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Abstract: Acute aortic dissection is one of the most severe vascular diseases. The molecular mech-
anisms of aortic expansion and dissection are unclear. Clinical studies have found that statins
play a protective role in aortic dissection development and therapy; however, the mechanism of
statins’ effects on the aorta is unknown. The Gene Expression Omnibus (GEO) dataset GSE52093,
GSE2450and GSE8686 were analyzed, and genes expressed differentially between aortic dissection
samples and normal samples were determined using the Networkanalyst and iDEP tools. Weight
gene correlation network analysis (WGCNA), functional annotation, pathway enrichment analysis,
and the analysis of the regional variations of genomic features were then performed. We found that
the minichromosome maintenance proteins (MCMs), a family of proteins targeted by statins, were
upregulated in dissected aortic wall tissues and play a central role in cell-cycle and mitosis regulation
in aortic dissection patients. Our results indicate a potential molecular target and mechanism for
statins’ effects in patients with acute type A aortic dissection.
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1. Introduction

Acute aortic dissection is a life-threatening disease. According to the Stanford system,
aortic dissections can be classified as type A or B. Type A, which involves the ascending
aorta, is the most threatening. The pathology of aortic dissection is the progressive separa-
tion of the aortic wall layers, which results in the formation of a false lumen. It can arise
from a tear in the aortic intima, exposing the medial layer to the pulsatile blood flow. Blood
flow in the false lumen can lead to an aortic rupture in the case of adventitial disruption
or re-entry back into the true lumen through another intimal tear. Aortic rupture quickly
leads to exsanguination and death. In the event of blood redirection into the true lumen,
creating natural fenestration, the patient can present as relatively stable with adequate
perfusion [1-3]. The pathogeny of aortic dissection includes two major parts. One is a
pathogenic force on the aortic intima, mostly related to high pressure caused by uncon-
trolled hypertension. The other is low strength in the aortic wall, especially the intima and
medial layer, which is usually associated with abnormal aortic development caused by
congenital disease, injury, or other aortic lesions. Although aortic replacement can reduce
the short-time mortality of the disease, complications can arise for the affected aorta, such
as dilation, aneurysmal formation, and rupture, which remain problems in the chronic
phase, and the long-term outcomes have not always been satisfactory [4—6]. The molecular
mechanism of the tearing in the aortic intima or medial layer is still unclear, and the drugs
that can stabilize the aortic wall before the dissection or after the surgery are limited.

Statins, 3-hydroxy3-methylglutaryl-coenzyme A reductase inhibitors, are therapeutic
drugs widely used for hyperlipidemia. Increasing evidence suggests that they can inhibit
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aortic expansion and rupture [7,8], and they have been used to prevent the progression of
aortic diseases [9-11]. It has been shown that the effect of statins on aortic dissection seems
not to be based on the direct effect of lowering lipid levels, but their targets in aortic tissue
are still unknown. Previous studies have shown that statins can inhibit minichromosome
maintenance proteins (MCMs) and effectively influence cell survival in tumors [12,13];
however, MCMs’ role in aortic dissection is unknown.

Minichromosome maintenance proteins (MCMs) are highly conserved proteins in-
volved in the initiation of eukaryotic genome replication. They can bind and translo-
cate along DNA. They recruit other DNA-replication-related proteins and form the pre-
replication complex (pre-RC), resulting in the unwinding of the DNA strand in the for-
mation of replication forks [14-16]. The amount of MCMs in cells is limited. When cells
are under replicative stress, the limited MCMs preclude cells from unlimited replication
by causing DNA damage, which itself inhibits cell overgrowth via activating DNA dam-
age checkpoint signaling, followed by DNA breaks [17]. In tumor cells, the MCMs are
overexpressed and confer the potential for overgrowth [17]. Previous studies have found
that statins can inhibit MCMs and tumor cell growth [12,13]; however, the expression and
function of MCM s in the aorta have not been characterized.

