drugs and MCM3 protein again to fur-
ther verify the binding ability between MCM3 and
these small-molecule drugs [37]. If the |binding energy|
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of the molecular docking model was less than 4kcal/
mol, it indicated that the binding effect of the drug
and MCM3 was poor. If the |binding energy| was
4~7kcal/mol, it indicated that the binding effect of
the drug and MCM3 was general. If the |binding
energy| was greater than 7kcal/mol, the combination
of drugs and MCM3 was ideal.

2.12. Statistical analysis

All statistical analyses in this study were performed in
Stata v15.1 and R v4.2. In this study, p<0.05 was con-
sidered statistically significant unless otherwise speci-
fied. When analysing two sets of quantitative data, if
these data satisfy the normal distribution, T-test analy-
sis was used to analyse these data. Otherwise, the
Wilcoxon test was used for analysis. The chi-square Q
test and |2 statistical analysis were used to determine
the calculation model to be used for calculating the
SMD of the mRNA expression level. If 12>50%, there
was a large heterogeneity, and the random effect
model was used to calculate the SMD. Otherwise, the
fixed effect model is used.

3. Results

3.1. Comprehensive analysis of MCM3 mRNA
expression in PAAD tissue

Based on the evidence-based concept, we collected
and integrated 826 PAAD samples and 476 non-PAAD
samples from 12 datasets from multiple datasets that
met the inclusion criteria. Figure 2A shows that F >
50% and p<0.05, indicating large heterogeneity, and a
random effects model was employed to count SMD.
Figure 2A also shows that, compared with 476
non-PAAD samples, 826 PAAD samples showed overall
high expression of MCM3 at the mRNA level (SMD =
0.67, 95% Cl: 0.38 ~0.96). For detailed data on the SMD
of MCM3 mRNA, please see Table S4. From each data-
set, all the included datasets showed that MCM3 was
highly expressed in PAAD tissue (SMD > 0). Figure 2B
shows that our overall analysis of the various datasets
did not indicate any significant publication bias.

In addition, we analysed the ability of high expres-
sion of MCM3 to identify PAAD tissue by constructing
sROC curve and forest plots. Figure 3A shows that the
overall difference in expression levels of MCM3
between PAAD and non-PAAD tissue had strong dis-
criminating ability (AUC = 0.78, 95% Cl: 0.74~0.81;
sensitivity = 0.66, 95% Cl: 0.55~0.76; specificity = 0.76,
95% Cl: 0.67 ~0.84). Figures 3B-C and S2-3 also show
that the expression of MCM3 within most datasets also

had a strong ability to distinguish PAAD tissue. These
results confirm that the expression of MCM3 has a
strong ability to identify PAAD tissue and also confirm
that the expression of MCM3 mRNA showed a signifi-
cant increase in PAAD tissue.

3.2. Analysis of the expression status of the
in-house and external MCM3 protein in PAAD
tissue

Figure 4A-F show that the positive signal of MCM3
protein was significantly more present in the PAAD
tissue group than in the non-PAAD tissue group and
was mainly concentrated in the nuclear region. Figure
4G-H show from a quantitative analysis perspective
that the immunohistochemical score of MCM3 pro-
tein levels were significantly increased in the 145
PAAD tissue samples, compared to the 29 non-PAAD
tissue samples (p<0.05), and the immunohistochemi-
cal score of MCM3 protein had a strong ability to dis-
tinguish between the group of PAAD tissue and the
group of non-PAAD tissue (AUC = 0.929). This indi-
cates that at the protein level, MCM3 is significantly
overexpressed in in-house PAAD tissue compared to
non-PAAD tissue. In addition, we found that the pos-
itive signal of MCM3 protein was stronger in external
PAAD tissue than in non-PAAD tissue (Figure S4).
Furthermore, it is interesting to note that both in the
in-house PAAD tissue and in the external PAAD tissue,
we found groups of PAAD cells with similar location
and morphology, some of which were positive for
MCM3 protein and some negative. This may indicate
the presence of different sub-populations or subtypes
of tumour cells in PAAD cells, divided by differences
in MCM3 protein expression. This is a manifestation
of PAAD cell heterogeneity.

