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Abstract: CEP55, a member of the centrosomal protein family, affects cell mitosis and promotes the
progression of several malignancies. However, the relationship between CEP55 expression levels
and prognosis, as well as their role in cancer progression and immune infiltration in different cancer
types, remains unclear. We used a combined form of several databases to validate the expression
of CEP55 in pan-cancer and its association with immune infiltration, and we further screened its
targeted inhibitors with CEP55. Our results showed the expression of CEP55 was significantly higher
in most tumors than in the corresponding normal tissues, and it correlated with the pathological
grade and age of the patients and affected the prognosis. In breast cancer cells, CEP55 knockdown
significantly decreased cell survival, proliferation, and migration, while overexpression of CEP55
significantly promoted breast cancer cell proliferation and migration. Moreover, CEP55 expression
was positively correlated with immune cell infiltration, immune checkpoints, and immune-related
genes in the tumor microenvironment. CD-437 was screened as a potential CEP55-targeted small-
molecule compound inhibitor. In conclusion, our study highlights the prognostic value of CEP55 in
cancer and further provides a potential target selection for CEP55 as a potential target for intervention
in tumor immune infiltration and related immune genes.

Keywords: pan-cancer; centrosomal proteins 55; tumor progression; immune infiltration; CD-437

1. Introduction

Cancer threatens human health and is the second-leading cause of death worldwide [1].
Moreover, the number of cancer cases worldwide may increase by 60% in the next two
decades, further contributing to one in six cancer deaths per year [2]. Current widely used
cancer treatments include surgery, radiation therapy, chemotherapy, biologic therapy, and
targeted therapy, all of which have shown some efficacy [3,4]. Unfortunately, the prognosis
and survival of patients still cannot be effectively improved due to drug resistance, toxic
side effects, low immunity, and compliance [5]. In recent years, immunotherapy has
received attention from researchers, and the exploration of cancer immunotherapy has
become a prominent avenue for cancer treatment, especially the development of immune
biomarkers [6]. Therefore, it is necessary to search for and validate promising tumor
immune biomarkers.

Tumors are usually caused by aberrant differentiation due to chromosomal genomic
instability during cell division [7,8]. CEP55, a member of the centrosomal protein family [9],
has been shown to be highly expressed in many human tumor tissues and correlates with
tumor malignancy, invasiveness, and poor prognosis [10]. High levels of CEP55 form a
complex with PI3K to activate PI3K/AKT activity, thereby enhancing the non-anchored

Cells 2023, 12, 2457. https://doi.org/10.3390/cells12202457 https://www.mdpi.com/journal/cells

https://doi.org/10.3390/cells12202457
https://doi.org/10.3390/cells12202457
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0001-8057-8379
https://doi.org/10.3390/cells12202457
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells12202457?type=check_update&version=2


Cells 2023, 12, 2457 2 of 26

growth of hepatocellular carcinoma (HCC) [11]. Knocking down CEP55 levels delayed
epithelial-mesenchymal transition (EMT) and increased cisplatin sensitivity in breast can-
cer (BC) by inhibiting the P38MAPK and ERK1/2 pathways [12]. Moreover, abnormal
expression of CEP55 significantly promoted endometrial cancer (EC) progression, whereas
down-regulation of CEP55 expression could inhibit proliferation, invasion, migration, delay
the cell cycle, and accelerate apoptosis [13]. These results suggest that CEP55 is a promising
clinical target for cancer therapy. However, current studies are limited to a few types of
cancer, and the therapeutic effects and mechanisms of CEP55 in various types of tumors
are still not fully understood.

With the development of tumor molecular biology and genomics, more tumor molecu-
lar phenotypes have been revealed. This requires further development of targeted therapies
for driver mutations to improve the cancer treatment system. In this study, through multi-
ple databases, we found that the expression levels of CEP55 were significantly higher in
most of the tumors than in the corresponding normal tissues, and they correlated with the
pathological grade and age of the patients and affected the prognosis. Moreover, CEP55
expression was positively correlated with immune cell infiltration, immune checkpoints,
and immune-related genes in the tumor microenvironment. Our results suggest a broad
role for CEP55 in the diagnosis, prognosis, and immunotherapy of cancer, providing ideas
for a comprehensive understanding of CEP55 in immunotherapy and the development of
novel targeted therapies.

2. Materials and Methods
2.1. Data Collection

Samples of 33 cancer types containing clinical follow-up survival and staging information
were obtained from The Cancer Genome Atlas (TCGA, https://www.cancer.gov/aboutnci/
organization/ccg/research/structural-genomics/tcga accessed on 2 December 2022) database
and converted to TPM format. Gene expression data for different tissues were obtained
from the Genotype-Tissue Expression database (GTEx, https://gtexportal.org/ accessed
on 2 December 2022) and the Cancer Cell Line Encyclopedia database (CCLE, https://
portals.broadinstitute.org/ccle/about accessed on 2 December 2022). In all downloaded
data, differentially expressed genes (DEGs) between tumor tissue and adjacent tissue were
determined using log2 transformations and t-tests with p-values < 0.05. Data analysis
was conducted using R software (Version 4.0.2; https://www.Rproject.org accessed on
28 December 2022). The cancerous tissues and corresponding normal tissues are shown in
Supplementary Table S1.

2.2. Data Processing and Analysis

We downloaded the distribution of CEP55 in human tissues and some immunohisto-
chemical images of CEP55 in tumor tissues and corresponding normal tissues through the
Human Protein Atlas (HPA, https://www.proteinatlas.org/ accessed on 3 December 2022)
website. The full extent of tumor immune cell infiltration, immune cell abundance, and
CEP55 correlation with related genes were obtained from the Tumor Immune Estimation
Resource2 (TIMER2, https://cistrome.shinyapps.io/timer/ accessed on 5 January 2023)
website and TISIDB (http://cis.hku.hk/TISIDB/index.php accessed on 8 January 2023).
The protein interaction network of CEP55 was predicted using the STRING database
(https://string-db.org/cgi/input.pl accessed on 16 January 2023). Gene Oncology (GO)
and the Kyoto Encyclopedia of Genes and Genomes (KEGG) analyzed molecules with
potential roles in CEP55 using the clusterProfiler package. The Kaplan–Meier Plotter
was used to analyze the correlation between CEP55 expression and patient survival
in different cancers, while the results of univariate Cox regression were presented in
a forest-like plot. For CEP55 protein expression, methylation, and phosphorylation status,
we analyzed different tumor proteome datasets in the Clinical Proteomic Tumor Anal-
ysis Consortium (CPTAC, https://gdc.cancer.gov/about-gdc/contributed-genomic-data-
cancer-research/clinical-proteomic-tumor-analysis-consortium-cptac accessed on 3 December
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2022) using the University of Alabama at Birmingham Cancer data analysis Portal (UAL-
CAN, https://UALCAN.path.uab.edu/index.html accessed on 3 December 2022) online.
Copy number alterations (CNAs) and mutation types of CEP55 in pan-cancer patients
were determined by the cBioPortal for Cancer Genomics (http://www.cbioportal.org/
accessed on 26 December 2022). We searched and obtained data related to CEP55 in
clinically relevant alternative splicing (AS) events from the OncoSplicing database (http:
//www.oncosplicing.com/ accessed on 9 December 2022). Data to validate CEP55 ex-
pression and function at the single cell level were obtained from the free Tumor Im-
mune Single-cell Hub (TISCH, http://tisch.compgenomics.org/home/ accessed on 1 Jan-
uary 2023) data platform. Differences in CEP55 expression between responders and non-
responders and the receiver operating characteristic curves (ROC) for treatment-related
survivors were plotted by searching on ROC plots [14] (www.rocplot.org accessed on
5 January 2023). Comprehensive resources for compounds associated with CEP55 expres-
sion levels and drug sensitivity were downloaded from cMap (https://clue.io/ accessed
on 5 January 2023) and RNAactDrug (http://bio-bigdata.hrbmu.edu.cn/RNAactDrug/
accessed on 5 January 2023). For protein-compound interactions, we followed the previous
approach [15,16].

2.3. Cell Culture and Transfection

Breast cancer cell lines MDA-MB-231, CAL-148, and SK-BR-3 were obtained from
the American Type Culture Collection (ATCC: Manassas, VA, USA). MDA-MB-231 and
CAL-148 were cultured in Dulbecco’s modified eagle medium (DMEM), and SK-BR-3 was
cultured in 1640 containing 10% fetal bovine serum (FBS) at 37 ◦C in 5% CO2.

The human target gene CEP55 small interfering RNA (siRNA) was purchased from Ts-
ingke Co., Ltd. (Beijing, China). The sequence of siRNA CEP55-1 was 5′-GCCUGAAUCA-
GAAGGUUAU-3′ and siRNA CEP55-2 was 5′-GCAGCAUCAAUUGCAUGUA-3′. Expres-
sion of CEPP5 was silenced by CEP55 siRNA with Lipofectamine 8000 (Beyotime, Shanghai,
China) under the guidance of the manufacturer’s instructions. To overexpress CEP55, we
transiently transfected the CEP55 plasmid (Sino Biological, Beijing, China) into tumor cells
with an empty vector as a negative control, following the method mentioned above.