2. Materials and Methods
2.1. Data Processing

In the Gene Expression Omnibus database (GEO, https://www.ncbinlm.nih.gov/
geo/, accessed date: 16 November 2020) [18], we selected GSE52093, GSE2450 and GSE8686
for analysis. GSE52093 is based on the GPL10558 platform and includes 7 aortic dissection
patients and 5 normal people’s aortic samples. GSE2450 is based on the GPL96 platform
and includes samples of primary human umbilical vein endothelial cells (HUVECs) and
immortalized HUVEC cell line EA.hy926 under different treatment. GSE8686 is based on
the GPL2507 platform and includes samples of primary cultures of human microvascular
endothelial cells (HMVEC), human pulmonary artery smooth muscle cells (PASMC), and
normal human dermal fibroblasts (NHDF) under different treatment. Networkanalyst
(https:/ /www.networkanalyst.ca/, accessed date: 20 January 2021) [19-21] and iDEP
(http:/ /bioinformatics.sdstate.edu/idep/, accessed date: 24 May 2020) [22] were used to
normalize and filter the gene expression profile in GSE52093.

2.2. Identification of Differentially Expressed Genes (DEGs)

The limma package [23] in R was used to identify differentially expressed genes
(DEGs). The genes expressed differentially between aortic dissections and control were
identified by using iDEP web tools. Fold changes > 2 and p < 0.05 adjusted by the false-
discovery rate (FDR) were considered significant.

2.3. Weight Gene Correlation Network Analysis (IWGCNA)

We extracted the expression profiles of genes commonly up- or downregulated in the
aortic dissections/control to perform WGCNA [24] on GSE52093. The WGCNA R package
in iDEP tools was used to construct co-expression networks (modules); the soft threshold
was set to 5, the minimum module size was set to 20, and each module was assigned a
unique color label. The Edge Threshold was set to 0.4, and the top 20 genes in the networks
were shown. In addition, the iDEP web tools were used to perform functional enrichment
analysis for these functional modules.

2.4. Analysis of Regional Variations of Genomic Features

The PREDA package [25] in iDEP was used to identify regional variations in the
genomic data. The data were filtered with an FDR set to 0.1 and fold change set to 2.
Enrichment analysis was then performed using the ShinyGO (http://ge-lab.org/go/,
accessed date: 3 November 2019) web tools.
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2.5. Immune-Cell Enrichment Analysis

The immune-cell enrichment analysis was conducted using xCell (https:/ /xcell.ucsf.
edu/, accessed date: 10 January 2020) [26], and the data were visualized using xCellView
(https:/ /comphealth.ucsf.edu/app/xcellview, accessed date: 10 January 2020). The Trans-
form was set to Correlation, the Distance method was set to Euclidean, and the Clustering
linkage was set to Mcquitty.

3. Results
3.1. Data Preprocessing and Normalization

First, the gene expression matrix was normalized and processed. There were
24,106 genes in 12 samples; 11,872 genes passed the filter, and 8156 were converted to
Ensembl gene IDs in the iDEP database. The remaining 3716 genes were kept in the data
using the original IDs. The data distributions before and after normalization are presented
by box plots in Figure 1A. Principal component analysis (PCA) of the matrix was performed
before and after normalization and filtration (the plot is shown in Figure 1B). The relative
distributions of the different groups before and after normalization are displayed in the
density plot in Figure 2C. The results show that the clustering of the two groups of samples
was more obvious after normalization, indicating that the sample source was reliable.
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Figure 1. Data normalization. (A). The box plots of data before and after normalization. (B). The principal component
analysis (PCA) plot of data before and after normalization. (C). The density plot of data before and after normalization.
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Figure 2. Identification of differentially expressed genes (DEGs) and the expression of minichromosome maintenance

proteins (MCMs). (A). The heatmap of the DEGs. Blue: downregulated genes, 1 = 360; yellow: downregulated genes,
n = 522. (B). The volcano plots of the DEGs. (C). The scatterplots of the DEGs. (D). The expression of MCM2, MCM4,

and MCM10.