3.3. Necessity analysis of MCM3 on the growth of
PAAD

There was a significant decrease in the chronos score
of the MCM3 group in contrast to the control group
(p<0.05) (Figure 5A). The score showed good discrimi-
native ability between the MCM3 group and the con-
trol group (AUC = 0.946) (Figure 5B). There were 23
cell lines in the MCM3 group with a chronos score less
than —1. These findings indicate that the survival rate
of PAAD cells significantly decreased after MCM3 was
knocked out. MCM3 is likely to be an essential gene
for the growth of PAAD. In addition, the expression
level of MCM3 mRNA in PAAD cell lines is shown in
Figure S5.
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3.4. Exploration of the potential biological

behaviour of MCM3 in PAAD

We further explored the potential molecular mecha-
nisms of MCM3 in PAAD by constructing pathway
analysis graphs and PPl networks. We obtained 10540
DEGs and 888 MCM3 co-expressed genes in PAAD, and
based on this, 462 intersection genes were obtained.

Figure 6A-D show the enrichment results of these

intersecting genes. The biological process (BP) section

of the GO enrichment analysis shows that MCM3 may
participate in abnormal biological behaviours such as
chromosomal aggregation, DNA replication and cell
cycle checkpoint signalling in PAAD. The Cellular
Component (CC) section displays chromosomal region,
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Figure 3. Discriminant analysis of PAAD tissue by highly expressed MCM3 map.

(A) Summary receiver operating characteristic curve;

(B) Sensitivity forest plots;
(C) Specificity forest plot.
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condensed chromosome, spindle and more. The
Molecular Function (MF) section includes catalytic
activity acting on DNA. The KEGG enrichment analysis

shows that MCM3 in PAAD may participate in abnor-
mal biological behaviour, such as cell cycle, p53 signal-
ling pathway and, DNA replication.
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Figure 4. Analysis of MCM3 protein expression in in-house PAAD tissue.

(A)-(B) Expression status of MCM3 in non-PAAD tissue*;
(C)-(F) Heterogeneous expression of MCM3 in PAAD tissue*;

(G) Violin diagram for differential analysis of MCM3 protein expression levels between non-PAAD and PAAD groups;
(H) ROC curve to evaluate the ability of MCM3 protein expression levels to discriminate between non-PAAD tissue groups and PAAD tissue groups;
* Cells with positive MCM3 protein are in brown, and cells with negative MCM3 protein are in blue.

To gain a more comprehensive understanding of
the more detailed mechanism of MCM3 in PAAD, our
study also constructed a PPl network diagram. Figure
6E shows that MCM families such as MCM3, MCM4
and MCM?7 are likely to have a crucial role in the DNA
replication of PAAD abnormalities. Figure 6F shows
that MCM3 interacted with numerous molecules, such
as CDK1 and CCNB1, affecting abnormal cell cycle
checkpoint signalling. In addition, there were also
interactions between MCM3 and cell cycle-related
molecules such as CDK1, CCNB1 and CCNB2 in the
abnormal p53 signalling pathway (Figure 6G).

3.5. Analysis of the relationship between MCM3
expression level, PAAD tissue immune
microenvironment status and clinical prognosis

Figure 7 shows that the immune microenvironment
components in PAAD tissue included CTL, eosinophils,
CD4+T cells, NK cells and macrophages. In addition,
we found that MCM3 was mainly expressed in the
epithelial cells of PAAD tissue. To further explore the
clinical value of MCM3 expression and potential
immune-related mechanisms, we analysed the connec-
tion between MCM3 expression level, PAAD tissue
immune microenvironment status and clinical prognosis.
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Figure 5. Comparing the effect of knocking out MCM3 in the

CRISPR system on the growth of PAAD cells.