2.4. RNA Extraction and qRT-PCR

Total RNA was extracted from knockdown siRNA CEP55-treated MDA-MB-231 and
CAL-148 cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. Subsequently, cDNA synthesis and real-time polymerase chain
reaction (qPCR) were performed with the PrimeScript RT kit and SYBR Green Premix Ex
Taq (TaKaRa, Dalian, China), respectively. GAPDH was used for normalization, and mRNA
expression was evaluated by the comparative CT (2−∆∆CT) method. All primers used for RT-
qPCR are as follows: CEP55 forward primer: 5′-TGAAGAGAAAGACGTATTGAAACAA-
3′; CEP55 reverse primer: 5′-ACTGTGGCTCCAAACTGCTT-3′; GAPDH forward primer:
5′-GAATGGGCAGCCGTTAGGAA-3′; GAPDH reverse primer: 5′-GAGGGATCTCGCTC-
CTGGAA-3′.

2.5. Western Blot Analysis

The breast cancer cell lines MDA-MB-231 and CAL-148 were transfected with the
corresponding siRNA, CEP55, for 48 h. Cells were lysed with RIPA buffer containing a mix-
ture of protease inhibitors and phosphatase inhibitors (Beyotime, Shanghai, China). After
quantification and denaturation for each protein sample, 30 µg of protein was separated
and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Burlington,
MA, USA) by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Membranes were exposed to a 5% skim milk solution for 2 h at room temperature, incu-
bated with primary antibody (Cell Signaling Technology, Beverly, MA, USA) overnight at
4 ◦C, then reacted with HRP-coupled secondary antibody for 2 h and developed using ECL
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substrate. Mouse monoclonal anti-GAPDH (Cell Signaling Technology, Beverly, MA, USA)
was used as an internal standard.

2.6. Cell Viability

To determine the effect of knockdown of CEP55 on cells, cell viability was measured
using a 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide (MTT) assay ac-
cording to the manufacturer’s instructions (Beyotime, Shanghai, China). MDA-MB-231 and
CAL-148 cells were inoculated in 96-well culture plates (3 × 103 cells/well) and intervened
with siRNA CEP55, then placed in an incubator at 37 ◦C with 5% CO2 for 24 h, 48 h, 72 h,
and 96 h. After that, the absorbance was measured at 570 nm with a Spectra Max M5
microplate reader (Molecular Devices, Sunnyvale, CA, USA). The data represent the mean
± SD of three independent experiments with five replicates in each experiment.

2.7. Cell Proliferation and Migration Assays

Clone Formation Assay: MDA-MB-231 and CAL-148 cells from the si-NC and si-CEP55
groups were seeded on 12-well plates (500 cells/well) and cultured in a 5% CO2 incubator
at 37 ◦C for at least 2 weeks. The colonies formed were fixed in 4% methanol and later
stained with crystalline violet dye, photographed, and counted. 5-Ethynyl-2′-deoxyuridine
(EdU) assay (Beyotime, Shanghai, China): Treated MDA-MB-231 and CAL-148 cells in
48-well plates were incubated with the recommended concentration of EdU for 2 h, and
then the click reaction was performed according to the manufacturer’s instructions. Images
were collected using a fluorescence microscope (Nikon, Ni-U, Tokyo, Japan). Transwell:
MDA-MB-231 and CAL-148 cells treated with si-CEP55 for 48 h were suspended in the
upper chamber of each well with DMEM (5 × 104 cells/well), and medium containing 10%
FBS was added to the lower chamber. After 48 h of incubation, the non-migrating cells
remaining on the top surface were gently removed with a cotton swab, and the migrating
cells were fixed, stained with crystal violet, and counted under a light microscope. Wound
healing: All cells were inoculated in 6-well plates, and a linear wound was generated in the
fused monolayer with pipette tips after achieving 90% fusion, followed by washing twice
with 1 × PBS. Cells were continuously cultured in DMEM with 2% FBS for 48 h. Inverted
microscopy was used to capture 0 h and 48 h healing images of the trauma, and the relative
area of trauma closure was analyzed using Image J software (Version Fiji).

2.8. Statistical Analysis

Most of the data analysis and visualization were carried out mainly using R software
(v3.6.3), and the rest was conducted mainly using GraphPad Prism software (v8.0.0).
Differences in survival between groups were determined by Kaplan–Meier analysis and
the log-rank test. Subtypes, clinicopathological features, risk scores, neoantigens, TMB,
MSI, immune checkpoint expression, and immune infiltration levels were determined by
the Pearson correlation test. The statistical significance of differences between groups was
determined by Student‘s t-test, and a one-way ANOVA was used for comparison between
groups. A p-value ≤ 0.05 was considered statistically significant.

3. Results
3.1. Expression of CEP55 mRNA and Protein in Normal and Tumor Tissues

To investigate the tissue distribution of CEP55, we first analyzed the normalized
expression levels of CEP55 in a variety of normal tissues using the HPA database. The
results showed that CEP55 mRNA expression levels were highest in the thymus and testis
(nTPM > 20) and medium in the tonsils and lymph nodes (nTPM > 10). In most other nor-
mal human tissues, CEP55 mRNA expression levels were detectable (nTPM < 10), but even
lower (nTPM < 5) (Figure 1A). Next, to explore the differences in CEP55 between tumor
tissues and corresponding paraneoplastic tissues, we analyzed CEP55 expression in differ-
ent tumors in the TCGA dataset using the TIMER2 tool. CEP55 mRNA was significantly
upregulated in 21 cancers, including bladder cancer (BLCA), breast cancer (BRCA), cervical
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squamous cell carcinoma and endocervical adenocarcinoma (CESC), cholangiocarcinoma
(CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA), glioblastoma
multiforme (GBM), head and neck squamous cell carcinoma (HNSC), kidney chromophobe
(KICH), kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma
(KIRP), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squa-
mous cell carcinoma (LUSC), pancreatic adenocarcinoma (PAAD), pheochromocytoma
and paraganglioma (PCPG), prostate adenocarcinoma (PRAD), rectum adenocarcinoma
(READ), stomach adenocarcinoma (STAD), thyroid carcinoma (THCA), and uterine corpus
endometrial carcinoma (UCEC) (Figure 1B). For partial cancers lacking normal tissue, we
also used the difference in CEP55 mRNA expression on GEPIA2.0 and UALCAN directly
from TCGA and GTEx data. The combined results showed that there was higher expres-
sion of CEP55 mRNA in adrenocortical carcinoma (ACC), BLCA, BRCA, CESC, COAD,
DLBC, GBM, HNSC, KIRC, LUAD, LUSC, ovarian serous cystadenocarcinoma (OV), PAAD,
READ, SKCM, STAD, THYM, UCEC, and uterine carcinosarcoma (UCS), but lower levels
in acute myeloid leukemia (LAML) (Figure 1C,D).

In addition, to assess the expression level of CEP55 at the protein level, we retrieved
data from TCGA and compared the results with immunohistochemical images provided
by the HPA database. As shown in Figure S1A,B, similar analysis results were obtained
for both databases. CEP55 immunohistochemistry (IHC) staining was weaker in normal
breast, glial, oral (head and neck), lung, ovary, pancreas, kidney, and endothelial tissues
(endometrium) and higher in tumor tissues. However, there was no significant difference
in CEP55 protein levels in liver and liver tumor tissues.

3.2. Correlation between CEP55 Levels and Clinicopathology in Various Tumors

To explore the association between CEP55 expression in multiple cancers and clini-
copathological features, we first assessed CEP55 expression in patients with stage I, II, III,
and IV cancers by TCGA cancer type. We found that CEP55 expression was significantly
associated with tumor stage in 15 types of cancer, including BLCA, BRCA, CESC, CHOL,
COAD, ESCA, HNSC, KIRC, KIRP, LIHC, LUAD, LUSC, READ, STAD, and UCEC. No-
tably, in stages II and III, CEP55 levels were highly expressed in most cancers (Figure 2A).
Meanwhile, CEP55 protein levels were significantly highly expressed in all III stages of
BRCA, HNSC, LUAD, PAAD, KIRC, and uveal melanoma (UVM), except for PAAD and
KIRC in the II stage, where CEP55 levels were significantly elevated compared to control
protein levels (Figure 2B). Moreover, we evaluated the expression level of CEP55 according
to the age of patients in each tumor type. The results showed that BLCA, BRCA, CESC,
CHOL, COAD, ESCA, GBM, HNSC, KIRC, KIRP, LIHC, LUAD, LUSC, PAAD, READ,
STAD, and UCEC patients aged > 21 years and especially >41 years had higher mRNA
expression levels (Figure S2A); and in BRCA, GBM, HNSC, LUAD, OV, PAAD, KIRC,
and UCEC patients between 41 and 80 years had higher CEP55 protein expression levels.
Interestingly, CEP55 protein levels in HNSC, PAAD, and UCEC increased progressively
with age (Figure S2B). The above results suggested that the expression level of CEP55 was
closely related to the stage and age of most cancer patients.
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Red and blue boxes indicate tumor tissues and normal tissues, respectively, and purple boxes rep-
resent SKCM metastatic tissues. (C) TCGA and GTEx data from GEPIA2.0 showed CEP55 expres-
sion levels in 27 tumors. (D) Expression levels were compared between normal and primary tissues 
of 18 cancers on UALCAN. * p < 0.05, ** p < 0.01, *** p < 0.001.  