3.2. Identification of DEGs and the Expression of MCM Proteins

After data preprocessing, we used iDEP to identify DEGs. The results show 882 DEGs
(with an FDR cutoff of 0.0500 and minimum fold change of 2), including 522 upregu-
lated and 360 downregulated in the dissection groups compared with the normal groups
(Figure 2A, Table S1). The DEGs in each of the comparisons were examined in detail
using volcano plots and scatterplots (Figure 2B,C). Among the DEGs, we found that the
MCM proteins were upregulated in the aortic dissection groups compared with the normal
groups. The expression of MCM2, MCM4, MCM5, MCM6, and MCM10 was upregulated
with an adjusted P-value less than 0.05, and the expression of MCM2, MCM4, and MCM10
was upregulated with logFC > 2 (Table 1). These results indicate that the expression of
MCM proteins was significantly changed in the aortic dissection patients.
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Table 1. MCM expression in aortic dissections vs. normal controls.

Gene logFC adj-P-Val
MCM2 2.62753 0.00817
MCM3 0.66044 0.08468
MCM4 2.37032 0.00656
MCM5 1.52354 0.03502
MCM6 0.86740 0.01988
MCM7 0.78220 0.06388

MCM10 3.21558 0.00684

3.3. The Network of DEGs and the Correlation of the Genes with MCM Proteins

To explore the co-expression network of the identified DEGs, weighted correlation
network analysis (WGCNA) was performed using the iDEP web tools. A network of
973 genes was divided into nine modules (Figure 3A). MCM2 and MCM10 were found to
be in the top 20 genes of the entire networks and in the top 20 of the turquoise module
(Figure 3B,D). Then, Gene Ontology (GO) enrichment analyses were performed on these
modules. Module function enrichment analysis showed that the turquoise module genes
were significantly involved in biological processes related to the mitotic cell cycle and cell
division. The blue module genes were significantly enriched in the biological processes of
cell-cycle regulation and responses to external stimuli, whereas the brown module genes
were significantly involved in the biological processes of cellular development and cell
differentiation. The green module genes were significantly involved in biological processes
related to circulatory system development and angiogenesis, whereas the red module
genes were significantly involved in cell motility, cell migration, tube development, and
morphogenesis (Figure 3C).

3.4. The Regional Variations of Genomic Features of Aortic Dissection

As MCMs play an important role in forming the pre-replication complex that regulates
eukaryotic genome replication, we used the PREDA package in iDEP to identify genomic
regions significantly enriched with up- or downregulated genes. We found that amplified
regions were found in chr14q21, chr14q22, and chr16q24, while deleted regions were found
in chr4p15, chr12p12, and chr15q14 (Figure 4, Table 2). Furthermore, we investigated the
upregulated genes on chr16q24 and the downregulated genes on chr12p12 with ShinyGO
v0.61 and found that genes associated with cell proliferation and the endomembrane
system were upregulated. By contrast, genes associated with cell motility and cell adhesion
were downregulated.

3.5. Statins Inhibit MCM Proteins Expression in Vascular Cell

Previous studies found that statins can inhibit the expression of MCM proteins. To
confirm statins’ effects on MCM proteins in cardiovascular system, we further analyzed
two different datasets GSE2450 and GSE8686. GSE2450 includes samples of primary
human umbilical vein endothelial cells (HUVECs) and immortalized HUVEC cell line
EA hy926 treated by atorvastatin. GSE8686 includes samples of primary cultures of human
microvascular endothelial cells (HMVEC), human pulmonary artery smooth muscle cells
(PASMC), and normal human dermal fibroblasts (NHDF) treated by atorvastatin. Both data
were normalized and processed. Then, we used Networkanalyst to identify DEGs between
atorvastatin treatment and control. we found that, in HUEVCs the expression of MCM2 and
MCM4 was significantly downregulated under atorvastatin treatment (Figure 5A), and in
EA hy926 cells the expression of MCM2,3,6,7,10 in atorvastatin treatment groups were much
lower than that in control groups (Figure 5B). Additionally, in HMECs the expression of
MCM2, MCM3 and MCM7 was significantly downregulated under atorvastatin treatment
(Figure 5C). In HPASM cells the expression of MCM2 in atorvastatin treatment groups was
also lower than that in control groups (Figure 5D). These results indicated that in endothelial
cells and smooth muscle cells, statins could also inhibit the expression of MCMs.
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Figure 4. The regional variations of genomic features. (A). Amplified (red) and deleted (blue) regions identified by PREDA.
(B). The biological process classification of genes on chr16q24 (amplified region). (C). The biological process classification of
genes on chr12p12 (deleted region).

