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1. Introduction

Gastrointestinal cancer is one of the most common malignancies worldwide. The
molecular mechanisms of gastrointestinal cancer, particularly several types that are resistant
to treatment, have not been fully elucidated. The Special Issue entitled “Advances in
Molecular Mechanisms of Gastrointestinal Tumors” includes a collection of a variety of
articles on gastrointestinal stromal tumors, colorectal cancer, esophageal squamous cancer,
gastrointestinal tumors, gastric carcinogenesis, and gastric cancer. This editorial aims
to summarize recent perspectives on the mechanisms of gastrointestinal tumors, where
molecular pathway networks are involved.

Epithelial–mesenchymal transition (EMT) is essential to the development of drug
resistance in cancer, metastasis, and recurrence of cancer [1]. The microenvironment
and EMT are involved in gastrointestinal tumor progression such as metastatic colorectal
cancer [2]. Recent findings highlight the importance of molecular mechanisms in terms
of microenvironmental and immune regulations in gastrointestinal tumors [3–7]. Chronic
inflammation and the gut microbiota, in relation to immune response, have been closely
investigated in gastrointestinal tumors [8,9].

Furthermore, phytochemicals have been found to be effective in gastrointestinal cancer,
which underscores the importance of understanding the molecular pathway mechanisms
regulated by phytochemicals as anti-gastrointestinal tumor agents [10]. The modes of action
of phytochemicals include inhibiting pathways related to either wingless-type MMTV inte-
gration site family (Wnt)/β-catenin, apoptosis, phosphoinositide 3-kinase (PI3K)/protein
kinase B (PKB, AKT)/mammalian target of rapamycin (mTOR), mitogen-activated protein
kinase (MAPK), or NF-κB, or otherwise detoxification enzymes or adenosine monophos-
phate (AMP)-activated protein kinase [10]. It is crucial to reveal the molecular mechanisms
of gastrointestinal tumors to develop novel therapeutics to overcome drug resistance.

2. An Overview of Published Articles in the Special Issue

The Special Issue “Advances in Molecular Mechanisms of Gastrointestinal Tumors”
(https://www.mdpi.com/journal/cancers/special_issues/molecular_gastrointestinal) (ac-
cessed on 20 April 2024) was created on 23 November 2021 and the call for submissions of
manuscripts was closed on 15 September 2023. Twenty-eight manuscripts were submitted
for consideration for this Special Issue, and all of them were subject to the rigorous Cancers
review process. In total, eleven papers were finally accepted for publication in this Special
Issue, including seven articles and four reviews (as of 17 January 2024).

Tan X. et al. focused on the role of CD155 in relation to immunotherapies such as
anti-PD-1 and anti-PD-L1 antigens in esophageal squamous cell cancer (ESCA). CD155
is highly expressed in ESCA tissues and is associated with poor patient prognosis. The
expression of CD155 is positively associated with PD1, PDL1, CD4, IL2RA, and S100A9
expression in ESCA. CD155 may be involved in ESCA proliferation.

Proaño-Pérez, E. et al. investigated that the silencing of SH3 Binding Protein 2
(SH3BP2) downregulated KIT, platelet-derived growth factor receptor alpha (PDGFRA),

Cancers 2024, 16, 1603. https://doi.org/10.3390/cancers16081603 https://www.mdpi.com/journal/cancers1
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and microphthalmia-associated transcription factor (MITF). It was revealed that SH3BP2 si-
lencing decreased the ETV1 level through miR-1246 and miR-5100, which led to the reduced
tumor growth of gastrointestinal stromal tumors (GISTs). The KIT-SH3BP2-MITF/ETV1
pathway may play a role in GIST growth.

Abdul Razzaq E. et al. revealed that overexpression of erb-b2 receptor tyrosine kinase
2 (ERBB2) (human epidermal growth factor receptor 2 (HER2)) in colorectal cancer (CRC)
is associated with the Wnt signaling pathway in tumorigenesis. HER2 is suggested to be a
target for revealing the CRC pathogenesis.

Yu W. et al. highlighted the importance of the enhancer of zeste homolog 2 (EZH2),
a catalytic subunit of polycomb repressor complex 2 (PRC2), in gastric cancer (GC). The
correlation between the EZH2 gene and gastric carcinogenesis was described, concluding
that high expression of EZH2 leads to poor prognosis in GC.

Yan H. et al. focused on G-protein-coupled receptor (GPCR) signaling in GC initiation
and progression. GPCR-mediated metastasis and tumor microenvironment remodeling
were summarized in terms of their influence on the extracellular matrix, immune cells,
stromal cells, sphingosine-1 phosphate receptors, thrombin receptors, and chemokine-
chemokine receptors.