(A) Violin diagram comparing the difference in chronos scores between
the MCM3 knockout group and the control group;

(B) Identification of ROC curves between MCM3 knockout group and con-
trol group using chronos score.

The expression of MCM3 was positively correlated with
the degree of Th2 cell and activated CD8+T cell infil-
tration in the PAAD immune microenvironment (r>0,
p<0.05) (Figure 8A). The expression of MCM3 was neg-
atively correlated with eosinophils in the PAAD immune
microenvironment (r<0, p<0.05) (Figure 8A). The over-
all survival (OS) (Figure 8B) and disease-free survival
(DFS) (Figure 8C) of the group with high infiltration of
eosinophils and activated CD8+T cells in the immune
microenvironment of PAAD tissue were better than
those of the lower infiltration group, while the high
infiltration of Th2 cellswas worse than the OS (Figure
8B) and the DFS (Figure 8C) of the lower infiltration
group (p < 0.05).

3.6. MCM3 expression and drug sensitivity
analysis in PAAD cell lines

Figure 9A shows that the cross-association analysis
screened out the four drugs to which the drug sensi-
tivity of PAAD cells was most closely related to MCM3
expression, namely brivanib, c-75, flavopiridol and
VNLG/124. The Wilcoxon test in Figure 9B-E shows that
there was a significant difference in the sensitivity to
these four drugs between the PAAD cells in the MCM3
high-expression group and the PAAD cells in the
MCM3 low-expression group (p<0.05). In addition, the
drug sensitivity of these drugs shows a strong positive
correlation with the expression level of MCM3 (R>0,
p <0.05) (Figure S6). This suggests that PAAD cells with
high MCM3 expression may be more sensitive to these
drugs than PAAD cells with low MCM3 expression.

We also studied the effects of these four drugs on
MCM3 by analysing molecular docking models. Figure 9F-I
show that except for the c-75 model with general affinity
energy (-6.6kcal/mol), the binding energy of all other mod-
els was relatively ideal (brivanib_affinity energy=-8.6kcal/
mol; flavopiridol_affinity energy=-8.5kcal/mol; VNLG/124_
affinity energy=-84kcal/mol). In addition, the molecular
docking model constructed using CB-Dock2 also shows
that these drugs have strong binding ability with MCM3
protein (Figure S7). This further illustrates the correlation
between MCM3 and the drug sensitivity of these drugs.

4. Discussion

Since the molecular mechanisms related to PAAD have
not been thoroughly studied, there is great difficulty
in the early diagnosis and treatment of PAAD, which in
turn leads to an extremely poor prognosis for PAAD
patients [38, 39]. Based on the available information,
there is a paucity of comprehensive and systematic
studies elucidating the potential involvement of MCM3
in PAAD. This study observed significant overexpres-
sion of MCM3 in PAAD at both the mRNA and the
protein level. There is heterogeneity reflected by the
differential expression of MCM3 protein in PAAD cells.
MCM3 plays an essential role in the growth of PAAD.
MCM3 may promote the occurrence and growth of
PAAD through abnormal DNA replication, the p53
signalling pathway and the cell cycle checkpoint sig-
nalling pathway. The expression of MCM3 in PAAD
may significantly affect changes in Th2 cells, eosino-
phils and activated CTL in the immune microenviron-
ment, thereby affecting the clinical prognosis of PAAD
patients. PAAD with high expression of MCM3 is
highly sensitive to four drugs, namely c-75, bridanib,
fluopiridol and VNLG/124, and the molecular docking
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Figure 6. Mapping of potential biological behavioural analysis of MCM3 in PAAD based on intersection genes.
(A) Bubble diagram of the biological process (BP) section for GO enrichment analysis; (B) Bubble diagram of the cellular component (CC) section for GO

enrichment analysis;

(C) Bubble diagram of the molecular function (MF) section for GO enrichment analysis; (D)Bubble diagram for KEGG enrichment analysis;
(E) DNA replication of protein-protein interaction networks; (F) Cell cycle checkpoint signalling of protein-protein interaction networks;

(G) P53 signalling pathway of protein-protein interaction networks.

model between MCM3 and these drugs is relatively
stable. These may fill some gaps in the field of PAAD.