Figure 1. Differential expression analysis of CEP55 in normal tissues and pan-cancer. (A) Expression
levels of CEP55 in 54 normal tissue types from the HPA database. (B) The expression levels of CEP55
mRNA in 33 tumor tissues and their corresponding normal tissues were analyzed on TIMER 2.0. Red
and blue boxes indicate tumor tissues and normal tissues, respectively, and purple boxes represent
SKCM metastatic tissues. (C) TCGA and GTEx data from GEPIA2.0 showed CEP55 expression levels
in 27 tumors. (D) Expression levels were compared between normal and primary tissues of 18 cancers
on UALCAN. * p < 0.05, ** p < 0.01, *** p < 0.001.
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LIHC, LUAD, LUSC, READ, STAD, and UCEC. (B) Impact of CEP55 protein levels on clinical stag-
ing in BRCA, HNSC, LUAD, PAAD, RCC, and UCEC. All data were taken from the UALCAN da-
tabase. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. normal. 
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in pan-cancer with DFS, the forest plot showed a significant correlation in the poor prog-
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Figure 2. Association of CEP55 expression with four pathological cancer stages. (A) Impact of CEP55
mRNA levels on clinical staging in BLCA, BRCA, CESC, CHOL, COAD, ESCA, HNSC, KIRC, KIRP,
LIHC, LUAD, LUSC, READ, STAD, and UCEC. (B) Impact of CEP55 protein levels on clinical staging
in BRCA, HNSC, LUAD, PAAD, RCC, and UCEC. All data were taken from the UALCAN database.
* p < 0.05, ** p < 0.01, *** p < 0.001 vs. normal.

3.3. Prognostic Value of CEP55 across Cancers

According to the TCGA database, Kaplan–Meier curves are useful to show the corre-
lation between CEP55 expression levels and the survival of cancer patients and to assess
the prognostic value of differential CEP55 expression. From the risk forest plot, we noted
that CEP55 was a high-risk gene for OS in glioma (GBMLGG), pan-kidney cohort (KIPAN),
brain lower grade glioma (LGG), KIRP, ACC, LIHC, KIRC, MESO, KICH, PAAD, LUAD,
LAML, UVM, and THYM, while it was a low-risk gene for other cancers, particularly
ESCA and CESC (Figure 3A). Plotting CEP55 in pan-cancer OS Kaplan-Meier curves by the
GAPIA2.0 database showed that high levels of CEP55 had a worse prognosis in ACC, KIRC,
LUAD, KIRP, LGG, PAAD, LIHC, and MESO, while a better prognosis in STAD (Figure 3B).
Correspondingly, regarding the association of high CEP55 expression in pan-cancer with
DFS, the forest plot showed a significant correlation in the poor prognosis of patients with
GBMLGG, KIPAN, KIRP, LGG, KIRC, KICH, ACC, LIHC, MESO, PAAD, LUAD, UVM, and
GBM; however, CEP55 expression exhibited the opposite relationship with prognosis in OV
patients (Figure 3C). KM analysis showed that individuals with ACC, KIRC, PPAD, KIRP,
LGG, SARC, LIHC, MESO, and UVM and high levels of CEP55 expression had a shorter
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survival time (Figure 3D). In conclusion, our results are consistent with previous summaries
showing significant overexpression of CEP55 in most types of cancer [17], suggesting that
CEP55 may play a potentially critical role in carcinogenesis and diagnosis.
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(B) Kaplan–Meier analysis of the association between CEP55 expression and OS. (C) Forest plot
of DFS associations in pan-cancer. (D) Kaplan–Meier analysis of the association between CEP55
expression and DFS.
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3.4. Gene Stability Analysis of CEP55 in Pan-Cancer

Genomic alterations are one of the characteristics of the rapid development of cancer.
To assess the genetic alteration of CEP55 in various cancers, we performed a mutational anal-
ysis using the cBioPortal database and found that CEP55 was altered in 1.3% (138/10,950) of
patients with pan-cancer (Figure 4A). As shown in Figure 4B, the highest CEP55 alteration
frequency of 6.24% (33/529) was present in uterine corpus endometrial carcinoma, where
the most mutations were present. In addition, we also analyzed the mutation frequency of
the CEP55 gene in different types of tumors, and the results showed that mutation, amplifi-
cation, and deep deletion were the main types of mutation forms in the top 5 in uterine
carcinosarcoma (5.26%), diffuse large B-cell lymphoma (4.17%), prostate adenocarcinoma
(2.83%), and bladder urothelial carcinoma (2.43%), respectively. We also identified and
visualized mutation loci in CEP55, where missense mutations were the most common type
of mutation with 68, followed by truncation mutations with 16; and the D293N locus was
the most frequently mutated locus, with six missense mutations occurring at this locus
(Figure 4C).

Tumor formation is influenced by genetic and epigenetic modifications, and DNA
methylation is one of the most important modifications in the field of epigenetics. Therefore,
we investigated the correlation between CEP55 and key methylation transferases and
found that DNMT1, DNMT2 (TRDMT1), DNMT3A, and DNMT3B were highly correlated
with CEP55 in most tumors, especially in DLBC, LIHC, THYM, and BRCA (Figure 4D,E).
Furthermore, aberrant alterations in the DNA methylation of key genes are thought to be
an important cause of cancer development. We found that CEP55 was the most significant
and important methylation site in cg25827255, cg25314624, and cg04026927 by analyzing
the DNMIVD database (Figure 4F). To further estimate the reproducibility and validity
of the selection method and diagnostic model, the ROC curve of the logistic regression
model could reach 0.797, which showed good confidence (Figure 4G). Meanwhile, the DNA
methylation profiles of the given CpG in tumor and normal samples were analyzed by
clustering heat maps (Figure 4H). Next, we analyzed the levels of CEP55 methylation in pan-
cancer and its corresponding tissues using TCGA data from the UALCAN database. The
results showed that the level of CEP55 promoter methylation was significantly increased in
ESCA, KIRC, KIRP, PAAD, SARC, and TGCT compared to normal tissues (Figure 4I). The
effect of CEP55 methylation on the OS of various cancers was further explored through
the DNMIVD database, and the results showed that CEP55 methylation levels in CHOL,
PAAD, PARD, KIRC, KIRP, CESC, and LIHC were significantly and negatively correlated
with patient prognosis (Figure 4J). The above results suggest that the methylation level of
CEP55 may be a potential biomarker for pan-cancer diagnosis.

Phosphorylation is the most widespread form of covalent protein post-translational
modification and the most important form of regulatory modification in both prokaryotes
and eukaryotes. CEP55 protein phosphorylation may be inextricably linked to carcinogene-
sis. Therefore, we examined the phosphorylation sites of CEP55 and the changes in CEP55
phosphorylation levels between primary tumor tissues and normal tissues. The phosphory-
lation sites of CEP55 were mainly concentrated in S23, S428, and S436 (Figure S3A). CPTAC
database analysis showed that a significant increase in S23 phosphorylation of CEP55 in
HNSC, S2428 phosphorylation of CEP55 in HNSC, and BRCA and S436 phosphorylation
of CEP55 in HNSC was observed compared to normal tissues (Figure S3B). These find-
ings suggest that phosphorylation levels of CEP55 significantly promote partial tumor
progression.
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Figure 4. Gene stability and methylation analysis of CEP55 in pan-cancers. (A) cBioPhortal analysis of
CEP55 mutation frequencies in pan-cancer. (B) Summary of CEP55 mutation frequencies in 31 TCGA
cancers, including mutations, amplifications, and deep deletions. (C) Subtype and locus distribution
of CEP55 somatic mutations. (D) The correlation of CEP55 with the methylation transferases DNMT1,
DNMT3A, DNMT3B, and DNMT3L in pan-cancer was analyzed by TIMER2.0. (E) The correlation
of CEP55 with DNMT1 in PRAD, DNMT3A in THYM, DNMT3B in BRCA, and DNMT3L in UVM.
(F) The DNMIVD database was analyzed for CEP55 methylation sites (CpG Island), (G) logistic
regression models to predict differences between tumor samples and normal samples, (H) and
clustering heat maps of DNA methylation profiles for a given CpG in tumor and normal samples.
(I) Promoter methylation levels of CEP55 in different tumors. (J) Analysis of methylation levels of
CEP55 on OS in patients with different tumors. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. normal.
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3.5. Analysis of Patient Survival by Alternative Splicing of Differentially Expressed CEP55

AS is an essential component of gene expression regulation, enabling cells to generate
great protein diversity from a limited number of genes [18]. Defects in AS, including
genetic alterations and/or the altered expression of pre-mRNA and trans-acting factors,
contribute to the development of many cancers [19]. Therefore, we analyzed the ASs of
CEP55 by OncoSplicing and identified 2 clinically relevant AS events, alt_5primer_51257
and alt_5primer_51252. We described mainly alt_5primer_51257 here; the other was given
in Figure S4. COAD, ESCA, and STAD showed higher percent spliced-in (PSI) values in
cancer samples than in normal samples (Figure 5A,B). Figure 5C summarizes the statistical
results of PSI differences between tumor and normal/adjacent tissues, as well as the
correlation with OS and PFI in pan-cancer. Kaplan–Meier curves with a partial prognostic
value are presented in Figure 5D. The results showed that high PSI predicted higher DFI for
LUAD, higher PFI for LUSC, and conversely, lower PFI for TGCT. However, high PSI was
not significantly associated with OS in cancers including LUAD, LUSC, and ESCA. Overall,
these results exemplify that regulating CEP55 can act as one of the important biological
events affecting cancer progression.