Table 2. The regional variations of genomic features of aortic dissection.

Regulation Chr. Start End Size Band Genes
Up 14 49622140 49895068 0.273 q21 POLE2, KLHDC1, ARF6
Up 14 52037015 52595274 0.558 q22 PTGER2, TXNDC16, GPR137C
ZNF469, ZFPM1, CYBA, MVD, RNF166,
CTU2, APRT, GALNS, TRAPPC2L, ZNF778,
Up 16 87849765 90074319 2.225 q24 SNORD68; CHMP1A, CDK10, SPATA2L,
ZNF276, MC1R, TUBB3, CENPBDI1,
DBNDD1, GAS8, PRDM7
TAPT1, LDB2, QDPR, LAP3, MED28,
Down 4 16023727 17805706 1.782 pl5 DCAF16
C120rf60, ART4, MGP, ERP27, ARHGDIB,
Down 12 14434283 18200488 3.766 pl2 RERG, PTPRO, EPS8, STRAP, MGST1, LMO3,
RERGL
Down 15 33952715 34792889 0.84 ql4 PGBD4, KATNBL1, SLC12A6, NOP10,

LPCAT4, GOLGASA, GOLGASB, ACTC1
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Figure 5. The effect of atorvastatin on MCMs in vascular cells. (A). The expression of MCM2 and MCM4 in primary
human umbilical vein endothelial cells (HUVECs). (B). The expression of MCM2,3,6,7,10 in immortalized HUVEC cell line
EA hy926. (C). The expression of MCM2, MCM3 and MCM?7 in primary cultures of human microvascular endothelial cells
(HMVEQ). (D). The expression of MCM2 in primary cultures of human pulmonary artery smooth muscle cells (PASMC).

4. Discussion

Acute aortic dissection is a fatal pathology that occurs in the aortic wall [27]. Its
incidence is much higher in developing than developed countries. Although more and
more patients are surviving through receiving surgical repair, many still develop aortic
aneurysms or dissections after surgery. Clinical studies have found that statins inhibit
aortic arch dilatation and could prevent aortic dissection [28]; however, how statins affect
aortic dissection development remains unclear. Previous studies have found that statins
can suppress MCM proteins and, thereby, inhibit tumor cell growth [12,13,17]. In this study,
we analyzed GEO data for acute aortic dissection and found that MCM proteins were
upregulated in aortic dissections. We also found that MCM2, MCM4, and MCM10 were
strongly correlated with aortic dissections and mostly participated in processes related to
the regulation of the cell cycle and division. Furthermore, we investigated the differences
in genomic features between aortic dissections and normal aortas. We found that genes in
the amplified region were associated with cell proliferation and the endomembrane system,
whereas genes in the deletion region were associated with cell motility and adhesion. These
results indicate that MCM proteins are important in aortic dissection development.

Our WGCNA network analysis showed that the top DEGs were mostly enriched
in processes related to cell-cycle control. Tao Jiang et al. also found that cell-cycle and
Extracellular matrix (ECM)-receptor pathways might play important roles in type A acute
aortic dissection (AAAD) [29]; this is consistent with our results. The MCMs are a group of
proteins that play a key role in DNA replication, the most important step of cell division.
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MCM2-7 form a hexamer that can bind to DNA and form a pre-replication complex. It
translocates along the DNA, resulting in the unwinding of the DNA strand, and then forms
a replication fork [16] at a replication origin during the early G1 phase [30-33], and it is
responsible for the correct licensing of DNA. MCM10 can interact with MCM2, MCM6, and
the origin recognition protein ORC2 to recognize the origin of the DNA strand. Ibarra et al.
demonstrated that the knockdown of any of the MCM complex subunits (MCM2-7) leads to
the dysfunction of the whole complex and reduces the backup capacity for DNA licensing,
which then leads to the abnormal replication of DNA during the S phase and activates the
DNA damage response (DDR), stopping the cell cycle [17]. Our results show that MCM
proteins were upregulated in the aortic dissection tissues. This indicates that the patients’
aortic endothelial cells or smooth muscle cells might have had a larger backup capacity for
DNA licensing than normal people’s cells. Under replication stress, limited MCM proteins
in normal aortas could slow down the proliferation of endothelial or smooth muscle
cells through active DNA damage checkpoints. Upregulated MCM proteins may cause
the overproliferation of endothelial and smooth muscle cells and cause aortic expansion
(Figure 6).