This study integrated for the first time 826 PAAD
samples and 476 non-PAAD control samples from 12
datasets around the world. Through comprehensive
analysis, it was found that MCM3 was significantly
highly expressed in PAAD tissue. Although the sources
and production processes of these external datasets
may have many obvious differences, for example, due
to different standards, the results of the above calcula-
tion and analysis show that they can be combined and
analysed without significant impact. The same effect
was further demonstrated through an IHC scoring
analysis of the in-house protein. This indicated that the
process of MCM3 from transcription to translation
wasn't interfered with by too many other factors. This
is consistent with a previous study that found MCM3
mMRNA to be highly expressed in PAAD and MCM3 to
be highly expressed in tumours in other anatomical
locations, such as head and neck squamous cell

carcinoma, lung squamous cell carcinoma, ovarian can-
cer, breast cancer and cervical cancer [17-21, 24, 25].
This just shows that our results have broad applicabil-
ity and generalisability. Furthermore, the heterogeneity
of PAAD cells reflected by the MCM3 protein in PAAD
tissue is similar to the differentiation of several sub-
groups in the epithelial cell population and the uneven
expression of MCM3 in epithelial cells in the single-cell
analysis mentioned above. This may hold immense
importance for the prognosis of PAAD. It is necessary
for us to analyse this further in the future to develop
more personalised and effective treatment strategies.
In view of the high expression of MCM3 mRNA and
protein in PAAD and the strong necessity for MCM3 in
the growth of PAAD cells, we analysed the likelihood
of MCM3 being a significant contributor to the initia-
tion and growth of PAAD.

Therefore, we explored the possible molecular
mechanism of MCM3 in PAAD based on intersection
genes to deepen our understanding of the process by
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Figure 7. PAAD Tissue immune microenvironment status.
(A) Single cell sequencing analysis of PAAD tissue based on UMAP and TSNE dimensionality reduction;
(B) Expression of MCM3 in various cells of PAAD tissue based on UMAP dimensionality reduction;

(C) Differences in immune infiltration between the high and low expression groups of MCM3.

which MCM3 promotes the occurrence and growth of
PAAD. MCM3 is a member of the MCM family. The ele-
vated expression of MCM3 contributes to sustaining
the proliferative state of cancer cells [40]. Specifically,
in tumour cells, the small ubiquitin-like modifier
(SUMO) can act on MCMS3, thereby affecting the
MCM-binding protein (MCMBP) associated with MCM3
and playing a crucial role in the assembly of the MCM
family, allowing cells to maintain replication permis-
sion to promote the proliferation of tumour cells [40,
41]. Studies have also reported that MCM3 can affect
KAP1 by interacting with MCM6 and PCNA, thereby
affecting the process of restoring heterochromatin
after DNA replication. The abnormally high expression
of KAP1 may enhance the metastasis ability of PAAD
through the epithelial-mesenchymal transition path-
way [42, 43]. MCM3 may also play a role in the occur-
rence and growth of PAAD through an abnormal
p53 signalling pathway. Some studies have shown
that mutated TP53 may upregulate the transcription
factor forkhead box M1 (FoxM1) and its downstream
target CCNB through abnormal interactions with the
C-terminal disordered region of MCM3 [44, 45].
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Research by Duo Han et al. claimed that the NF-kB/
miR-488/ERBB2 axis can regulate the growth of PAAD
cells through cell cycle regulatory factors such as CDK1
and CCNB [46]. p53 can promote tumour progression
by activating genome-wide replication that is closely
related to CCNE amplification [47]. Earlier studies con-
firmed that MCM3 is an important substrate of CCNB/
CDK2 [48]. These are similar to our discovery that
MCM3 in PAAD interacts with CDK, CCNB and CCNE in
the p53 signalling pathway. In addition, the above
results show that MCM3 in PAAD may play an extremely
complex role in cell cycle checkpoint signalling. Firstly,
some reports have shown that MCM3 is involved in
the cell cycle checkpoint process of tumour cells [49,
50]. Secondly, some studies have found that abnormal
expression of CDK1 not only causes abnormalities in
the G2/M cell cycle checkpoint, leading to malignant
proliferation that may lead to cancer, but may also
promote the development of cancer stem cells (CSCs)
by inducing the upregulation of proteins with stem
cell properties to promote the occurrence of PAAD [51,
52]. Therefore, MCM3 may be involved in the patho-
genesis of PAAD by interacting with CDKs in the cell
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Figure 8. Analysis of the relationship between MCM3 expression level, PAAD tissue immune microenvironment status, and clinical