3.6. Gene Enrichment and Functional Analysis of CEP55 in Pan-Cancer

To understand the functional role of CEP55 in cancer and to explore the potential
mechanisms of related genes in tumorigenesis and progression, we performed functional
and pathway enrichment analyses. We obtained and displayed 20 proteins interacting
with CEP55 from the STRING web tool, and the associated protein networks are shown in
Figure 6A. In addition, we analyzed the top 100 genes associated with CEP55 expression
in 33 cancers of TCGA by GEPIA2, of which the top 5 were cyclin-A (CCNA2), cyclin
dependent kinase 1 (CDK1), kinesin family member 11 (KIF11), marker of proliferation
Ki-67 (MKI67), and Polo-like kinase 1 (PLK1), which were significantly positively associated
with CEP55 (Figure 6B). Meanwhile, according to the heat map, CEP55 expression was
positively correlated with these five genes in most tumor types, especially in ACC, BRCA,
KICH, PRAD, and THYM (Figure 6C). Next, we scored the top 100 CEP55-related genes
from the above cancers by gene set variation analysis (GSVA) and found significant positive
correlations with apoptosis, cell cycle, and DNA damage pathways, as well as significant
negative correlations with the hormone ER, RASMARK, and RTK pathways (Figure 6D).
Further analysis by gene set enrichment analysis (GSEA) revealed that CEP55-related
genes were significantly enriched in BRCA, KICH, and PRAD, but not in ACC and THYM
(Figure 6E). GO analysis revealed CEP55 and related genes were mainly associated with cell
division, cell cycle, and mitotic spindle organization in biological processes (BP), nucleus,
cytosol, and midbody in cellular components (CC), and closely linked with protein binding,
ATP binding, and microtubule binding in molecular functions (MF) (Figure 6F). In addition,
cell cycle, oocyte meiosis, progesterone-mediated oocyte maturation, and the p53 signaling
pathway were closely associated with CEP55 and related genes (Figure 6G).
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Figure 5. Correlation of CEP55 alternative splicing with patient prognosis. (A) The reads-in, reads-
out, and PSI values of CEP55_alt_5primer_51257 were analyzed in pan-cancer, adjacent, and normal 
tissues, respectively. (B) Differences in PSI between tumor, adjacent normal tissue (left) and tumor, 
GTEx normal tissue (right), and associations with OS and PFI; the red dashed line is the FDR of 0.05, 
the dot size represents tumor PSI values, and different colors mark different cancers. (C) Kaplan–
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Figure 5. Correlation of CEP55 alternative splicing with patient prognosis. (A) The reads-in, reads-
out, and PSI values of CEP55_alt_5primer_51257 were analyzed in pan-cancer, adjacent, and normal
tissues, respectively. (B) Differences in PSI between tumor, adjacent normal tissue (left) and tu-
mor, GTEx normal tissue (right), and associations with OS and PFI; the red dashed line is the
FDR of 0.05, the dot size represents tumor PSI values, and different colors mark different cancers.
(C) Kaplan–Meier curves for patient OS, PFI, or DFI prediction are shown. All data were obtained
from OncoSplicing.
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Figure 6. CEP55-associated gene enrichment and pathway analysis. (A) The STRING tool was
used to identify the top 20 protein network maps associated with CEP55, where different colors
represent different individual proteins. (B) The top 100 genes associated with CEP55 in the TCGA
database were obtained using the GEPIA2 tool, and the correlation of CEP55 with the selected top
5 genes (CCNA2, CDK1, KIF11, MKI67, and PLK1) in pan-cancer was analyzed. (C) The heat map
shows the correlation between CEP55 and the top 5 associated genes in the individual cancer types
of all TCGA tumors analyzed by TIMER2. (D) The figure summarizes the association between
the GSVA score and the activity of cancer-related pathways in selected cancers. *: p value ≤ 0.05;
#: FDR ≤ 0.05. (E) GSEA enrichment analysis results. (F) GO enrichment bubble maps for biological
process terms, cellular component terms, and molecular function terms. (G) A circle diagram of the
top 100 gene-enriched pathways associated with CEP55. Only the key genes for each pathway are
listed at the left end of the corresponding color band.
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3.7. The Effects of CEP55 on Proliferation and Migration of Breast Cancer

To explore the molecular biological function of CEP55, we selected breast cancer for
in vitro validation analysis. A search of the UALCAN database revealed that CEP55 was
significantly highly expressed in breast cancer, especially in triple-negative breast cancer
(TBNC) (Figure 7A). Knockdown of CEP55 in MDA-MB-231 and CAL-148 cells by trans-
fection with siRNA (Figure 7B). Subsequently, we adopted MTT to detect the cell viability
of TNBC treated with siRNA CEP55 at different time points. The cell proliferation rate
was significantly reduced after CEP55 knockdown, as shown in Figure 7C. In addition,
the clonality of the TNBC was significantly decreased (Figure 7D). The EdU assay showed
that silencing of CEP55 reduced the proliferative capacity of the TNBC cells (Figure 7E).
Moreover, migration was significantly inhibited in the CEP55 knockdown group by the
transwell migration assay in MDA-MB-231 and CAL-148 cells (Figure 7F). Correspondingly,
the wound healing assay in CEP55-silenced TNBC cells showed reduced cell migration
(Figure 7G). In conclusion, these results illustrated that CEP55 facilitated TNBC progression
by affecting proliferation and migration. Furthermore, we also performed the correspond-
ing validation of forced overexpression of CEP55 in SK-BR-3 cells with relatively low CEP55
expression (Figure 7H–M). The results showed that the activity, proliferation, and migration
of SK-BR-3 cells were significantly increased after overexpression of CEP55. Therefore, we
conclude that CEP55 can significantly affect breast cancer tumor progression.

3.8. Regulation of Immune Cell Infiltration by CEP55 in Human Tumors

Tumor tissue does not simply contain tumor cells but also immune and inflammatory
cells, tumor-associated fibroblasts, nearby mesenchymal tissue, microvasculature, and
various cytokines and chemokines, which constitute a complex and integrated system of
tumor microenvironment (TME) [20,21]. In recent years, more evidence suggests that the
immune infiltration that promotes cancer progression in TME has become increasingly
important [22]. To determine the possibility of CEP55 as a target for tumor immunother-
apy, the relationship between CEP55 expression and the level of immune infiltration in
pan-cancer was investigated. The relationship between CEP55 and the composition of
tumor-infiltrating immune cells (TIICs) was first obtained by the TIMER2 and CIBERSORT
algorithms. Our results showed that CEP55 was significantly and positively correlated
with neutrophils in THYM, KIRC, PRAD, KIPAN, LGG, LIHC, LUAD, DLBC, KIRP, OV,
PRAD, BRCA, SKCM, STAD, and KICH. Also, dendritic cells were positively associated
with CEP55 in BLCA, BRCA, PAAD, OV, PCPG, LGG, LIHC, KIPAN, THCA, STES, STAD,
THYM, LIHC, THCA, KIRC, and PRAD. Moreover, CEP55 was significantly positively
correlated with B cells, T cell CD4, and T cell CD8 cells in THYM, KIRC, LGG, LIHC, PRAD,
and KIPAN. Conversely, B cells, T cell CD4, and macrophages were significantly negatively
correlated with CEP55 in LUSC, STES, and STAD (Figure 8A–C). Meanwhile, single-cell
data analysis showed that CEP55 affected T cell proliferation in BRCA, CRC, KIRC, LIHC,
and NSCLC and was highly expressed in regulatory T cells (Figure S5). Additionally, the
correlation of CEP55 expression in THYM, KIPAN, KIRC, ESCA, ACC, and STES with
purity was worth considering. Of note, CEP55 expression also showed a positive corre-
lation with neoantigens in GBM, ACC, READ, and UCS, and a negative correlation with
neoantigens in MESO, CHOL, TGCT, and KICH (Figure 8D).
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Figure 7. Effects of CEP55 on breast cancer cell proliferation and migration. (A) The expression
levels of CEP55 in normal breast cancer and different subtypes of breast cancer were analyzed by the
UALCAN database. (B) qRT-PCR and western blot were used to evaluate the efficiency of CEP55
silencing in MDA-MB-231 and CAL-148 cells. (C) MDA-MB-231 and CAL-148 cell proliferation was
detected by MTT assays. (D) Colony formation assay in MDA-MB-231 and CAL-148 cells. (E) EdU
assays in MDA-MB-231 and CAL-148 cells. (F) Transwell assays in MDA-MB-231 and CAL-148
cells. (G) Wound healing assay in MDA-MB-231 and CAL-148 cells. SK-BR-3 cells were transiently
transfected 48 h with plasmids carrying CEP55 cDNA or vector only, (H) and then subjected to
qRT-PCR and western blot analysis of CEP55 expression; (I) subjected to the MTT assay; (J) subjected
to the colony formation assay; (K) subjected to the EdU assays; (L) subjected to the transwell assays;
and (M) subjected to the wound healing assay. Data were shown as mean ± SD. * p < 0.05, ** p < 0.01,
*** p < 0.001 vs. siNC or vector.
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pan-cancer. Heat map showing the correlation of CEP55 expression with tumor-infiltrating immune 
cells (TIIC) based on (A) TIMER and (B) CIBERSORT algorithms. (C) Correlation analysis of CD4 T 