MCMs normal MCMs overexpressed

W W
——1 (Jmewms

- —
-— — -

stress
Limited replication Unlimited replication
! —
__A__
Normal aorta Expanded aorta
TT— .
o~ Double-stranded DNA OMCIVI proteins «  DNA unwinding direction

Figure 6. The model of MCM proteins’ role in the progression of aortic expansion. Under replication stress caused by

mechanical stress such as hypertension, the limited MCM proteins in the normal aorta can slow down the proliferation

of endothelial or smooth muscle cells through active DNA damage checkpoints. By contrast, upregulated MCM proteins

may cause overproliferation of endothelial and smooth muscle cells and cause aortic expansion. Statins may prevent aortic

expansion by targeting MCM proteins and inhibit the overreplication of cells.

Previous studies have shown that statins can inhibit the MCM complex in tumor
cells [12,13]. Statins can inhibit cell growth and induce apoptosis by reducing chromosomal
instability both in vitro and in vivo. In our study, we found that MCM proteins were sig-
nificantly upregulated and play an important role in aortic dissections. The overexpressed
MCMs may lead to unlimited DNA replication and then induce chromosome instability
in endothelial and smooth muscle cells under stress conditions. It should be mentioned
that, the change in the expression of the most statin-sensitive according to the literature
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MCM?7 was found here was statistically insignificant. It has been found that the expression
of MCM complex proteins is highly correlated. The inhibition of one single MCM complex
protein will lead to the downregulation of other members [17]. Furthermore, our analysis
data shown that, except MCM?7, other MCM proteins such as MCM2, MCM6 and MCM10
were also downregulated under statin treatment. Therefore, we believe that the MCM
proteins function together as a complex and could be destroyed by statins. Therefore, we
predicted that MCM proteins might act as a target of statins in the inhibition of aortic
dissection. Statins may inhibit the overexpressed MCMs and then normalize the genome
stability. In fact, our analysis of the regional variations of genomic features showed that the
genes located in the amplification or deletion regions participated in the aortic expansion
process. These results indicate that chromosomal instability might participate in aortic
dissection development, and statins may help to reduce this instability. Louis H. Stein et al.
showed that statins have a protective effect on thoracic aneurysms. The adverse events
(i.e., death, dissection, or rupture) and surgery rates for patients receiving statin therapy
were lower than those for patients not receiving statin therapy [34,35]. Junichi Tazaki
et al. found that the use of statins was associated with a lower risk for the primary out-
come measure in patients with aortic dissection [36]. Recently, Naoki Masaki et al. also
found that pitavastatin treatment, in addition to standard antihypertensive therapy, may
have a suppressive effect on aortic arch dilatation in patients with acute type B aortic
dissection [37]; however, the mechanism of statins’ effects on aortic dissection is unclear.
Some studies have shown that statins can prevent cardiovascular diseases by protecting
endothelia [34]. Yuki Izawa-Ishizawa et al. showed that pitavastatin can help to prevent
endothelial dysfunction and aortic dissection in mice [38]. It may function through regulat-
ing inflammation. In our study, the enrichment analysis showed that MCM10, MCM2, and
MCM4 also participated in the process of immune regulation (Table S2). We also analyzed
the data by immune-cell-type enrichment and noted the immune-cell types associated
with aortic dissection (Table S3); however, whether statins could affect those genes needs
further study.

5. Conclusions

In summary, our studies showed that MCM2, MCM4, and MCM10 play an important
role in aortic dissection and the expression of MCMs was inhibited by atorvastatin treat-
ment. It indicated that MCMSs may serve as potential target of statins in the prevention of
aortic expansion.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
425/12/3/387/s1. Table S1: The genes expressed differentially between aortic dissections and
control, Table S2: The process of immune regulation, Table S3: The immune-cell types associated
with aortic dissection.
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