prognosis.

(A) Scatter plots of the correlation between the degree of infiltration of Th2 cells, eosinophils, and activated CD8+ T cells and the expression level of

MCM3 in PAAD tissue;

(B) Kaplan-Meier survival curves comparing overall survival in PAAD tissue with Th2 cells, eosinophils, and activated CD8+ T cells in the high infiltration

and low infiltration groups*;

(C) Kaplan-Meier survival curves comparing disease-free survival in PAAD tissue with Th2 cells, eosinophils, and activated CD8+ T cells in the high infiltra-

tion and low infiltration groups*;

*Divided into a high infiltration group (Group 1) and a low infiltration group (Group 2) based on the median degree of infiltration of a certain cell in

PAAD tissue.

cycle checkpoint pathway. In addition, PAAD’s MCM3
may be related to the growth, invasion, metastasis and
drug resistance of tumour cells through interactions
with BLM, BUB3 and CDC6 in the cell cycle checkpoint
pathway [53-55].

Although there have been many reports on the
immune status of PAAD tissue that clarify the import-
ant role and clinical value of the immune microenvi-
ronment in the occurrence and development of PAAD
[56-58], we have not seen any research on the rela-
tionship between MCM3, the immune microenviron-
ment and the clinical prognosis of PAAD. Even the
analysis of MCM3 expression status and the tumour
immune microenvironment have been rarely reported.

For the first time, we found that differences in MCM3
expression levels have an impact on the clinical prog-
nosis of patients by modulating components of the
immune microenvironment in PAAD tissue (e.g. Th2
cells, eosinophils and activated CD8+ T cells). Th2 cells
are significantly enriched in PAAD tissue and highly
express MCM3, which may promote the occurrence of
PAAD through the chronic inflammatory pathway and
help PAAD cells escape from the anti-tumour process
by secreting various immunosuppressive cytokines to
antagonise the tumour immune microenvironment
and significantly reduce the clinical prognosis of PAAD
patients [59, 60]. The significantly enriched eosinophils
in PAAD tissue with low expression of MCM3 may



14 €) Y.CHENETAL.

mows [ igh [l Low Growp [l vigh [l Lov
A : B
1.0 45
I 00039
45
08 )
I
0.6 | 2 ~40
‘ g 5
2 04 %540 <
s I 433 drugs 2 El
> 02 I ©  4dugs -E‘ .l, ,
35
| § 2
00 [ = = o5 @geiono ~ — = & o
I 435
-02 I
| 3.0
—04 .
-0 —05 00 05 10 30
High Low High Low
% MCM3 MCM3
-score
D yevs [ sigh [ Low E vevs [ tieh [ ow F

Flavopiridol_—log(IC50)
4

VNLG/124_~log(IC50)
; .

High Low

MCM3 Hieh

C_75 (affinity energy=-6.6kcal/mol)

MCM3

Flavopiridol (affinity energy=-8.5kcal/mol)

VNLG/124 (affinity energy=-8.4kcal/mol)

Figure 9. Analysis of the relationship between drug sensitivity and MCM3 in PAAD cell lines.