Figure 8. Correlation analysis of CEP55 expression with immune infiltration and immune cells in
pan-cancer. Heat map showing the correlation of CEP55 expression with tumor-infiltrating immune
cells (TIIC) based on (A) TIMER and (B) CIBERSORT algorithms. (C) Correlation analysis of CD4 T
cells in THYM, CD8 T cells in KIRC, CD4 memory T cells in THYM, CLP cells in SKCM, Th2 cells in
BRCA, and pro-B cells in KICH with CEP55 expression. (D) Correlation analysis of CEP55 with purity
and tumor neoantigens (NEO). (E) Correlation of CEP55 expression with stromal score, immune
score, and ESTIMATE score in KIPAN, KIRC, LUSC, and ATAD. (F) The correlations between CEP55
and immune checkpoint genes. (G) Correlation analysis of CEP55 with tumor mutational load (TMB)
and microsatellite instability (MSI). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Next, we further analyzed the role of CEP55 in the TME by using an immune score
reflecting the proportion of infiltrating immune cells in the tumor tissue, a stromal score
reflecting the proportion of stromal cells in the tumor tissue, and an ESTIMATE score
reflecting the tumor immune microenvironment and tumor purity [23]. We found a sig-
nificant positive correlation between high CEP55 expression and immune, stromal, and
ESTIMATE scores in KIPAN, KICH, and THCA (not listed), and conversely, a negative
correlation in LUSC, STAD, and STES (not listed), confirming that CEP55 expression signif-
icantly regulates immune infiltration in pan-cancer (Figure 8E). There is growing evidence
that the immune checkpoint (ICP) is one of the key components in tumor infiltration and
immunotherapy [24]. Therefore, we downloaded the uniformly normalized pan-cancer
dataset from the UCSC database to explore the relationship between CEP55 expression
and ICP genes in cancer. The genes negatively correlated with CEP55 expression were just
concentrated in NB and THYM. In contrast, CEP55 levels in most cancers were positively
correlated with the expression of ICPs; for example, more than 30 ICP genes were positively
correlated with high CEP55 expression in LIHC, OV, PAAD, UNM, LGG, THCA, KIPAN,
KIRC, and PRAD. Notably, the stimulaotry gene, high mobility group box 1 (HMGB1), was
significantly positively associated with CEP55 in all 33 cancers, suggesting involvement in
CEP55-related ICP effects (Figure 8F). As an emerging independent predictor of the efficacy
of immune checkpoint inhibitor (ICI) therapy, TMB and MSI correlate with the efficacy of
multiple tumor types of ICIs alone or in combination with two ICIs and have been shown
to be predictive markers of the efficacy of pan-cancer immunotherapy [25]. As shown
in Figure 8G, CEP55 showed a significant positive correlation with TMB in ACC, LUAD,
KICH, and STAD and a negative correlation in THYM, CHOL, and KIRP. For MSI, STAD,
READ, GBM, UCS, and SARC exhibited positive correlations, while DLBC, GBM, and
KIPAN exhibited negative correlations with CEP55. In summary, the critical role of CEP55
in immune infiltration and ICPs may make it a promising target for tumor immunotherapy.

3.9. Association of CEP55 with Immune-Related Genes

The immune system maintains the normal immune response of the body and plays an
important role in preventing the invasion of various microorganisms and other foreign sub-
stances and maintaining health [26,27]. However, if the body’s immunity is too strong or too
weak, it may overreact to external invaders and develop abnormal symptoms. Therefore,
we explored the correlation of CEP55 with immunostimulants and immunosuppressive
agents and found that CEP55 was negatively correlated with more than 25 immunostim-
ulators in most tumors (especially CESC, ESCA, LUSC, and PAAD) and with more than
15 immunoinhibitors in most tumors (especially CESC, ESCA, LUSC, and UCS). Notably,
CEP55 was most significantly associated with C10orf54, TNFRF14, TNFSF13, MICB, NT5E,
ULBP1, ADORA2A, KDR, and LAG3, which may serve as potential immunomodulatory
targets for CEP55 treatment (Figure 9A,B). Major histocompatibility complex (MHC) is an
important molecule in the process of antigen recognition, and a growing number of studies
support the use of MHC as a biomarker for ICIs [28]. Our results showed a negative corre-
lation between MHC molecules and CEP55 in most tumors; conversely, MHC molecules in
THCA, LGG, and KIRC and TAP1 and TAP2 in most tumors showed a significant positive
correlation with CEP55 (Figure 9C).

The interaction of chemokines with their receptors controls the targeted migration
of various immune cells in the circulatory system and between tissues and organs. It per-
forms the tasks of removing infectious agents, promoting wound healing, and eliminating
abnormal proliferating cells to maintain tissue cell homeostasis [29]. We found that CEP55
was negatively correlated with most chemokines and chemokine receptors in most tumors.
Interestingly, most chemokines and chemokine receptors were significantly positively cor-
related with CEP55 in THCA and KIRC (Figure 9D,E). Subsequently, the levels of CEP55
were compared between immunotherapy responders and non-responders, showing that
CEP55 was expressed at significantly high levels only in urothelial cancer (Figure 9F,G). In
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conclusion, we confirmed that CEP55 may be closely related to immune-related genes in
pan-cancer and could be further explored as a target molecule.

3.10. Exploring the Responsiveness of CEP55 in Oncology Therapy and Potential Drugs
Targeting CEP55

Targeted therapies, immunotherapies, and emerging cellular immunotherapies are
emerging as a new hope for many cancer patients with better efficacy and fewer adverse
effects. To explore whether CEP55 can be used as a marker of change in the course of
cancer treatment response, we first retrieved the trend of CEP55 in the process of CRC
and BRCA treatment by ROC Plotter. The data showed high CEP55 expression in CRC
patient non-responders and a significant reduction in CEP55 levels in responders after
chemotherapy, Bevacizumab, and Irinotecan interference. Meanwhile, in BRCA, responders
after pharmacological intervention had lower CEP55 expression, especially those treated
with endocrine therapy, who had the lowest CEP55 levels and were accompanied by a
5-year PFS predicted AUC value of 0.637 (Figure 10A).

Despite the irreplaceable role of conventional chemotherapeutic agents in oncology
treatment, they are ineffective in some patients with high CEP55. We strove to appraise
highly efficacious drugs targeting CEP55 therapy, thus further expanding the avenues
for targeted cancer therapy. We searched for drugs associated with CEP55 expression in
RNAactDrug. As shown in Figure 10B, among the top 30 drugs (FDR < 0.05), 5 small-
molecule compounds, including AZD7762, bleomycin, midostaurin, afatinib, and tane-
spimycin, were opposite to CEP55 mRNA expression. Similarly, we searched through the
cMap tool for a large number of potential compounds associated with CEP55 expression in
9 different tumor cells and showed the top 50 promising compounds (Figure 10C). Subse-
quently, a potential pathway of action was demonstrated by analyzing the mechanism of
action (MoA) of the compounds, showing that CEP55 expression levels were associated
with three compounds of the topoisomerase inhibitor and protein synthesis inhibitor types
(Figure 10D).