Macharia J. et al. revealed that Aloe secundiflora extracts have some potential in CRC
treatment. The Aloe secundiflora methanolic extracts regulated the gene expression of the
specific genes in CRC and the rate of apoptosis in Caco-2 colorectal cancer cell lines.

Kamińska, J. et al. focused on the progesterone (P4) and P4 receptor membrane
component 1 (PGRMC1)/neuron-derived neurotrophic factor (NENF) complex interactions
in CRC. The PGRMC1 and NENF in non-classical P4 signaling may interact as a complex
that induces tumor proliferation and invasion.

Cheng, X. et al. investigated the mechanism related to ferroptosis to overcome drug
resistance in CRC. Ferroptosis is a unique form of cell death, which is characterized by
the iron-dependent accumulation of lipid peroxides. Targeting ferroptosis is a potential
therapeutic strategy for CRC.

Shi, J. et al. revealed that synaptotagmin 1 (SYT1) inhibits EMT by negatively regulat-
ing ERK/MAPK signaling to suppress CRC cell migration and invasion. It is suggested
that SYT1 represses CRC metastasis through blood vessels.

Jovanovic, M. et al. identified the morphological computed tomography features of
tumors and the texture analysis parameters. These features represent imaging biomarkers
that may be useful for the preoperative prediction of high-risk GISTs.

Aebisher, D. et al. summarized cancer treatment using photodynamic therapy and as-
sociated immunological anti-tumor mechanisms in gastrointestinal tumors. Photodynamic
therapy is based on oxygen, photosensitizers, and light to induce tumor cell death through
the production of reactive oxygen species (ROS).

3. Conclusions

In conclusion, the elucidation of the mechanisms of gastrointestinal tumors leads to
the progression of advanced therapeutics for cancer. Targeting the components essential in
the signaling pathways of gastrointestinal tumors has high potential as therapeutics and
diagnostic markers in gastrointestinal tumors.
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Insights on the Progesterone (P4) and PGRMC1/NENF Complex Interactions in Colorectal
Cancer Progression. Cancers 2023, 15, 5074. https://doi.org/10.3390/cancers15205074.

8. Cheng, X.; Zhao, F.; Ke, B.; Chen, D.; Liu, F. Harnessing Ferroptosis to Overcome Drug Re-
sistance in Colorectal Cancer: Promising Therapeutic Approaches. Cancers 2023, 15, 5209.
https://doi.org/10.3390/cancers15215209.

9. Shi, J.; Li, W.; Jia, Z.; Peng, Y.; Hou, J.; Li, N.; Meng, R.; Fu, W.; Feng, Y.; Wu, L.; et al.
Synaptotagmin 1 Suppresses Colorectal Cancer Metastasis by Inhibiting ERK/MAPK Signaling-
Mediated Tumor Cell Pseudopodial Formation and Migration. Cancers 2023, 15, 5282. https://doi.
org/10.3390/cancers15215282.

10. Jovanovic, M.; Stefanovic, A.; Sarac, D.; Kovac, J.; Jankovic, A.; Saponjski, D.; Tadic, B.; Kostadi-
novic, M.; Veselinovic, M.; Sljukic, V.; et al. Possibility of Using Conventional Computed
Tomography Features and Histogram Texture Analysis Parameters as Imaging Biomarkers for
Preoperative Prediction of High-Risk Gastrointestinal Stromal Tumors of the Stomach. Cancers
2023, 15, 5840. https://doi.org/10.3390/cancers15245840.
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CD155 Cooperates with PD-1/PD-L1 to Promote Proliferation of
Esophageal Squamous Cancer Cells via PI3K/Akt and MAPK
Signaling Pathways

Xiyang Tang 1,†, Jie Yang 1,†, Anping Shi 2, Yanlu Xiong 1, Miaomiao Wen 1, Zhonglin Luo 3, Huanhuan Tian 3,

Kaifu Zheng 1, Yujian Liu 1, Chen Shu 1, Nan Ma 4, Rui Wang 5,* and Jinbo Zhao 1,*

1 Department of Thoracic Surgery, Tangdu Hospital, Air Force Medical University, 569 Xinsi Road,
Xi’an 710038, China

2 Department of Radiology, Functional and Molecular Imaging Key Lab of Shaanxi Province, Tangdu Hospital,
Fourth Military Medical University (Air Force Medical University), 569 Xinsi Road, Xi’an 710038, China

3 Department of Cardiothoracic Surgery, Peace Hospital, Changzhi Medical College, 161 Jiefang East Street,
Changzhi 046000, China
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Xi’an 710038, China
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* Correspondence: tdjrjz@fmmu.edu.cn (R.W.); zhaojinbo@aliyun.com (J.Z.)
† These authors contributed equally to this work.