(A) Cross-association analysis of MCM3 expression and drug reactivity;

(B)-(E) Differences in drug sensitivity between high and low expression groups of MCM3*;

(F)-(1) Relatively ideal models for drugs docking with the MCM3 protein;

* Divide MCM3 into high expression groups and low expression groups based on its median expression value; The -log (ICy) of these drugs is considered

drug sensitivity.

enhance anti-tumour immunity in the tumour tissue
microenvironment by virtue of their ability to be che-
motactic in tumour tissue, participate in inflammatory
processes and tissue remodelling and have potential
cytotoxic capabilities [61]. The significantly enriched
activated CD8+ T cells in PAAD tissue that highly express
MCM3 may induce tumour cell apoptosis through the
perforin granzyme and Fas-Fas interaction and tumour
cell ferroptosis to improve patient prognosis [62].

Since most patients with PAAD have already missed
the best opportunity for ‘curative’ surgical treatment
when they seek medical treatment, drug treatment is
of great significance in the field of PAAD [63-65]. To
this end, based on CRISPR screen data, we found for
the first time that the relationship between MCM3 and
PAAD drug (c-75, brivanib, flavopiridol and VNLG/124)
sensitivity is positively correlated. This provides an
in-depth study of the MCM3-related molecular mecha-
nism of the drug and offers some insights for improv-
ing drug resistance and efficacy in the future. In the

molecular docking model, from the perspective of
intermolecular binding energy, except for the average
docking effect between c¢-75 and MCM3, the docking
effects between brivanib, flavopiridol, VNLG/124 and
MCM3 were all ideal. However, in the molecular dock-
ing model of these four drugs and MCM3, no strong
intermolecular forces were found. This may be related
to the relatively strong shape complementarity of the
model we constructed. Based on this, in the future,
some new functional groups that can generate strong
binding forces between molecules can be introduced
to improve the chemical structure of existing drugs
and further enhance the binding capacity between
them. In addition, flavopiridol is a pan-CDK inhibitor
that can inhibit the proliferation of various tumour
cells by acting on targets such as CDK1, CDK2 and
CDK9 [66-69]. Combining the results of our enrich-
ment analysis and PPl network, it is not difficult to find
that this drug not only directly acts on the classic
CDK1 target but may also act on MCM3, classic CDK1



targets and other pathways through p53 and cell cycle
checkpoints. The interaction between related mole-
cules jointly exerts the anti-PAAD effect. However, this
analysis needs more evidence in the future.

Although our research has many exciting results,
there are at least the following limitations that deserve
our attention. First, we used multiple methods to
explore many potential molecular mechanisms of MCM3
in PAAD. However, further in vitro and in vivo experi-
ments, such as on the specific pathway through which
the highly expressed MCM3 in PAAD significantly
enriches Th2 cells in the PAAD immune microenviron-
ment, are needed to verify these results in the future.
Second, in the in-house protein analysis, we only
included 145 cases in the PAAD group and 29 cases in
the non-PAAD group for analysis using the IHC method.
In the future, we should expand the sample size and
conduct further analysis and verification from multiple
analytical angles to obtain more accurate results. Third,
we have currently only carried out molecular docking of
small-molecule drugs and MCM3. In the future, we
should improve the analytical methods and study the
role of drugs in MCM3-related pathways from a holistic
perspective to obtain more realistic results.

5. Conclusions

In summary, we conclude that MCM3 is likely to be a
critical element in promoting the initiation and growth
of PAAD. MCM3 may promote the occurrence and
growth of PAAD through abnormal DNA replication,
the p53 signalling pathway and the cell cycle check-
point signalling pathway. Flavopiridol may exert its
anti-PAAD effect through the interaction between
MCM3, classic CDK1 targets in the cell cycle check-
point and p53 pathway as well as related molecules in
other pathways.
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