To further explore whether these potential compounds could interact with CEP55,
we performed homology modeling of the CEP55 protein and small-molecule compounds
docked from RNAactDrug and cMap sources. Docking and scoring using CB-Dock2
showed significant effects of midostaurin and LDN193189 at the C5 pocket of CEP55, with
vina scores of −7.0 and −7.3, respectively (Figure 10E,F). Interestingly, all pockets of CEP55
showed good interaction with CD-437, as indicated by the docking scores, with all vina
scores less than −7 and up to −8.3 (Figure 10G). In conclusion, these compounds target the
cellular signaling pathways of tumor cell differentiation and proliferation as therapeutic
targets, providing a viable guide for the development of new antitumor targeting agents or
alternatives to conventional chemotherapeutic agents.
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Figure 9. Correlation analysis of CEP55 with immune-related genes. Heat map analysis of the
relationship between CEP55 expression and (A) immunostimulator, (B) immunoinhibitor, (C) MHC
molecule, (D) chemokine, and (E) chemokine receptor in pan-cancer. The (F) expression difference
and (G) mutation difference of CEP55 between immunotherapy responders and non-responders. All
data were obtained from the TISIDB database.
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Figure 10. Analysis of CEP55 drug responsiveness and potential drugs targeting CEP55. (A) Box
plots show the expression levels of CEP55 between patients after drug treatment, and ROC curves
show the predictive accuracy of patient response to treatment as indicated by CEP55 levels. All data
were obtained from the ROC Plotter. (B) Spearman’s correlation of drug-induced changes in CEP55
levels was analyzed from the RNAactDrug database, where the FDR < 0.05. (C) The heat map shows
the top 30 possible compounds causing transcriptional alterations in CEP55 in different cells from the
cMap database. (D) Scatter plots depict the mechanism of action (MoA) of the top 30 compounds; the
count column shows the ratio of some compounds to all compounds in the cMap database with the
same MoA. (E) (left) 3D molecular structure of CEP55 from the PDB database, (middle) molecular
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structure formula of midostaurin from ChemSpider, (right) molecular docking schematic of CEP55
and midostaurin, pocket: C5, vina score: −7.0, cavity volume (Å3): 69. (F) (left) molecular struc-
ture formula of LDN193189 from ChemSpider, (right) molecular docking schematic of CEP55 and
LDN193189, pocket: C5, vina score: −7.3, cavity volume (Å3): 69. (G) (top) molecular structure
formula of CD-437 from ChemSpider, (bottom) molecular docking schematic of CEP55 and CD-437,
(left to right) pocket: C2, vina score: −8.3, cavity volume (Å3): 81; pocket: C1, vina score: −7.8, cavity
volume (Å3): 105; pocket: C5, vina score: −7.4, cavity volume (Å3): 69; pocket: C4, vina score: −7.2,
cavity volume (Å3): 70; pocket: C3, vina score: −7.1, cavity volume (Å3): 75.

4. Discussion

Currently, the increasing incidence and mortality of cancer worldwide is a major obsta-
cle to extending life expectancy [30,31]. Therefore, the discovery and elucidation of the role
of aberrantly expressed products in cancer detection and treatment are warranted. Herein,
we comprehensively presented the differential expression of CEP55 in pan-cancer and
normal tissues based on large-scale bioinformatics and elucidated its clinical significance.
We further investigated the role of DNA methylation, AS, and gene enrichment of CEP55
in the regulation of tumor progression in human cancer. Moreover, we elaborated on the
multi-omics features of CEP55 and its role in tumor immunity and screened latent target
compounds. Overall, our analysis may provide a potential direction for future treatment of
various tumors by targeting CEP55.

Any interference in cytokinesis during the early stages of tumor formation can lead
to the appearance of aneuploidy cells, which then evolve into unstable and more carcino-
genic cells. CEP55 is a mitotic phosphorylation protein that moves from the centrosome
to the midbody during late mitosis and promotes shedding, significantly affecting cell
proliferation and migration [32]. Clinically, CEP55 has been found to be overexpressed
in many cancer types [10,33,34]. Consistent with previous studies, CEP55 expression in
cancer tissues was significantly higher than its expression in healthy tissues in most of
the cancers analyzed, especially in BRCA, GBM, HNSC, LUAD, PAAD, and UCEC with
abnormally active CEP55 mRNA and protein levels. In addition, we revealed that high
levels of CEP55 significantly affected the pathological staging of tumors in BRCA, HNSC,
and LUAD, suggesting that CEP55 overexpression may be involved in tumor progression
and invasion. Similarly, the levels of CEP55 were significantly elevated in patients with
BRCA, HNSC, LUAD, PAAD, and UCEC tumors in the middle age group and above
(>41 years). By Kaplan–Meier survival analysis, we found that abnormally high expression
of CEP55 in ACC, KIRC, PPAD, KIRP, LGG, LIHC, and MESO was strongly associated with
poor prognosis in OS and DFS. Our data broaden the scope of observations from previous
reports [33,35,36].

Genomic alterations cause abnormal and uncontrolled cell growth, which drives most
tumorigenesis [37,38]. We used the cBioPortal platform to analyze the data and found
that CEP55 was mutated in all of the selected tumors. According to the results, CEP55
alterations in patients suffering from tumors are non-synonymous alterations containing
mainly mutations, amplifications, and deep deletions. The frequency of genomic alterations
dominated by CEP55 mutations was highest in uterine corpus endometrial carcinoma
(4.91%, 26/529), followed by diffuse large B-cell lymphoma (2.08%, 1/48); and those
dominated by amplification in uterine carcinosarcoma (3.51%, 2/57), followed by uterine
corpus endometrial carcinoma (0.76%, 4/529); and those dominated by deep deletions
in prostate adenocarcinoma (2.23%, 11/494), followed by diffuse large B-cell lymphoma
(2.08%, 1/48), recommending that we should pay attention to the relationship between
CEP55 mutations and tumor development.

Protein post-translational modifications (PTM) profoundly alter protein function, and
their different domains and crosstalk significantly affect tumorigenesis, tumor metastasis,
and tumor transformation [39,40]. In our analysis, both maintenance methylation (DNMT1,
DNMT2) and de novo methylation (DNMT3a, DNMT3b) were found to be significantly
associated with pan-cancer, resulting in the methylation of CEP55 at positions cg25827255,
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cg25314624, and cg04026927. Notably, the methylation level of CEP55 was significantly
negatively correlated with the prognosis of some tumors, which was consistent with the
findings of Yang et al., who demonstrated that patients with high methylation and low
expression of CEP55 had a better prognosis than those with low methylation and high
expression of CEP55 [41]. Therefore, increasing the methylation level of CEP55 is also
a new way to target tumor therapy. To date, only a few studies have shown the role of
phosphorylation and activation of CEP55 in tumors [42]. Our results have demonstrated
that phosphorylation levels of S23, S428, and S436 in CEP55 were significantly elevated in
HNSC and BRCA, suggesting that CEP55 phosphorylation may play a role in tumorigenesis.

In addition, our analysis explored the co-expressed genes associated with the CEP55
protein network. The results showed that CCNA2, CDK1, KIF11, MKI67, and PLK1 were
significantly and positively correlated with CEP55 in pan-cancer. Moreover, CEP55 was
found to have positive effects on apoptosis, cell division, cell cycle, DNA damage, and
repair by KEGG and GO enrichment analyses. Functionally, loss of function of CEP55
leads to late gestational death, Meckel-like syndromes, and MARCH syndromes [43,44].
CEP55 overexpression significantly affects functional aneuploidy in multiple cancer types,
promoting cell cycle progression (CCP) to enhance PRAD cell proliferation and TNBC inva-
siveness [45,46]. Mechanistically, CEP55 overexpression leads to cancer cell transformation,
proliferation, mesenchymal transition, and invasion by directly interacting with the p110
catalytic subunit of PI3K and upregulating the PI3K/AKT pathway [47]. Similarly, CEP55
knockdown targets and inhibits forced mitosis of MEK1/2-PLK1, leading to cancer cell
death [10]. In this study, we verified the biological role of CEP55 in breast cancer cells,
and the results showed that inhibition of CEP55 significantly reduced the proliferation
rate of TNBC cell lines MDA-MB-231 and CAL-148, further reducing the migration and
invasion of TNBC cells. Conversely, overexpression of CEP55 significantly increased the
proliferation and migration of SK-BR-3 cells. We believe these findings may be the basis for
exploratory functional experiments with further implications for targeted interventions in
CEP55 in pan-cancer.

TME is a highly structured ecosystem containing cancer cells surrounded by different
non-malignant cell types, co-embedded in an altered vascularized extracellular matrix [48].
The immune cells in the TME, such as B cells, T cells, dendritic cells, macrophages, and
NK cells, are closely related to the efficacy of immunotherapy [49]. The presence of TME
enhances tumor cell proliferation, migration ability, and immune escape ability, which
in turn promotes tumor development [50]. Therefore, we evaluated the correlation of
CEP55 levels with immunity. The results showed that CEP55 expression was positively
correlated with immune infiltration of B cells, T cells CD4+, T cells CD8+, macrophages,
and dendritic cells, especially neutrophils in most tumors. Notably, our single-cell analysis
data also confirmed a significant association of CEP55 with regulatory T cells. These results
corroborate previous studies [41,51]. Tumor purity refers to the percentage of tumor cells
in tumor tissue and is commonly used to assess the content of confounding tumor cells
in a sample, providing a reference for predicting the prognosis and treatment outcome
of patients with tumors [52]. Our results showed that CEP55 expression was positively
correlated with tumor purity in most tumors. Thus, it is not difficult to understand that
CEP55 overexpression is associated with poor prognosis in ACC, GBMLGG, LGG, KIRP,
and PRAD. In addition, CEP55 appeared to have a positive effect on stromal scores, im-
mune scores, and estimates in some cancer types, such as KIPAN, KIRC, and THCA, while
showing a negative effect in LUSC, STAD, and STES. As a regulator of the immune system,
ICP is crucial for maintaining autoimmune tolerance and regulating the duration and
extent of immune responses in peripheral tissues [53,54]. Shortly, the over-expression or
over-function of ICP molecules suppresses immune function and leads to low immunity in
the body, which tends to promote tumor growth. Conversely, poor immunosuppressive
function of ICP molecules leads to abnormal immune function in the body and causes the
occurrence of various defective diseases. Our results showed that the level of CEP55 signif-
icantly affected most of the relevant immune detection site molecules in tumors, especially
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VEGFA, CD276, and HMGB1. We also found that CEP55 significantly affected NEO, TMB,
and MSI in TME. Previous studies have reported the role of chemokines, cytokines, and
MCH molecules [55,56], which are immune products that may be influenced by CEP55
to alter the tumor microenvironment. Our findings also revealed a strong association
between CEP55 levels and immune-related genes in most tumor types. Collectively, these
findings suggest that CEP55 may antagonize or promote tumor initiation and progression
by mediating immune infiltration involved in tumor immune regulation.

Target-based drug discovery (TDD) is one of the major forms of first-in-class drug
discovery [57–59]. This approach is based on an understanding of disease and specific
mechanisms for a certain exclusive target that is highly relevant to the disease mechanism,
thus targeting the design of macromolecule or small-molecule drugs. Over the past decades,
this has been the most common method of new drug discovery and has given birth to a
number of batches of antitumor drugs entering clinical studies [60–62]. Given the role of
CEP55, we refined and screened potential compounds as new therapeutic strategies [63].
Our analysis from the RNAactDrug and cMap databases revealed that compounds includ-
ing AZD7762, bleomycin, midostaurin, afatinib, and tanespimycin significantly reduced
CEP55 mRNA levels. Further targeted docking showed that mitotalin and LDN193189
could bind CEP55. Notably, compound CD437 binds to CEP55 with more sites and a higher
binding affinity. Thus, we suggest that CD437 may be a potential specific inhibitor of CEP55,
and functional and mechanistic studies will be conducted in the following exploration.
Briefly, this study revealed the binding mode of CEP55 to some compounds, which may
provide more guidance for the design of small-molecule CEP55 inhibitors.

However, there are still some limitations to our study. Firstly, the analyses, experi-
ments, and results of this study were obtained from different online datasets and are thus
subject to systematic bias. Next, if CEP55 is used as a prognostic marker for pan-cancer
analysis, more mechanisms and regulatory details still need to be explored in depth. Then,
further experimental validation of CEP55 in pan-cancer in response to immune infiltration
and activation of immunotherapy is needed. Finally, we need more in vivo and in vitro
experiments to confirm the targeting effect and exact molecular mechanism of the screened
small molecule compounds on CEP55.

Overall, we found that CEP55 was widely differentially expressed in normal and
tumor tissues through a comprehensive pan-cancer analysis and was closely correlated with
tumor patient stage and age, further revealing the correlation between CEP55 expression
and clinical prognosis. We also found that increasing the methylation level of CEP55
significantly improved the prognosis of some tumor patients by epigenetic analysis. In
addition, CEP55 expression was strongly associated with immune cell infiltration, immune-
related genes, and immune checkpoints in a variety of cancers, suggesting that CEP55
may be involved in regulating the immune landscape of some tumors. Knockdown of
CEP55 reduced the proliferation, invasion, and migration of breast cancer cells, thus
exerting the tumorigenic effect of CEP55. Thus, we believe that CEP55 can be used as
a promising biomarker to provide more focused suggestions and directions for clinical
diagnosis, predicting patient prognosis, and assessing the TEM.
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14. Fekete, J.T.; Győrffy, B. ROCplot.org: Validating predictive biomarkers of chemotherapy/hormonal therapy/anti-HER2 therapy
using transcriptomic data of 3,104 breast cancer patients. Int. J. Cancer 2019, 145, 3140–3151. [CrossRef] [PubMed]

15. Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Žídek, A.; Potapenko,
A.; et al. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583–589. [CrossRef]

16. Liang, X.; Zhang, H.; Wang, Z.; Zhang, X.; Dai, Z.; Zhang, J.; Luo, P.; Zhang, L.; Hu, J.; Liu, Z.; et al. JMJD8 Is an M2
Macrophage Biomarker, and It Associates with DNA Damage Repair to Facilitate Stemness Maintenance, Chemoresistance, and
Immunosuppression in Pan-Cancer. Front. Immunol. 2022, 13, 875786. [CrossRef] [PubMed]

17. Tandon, D.; Banerjee, M. Centrosomal protein 55: A new paradigm in tumorigenesis. Eur. J. Cell Biol. 2020, 99, 151086. [CrossRef]

http://sangerbox.com/
http://sangerbox.com/
https://doi.org/10.1186/s13045-019-0783-9
https://www.ncbi.nlm.nih.gov/pubmed/31511035
https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1016/S0140-6736(21)00233-6
https://www.ncbi.nlm.nih.gov/pubmed/34166607
https://doi.org/10.1016/j.ctrv.2020.102019
https://www.ncbi.nlm.nih.gov/pubmed/32251926
https://doi.org/10.1158/1078-0432.CCR-17-1117
https://doi.org/10.3322/caac.21596
https://doi.org/10.1038/s41392-020-00214-7
https://doi.org/10.1038/s42003-020-01304-6
https://www.ncbi.nlm.nih.gov/pubmed/33087841
https://doi.org/10.1101/gad.348866.121
https://doi.org/10.15252/emmm.201708566
https://doi.org/10.1038/sj.onc.1210207
https://doi.org/10.1007/s13402-022-00712-6
https://doi.org/10.1007/s11010-022-04607-w
https://doi.org/10.1002/ijc.32369
https://www.ncbi.nlm.nih.gov/pubmed/31020993
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.3389/fimmu.2022.875786
https://www.ncbi.nlm.nih.gov/pubmed/35898493
https://doi.org/10.1016/j.ejcb.2020.151086


Cells 2023, 12, 2457 25 of 26

18. Baralle, F.E.; Giudice, J. Alternative splicing as a regulator of development and tissue identity. Nat. Rev. Mol. Cell Biol. 2017, 18,
437–451. [CrossRef]

19. Zhao, S. Alternative splicing, RNA-seq and drug discovery. Drug Discov. Today 2019, 24, 1258–1267. [CrossRef] [PubMed]
20. Quail, D.F.; Dannenberg, A.J. The obese adipose tissue microenvironment in cancer development and progression. Nat. Rev.

Endocrinol. 2019, 15, 139–154. [CrossRef] [PubMed]
21. Wang, S.; Li, F.; Ye, T.; Wang, J.; Lyu, C.; Qing, S.; Ding, Z.; Gao, X.; Jia, R.; Yu, D.; et al. Macrophage-tumor chimeric exosomes

accumulate in lymph node and tumor to activate the immune response and the tumor microenvironment. Sci. Transl. Med. 2021,
13, eabb6981. [CrossRef]

22. Liu, K.; Cui, J.-J.; Zhan, Y.; Ouyang, Q.-Y.; Lu, Q.-S.; Yang, D.-H.; Li, X.-P.; Yin, J.-Y. Reprogramming the tumor microenvironment
by genome editing for precision cancer therapy. Mol. Cancer 2022, 21, 98. [CrossRef]

23. Yoshihara, K.; Shahmoradgoli, M.; Martínez, E.; Vegesna, R.; Kim, H.; Torres-Garcia, W.; Treviño, V.; Shen, H.; Laird, P.W.; Levine,
D.A.; et al. Inferring tumour purity and stromal and immune cell admixture from expression data. Nat. Commun. 2013, 4, 2612.
[CrossRef] [PubMed]

24. Lv, M.; Chen, M.; Zhang, R.; Zhang, W.; Wang, C.; Zhang, Y.; Wei, X.; Guan, Y.; Liu, J.; Feng, K.; et al. Manganese is critical for
antitumor immune responses via cGAS-STING and improves the efficacy of clinical immunotherapy. Cell Res. 2020, 30, 966–979.
[CrossRef] [PubMed]

25. Jardim, D.L.; Goodman, A.; de Melo Gagliato, D.; Kurzrock, R. The Challenges of Tumor Mutational Burden as an Immunotherapy
Biomarker. Cancer Cell 2021, 39, 154–173. [CrossRef] [PubMed]

26. Huse, M. Mechanical forces in the immune system. Nat. Rev. Immunol. 2017, 17, 679–690. [CrossRef]
27. Brodin, P. Immune-microbe interactions early in life: A determinant of health and disease long term. Science 2022, 376, 945–950.

[CrossRef] [PubMed]
28. Axelrod, M.L.; Cook, R.S.; Johnson, D.B.; Balko, J.M. Biological Consequences of MHC-II Expression by Tumor Cells in Cancer.

Clin. Cancer Res. 2019, 25, 2392–2402. [CrossRef]
29. Charo, I.F.; Ransohoff, R.M. The many roles of chemokines and chemokine receptors in inflammation. N. Engl. J. Med. 2006, 354,

610–621. [CrossRef]
30. Sharma, R.; Abbasi-Kangevari, M.; Abd-Rabu, R.; Abidi, H.; Abu-Gharbieh, E.; Acuna, J.M.; Adhikari, S.; Advani, S.M.; Afzal,

M.S.; Meybodi, M.A.; et al. Global, regional, and national burden of colorectal cancer and its risk factors, 1990–2019: A systematic
analysis for the Global Burden of Disease Study 2019. Lancet Gastroenterol. Hepatol. 2022, 7, 627–647. [CrossRef]

31. Qiu, H.; Cao, S.; Xu, R. Cancer incidence, mortality, and burden in China: A time-trend analysis and comparison with the United
States and United Kingdom based on the global epidemiological data released in 2020. Cancer Commun. 2021, 41, 1037–1048.
[CrossRef] [PubMed]

32. Martinez-Garay, I.; Rustom, A.; Gerdes, H.-H.; Kutsche, K. The novel centrosomal associated protein CEP55 is present in the
spindle midzone and the midbody. Genomics 2006, 87, 243–253. [CrossRef] [PubMed]

33. Jiang, C.; Zhang, Y.; Li, Y.; Lu, J.; Huang, Q.; Xu, R.; Feng, Y.; Yan, S. High CEP55 expression is associated with poor prognosis in
non-small-cell lung cancer. OncoTargets Ther. 2018, 11, 4979–4990. [CrossRef]

34. Xu, L.; Xia, C.; Sheng, F.; Sun, Q.; Xiong, J.; Wang, S. CEP55 promotes the proliferation and invasion of tumour cells via the AKT
signalling pathway in osteosarcoma. Carcinogenesis 2018, 39, 623–631. [CrossRef] [PubMed]

35. Yan, S.-M.; Liu, L.; Gu, W.-Y.; Huang, L.-Y.; Yang, Y.; Huang, Y.-H.; Luo, R.-Z. CEP55 Positively Affects Tumorigenesis of
Esophageal Squamous Cell Carcinoma and Is Correlated with Poor Prognosis. J. Oncol. 2021, 2021, 8890715. [CrossRef]

36. Wu, S.; Wu, D.; Pan, Y.; Liu, H.; Shao, Z.; Wang, M. Correlation between EZH2 and CEP55 and lung adenocarcinoma prognosis.
Pathol.-Res. Pract. 2019, 215, 292–301. [CrossRef]

37. Thandapani, P. Super-enhancers in cancer. Pharmacol. Ther. 2019, 199, 129–138. [CrossRef] [PubMed]
38. Martínez-Jiménez, F.; Muiños, F.; Sentís, I.; Deu-Pons, J.; Reyes-Salazar, I.; Arnedo-Pac, C.; Mularoni, L.; Pich, O.; Bonet, J.; Kranas,

H.; et al. A compendium of mutational cancer driver genes. Nat. Rev. Cancer 2020, 20, 555–572. [CrossRef]
39. Pan, S.; Chen, R. Pathological implication of protein post-translational modifications in cancer. Mol. Asp. Med. 2022, 86, 101097.

[CrossRef]
40. Deribe, Y.L.; Pawson, T.; Dikic, I. Post-translational modifications in signal integration. Nat. Struct. Mol. Biol. 2010, 17, 666–672.

[CrossRef]
41. Yang, L.; He, Y.; Zhang, Z.; Wang, W. Upregulation of CEP55 Predicts Dismal Prognosis in Patients with Liver Cancer. BioMed Res.

Int. 2020, 2020, 4139320. [CrossRef] [PubMed]
42. Fabbro, M.; Zhou, B.B.; Takahashi, M.; Sarcevic, B.; Lal, P.; Graham, M.E.; Gabrielli, B.G.; Robinson, P.J.; Nigg, E.A.; Ono, Y.; et al.

Cdk1/Erk2-and Plk1-dependent phosphorylation of a centrosome protein, Cep55, is required for its recruitment to midbody and
cytokinesis. Dev. Cell 2005, 9, 477–488. [CrossRef]

43. Frosk, P.; Arts, H.H.; Philippe, J.; Gunn, C.S.; Brown, E.L.; Chodirker, B.; Simard, L.; Majewski, J.; Fahiminiya, S.; Russell, C.; et al.
A truncating mutation in CEP55 is the likely cause of MARCH, a novel syndrome affecting neuronal mitosis. J. Med. Genet. 2017,
54, 490–501. [CrossRef]

44. Bondeson, M.L.; Ericson, K.; Gudmundsson, S.; Ameur, A.; Pontén, F.; Wesström, J.; Frykholm, C.; Wilbe, M. A nonsense mutation
in CEP55 defines a new locus for a Meckel-like syndrome, an autosomal recessive lethal fetal ciliopathy. Clin. Genet. 2017, 92,
510–516. [CrossRef]

https://doi.org/10.1038/nrm.2017.27
https://doi.org/10.1016/j.drudis.2019.03.030
https://www.ncbi.nlm.nih.gov/pubmed/30953866
https://doi.org/10.1038/s41574-018-0126-x
https://www.ncbi.nlm.nih.gov/pubmed/30459447
https://doi.org/10.1126/scitranslmed.abb6981
https://doi.org/10.1186/s12943-022-01561-5
https://doi.org/10.1038/ncomms3612
https://www.ncbi.nlm.nih.gov/pubmed/24113773
https://doi.org/10.1038/s41422-020-00395-4
https://www.ncbi.nlm.nih.gov/pubmed/32839553
https://doi.org/10.1016/j.ccell.2020.10.001
https://www.ncbi.nlm.nih.gov/pubmed/33125859
https://doi.org/10.1038/nri.2017.74
https://doi.org/10.1126/science.abk2189
https://www.ncbi.nlm.nih.gov/pubmed/35617387
https://doi.org/10.1158/1078-0432.CCR-18-3200
https://doi.org/10.1056/NEJMra052723
https://doi.org/10.1016/S2468-1253(22)00044-9
https://doi.org/10.1002/cac2.12197
https://www.ncbi.nlm.nih.gov/pubmed/34288593
https://doi.org/10.1016/j.ygeno.2005.11.006
https://www.ncbi.nlm.nih.gov/pubmed/16406728
https://doi.org/10.2147/OTT.S165750
https://doi.org/10.1093/carcin/bgy017
https://www.ncbi.nlm.nih.gov/pubmed/29579156
https://doi.org/10.1155/2021/8890715
https://doi.org/10.1016/j.prp.2018.11.016
https://doi.org/10.1016/j.pharmthera.2019.02.014
https://www.ncbi.nlm.nih.gov/pubmed/30885876
https://doi.org/10.1038/s41568-020-0290-x
https://doi.org/10.1016/j.mam.2022.101097
https://doi.org/10.1038/nsmb.1842
https://doi.org/10.1155/2020/4139320
https://www.ncbi.nlm.nih.gov/pubmed/32337246
https://doi.org/10.1016/j.devcel.2005.09.003
https://doi.org/10.1136/jmedgenet-2016-104296
https://doi.org/10.1111/cge.13012


Cells 2023, 12, 2457 26 of 26

45. Cuzick, J.; Swanson, G.P.; Fisher, G.; Brothman, A.R.; Berney, D.M.; Reid, J.E.; Mesher, D.; Speights, V.O.; Stankiewicz, E.; Foster,
C.S.; et al. Prognostic value of an RNA expression signature derived from cell cycle proliferation genes in patients with prostate
cancer: A retrospective study. Lancet Oncol. 2011, 12, 245–255. [CrossRef]

46. Al-Ejeh, F.; Simpson, P.T.; Sanus, J.M.; Klein, K.; Kalimutho, M.; Shi, W.; Miranda, M.; Kutasovic, J.; Raghavendra, A.; Madore,
J.; et al. Meta-analysis of the global gene expression profile of triple-negative breast cancer identifies genes for the prognostication
and treatment of aggressive breast cancer. Oncogenesis 2014, 3, e100. [CrossRef]

47. Chen, C.-H.; Lai, J.-M.; Chou, T.-Y.; Chen, C.-Y.; Su, L.-J.; Lee, Y.-C.; Cheng, T.-S.; Hong, Y.-R.; Chou, C.-K.; Whang-Peng, J.; et al.
VEGFA Upregulates FLJ10540 and Modulates Migration and Invasion of Lung Cancer via PI3K/AKT Pathway. PLoS ONE 2009,
4, e5052. [CrossRef] [PubMed]

48. de Visser, K.E.; Joyce, J.A. The evolving tumor microenvironment: From cancer initiation to metastatic outgrowth. Cancer Cell
2023, 41, 374–403. [CrossRef]

49. Hinshaw, D.C.; Shevde, L.A. The tumor microenvironment innately modulates cancer progression. Cancer Res. 2019, 79, 4557–4566.
[CrossRef] [PubMed]
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