Simple Summary: Some immunotherapies, such as anti-PD1 and anti-PD-L1 treatments, have been
used to treat various tumors. However, they are less efficient against esophageal cancer, partially
owing to a lack of research on the cellular and molecular mechanisms of this cancer. Therefore,
various emerging immune checkpoints have been discovered in this post-PD-1 era. One such
immune checkpoint is CD155, a protein belonging to the Nectin-like family and expressed on the
surface of cancer and immune cells. Exploring the mechanisms and therapeutic applications of
these immune checkpoints may effectively improve cellular responses to immunotherapies. In this
study, we aimed to explore the role of CD155 in esophageal squamous cell cancer (ESCA) and its
underlying molecular mechanism. CD155 was positively associated with PD-1/PD-L1 expression
and could support ESCA proliferation. The downregulation of CD155 expression inhibited ESCA cell
proliferation by impairing the cell cycle and inducing cell apoptosis. This occurred via the inhibition
of PI3K/Akt and MAPK signaling pathways. In addition, Nectin3 may be the ligand of CD155 and
may be involved in ESCA proliferation. Thus, our study suggests novel targets for tumor therapy,
especially for ESCA treatment.

Abstract: Background: Esophageal cancer is still a leading cause of death among all tumors in
males, with unsatisfactory responses to novel immunotherapies such as anti-PD-1 agents. Herein, we
explored the role of CD155 in esophageal squamous cell cancer (ESCA) and its underlying molecular
mechanisms. Methods: Publicly available datasets were used for differential gene expression and
immune infiltration analyses, and their correlation with patient survival. A total of 322 ESCA and
161 paracancer samples were collected and evaluated by performing immunohistochemistry and
the H score was obtained by performing semiquantitative analysis. In vitro transfection of ESCA
cell lines with lentivirus vectors targeting CD155 was performed to knockdown the protein. These
cells were analyzed by conducting RNA sequencing, and the effects of CD155 knockdown on cell
cycle and apoptosis were verified with flow cytometry and Western blotting. In addition, in vivo
experiments using these engineered cell lines were performed to determine the role of CD155 in
tumor formation. A small interfering RNA-mediated knockdown of Nectin3 was used to determine
whether it phenocopied the profile of CD155 knockdown. Results: CD155 is highly expressed in
ESCA tissues and is positively associated with PD1, PDL1, CD4, IL2RA, and S100A9 expression.
Furthermore, CD155 knockdown inhibited ESCA cells’ proliferation by impairing the cell cycle and
inducing cell apoptosis. Bioinformatics analysis of the gene expression profile of these engineered
cells showed that CD155 mainly contributed to the regulation of PI3K/Akt and MAPK signals. The

Cancers 2022, 14, 5610. https://doi.org/10.3390/cancers14225610 https://www.mdpi.com/journal/cancers5
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downregulation of Nectin3 expression phenocopied the profile of CD155 knockdown. Discussion:
CD155 may cooperate with PD-1/PD-L1 to support ESCA proliferation in ways other than regulating
its underlying immune mechanisms. Indeed, CD155 downregulation can impair ESCA cell pro-
cancerous behavior via the inhibition of the PI3K/Akt and MAPK signaling pathways. Moreover,
Nectin3 may be a ligand of CD155 and participate in the regulation of ESCA cells’ proliferation.
Hence, the inhibition of CD155 may enhance the therapeutic effect of anti-PD-1 immunotherapies
in ESCA.

Keywords: CD155; PD-1/PD-L1; immunotherapy; esophageal squamous cell cancer

1. Introduction

Esophageal cancer is the sixth leading cause of death among all tumors [1]. In partic-
ular, China has the largest number of patients with esophageal cancer worldwide, with
about 193,000 deaths per year, of which 90% are due to esophageal squamous cell cancer
(ESCA) [2,3]. Currently, immunotherapy is the most widely adopted anticancer treatment
option, especially for lung cancer, melanoma, and hepatocellular carcinoma [4–6]. Nev-
ertheless, the immune checkpoint therapy anti-programmed death protein 1 (PD-1) has
failed to induce a satisfactory therapeutic effect in advanced and refractory esophageal
cancer. Indeed, the overall response rate in refractory esophageal cancer reaches only
8% [7]; however, more manageable toxicity occurs in advanced patients [8]. Thus, the
application of immunotherapies, such as using anti-PD-1 agents, in esophageal cancer
warrants further research.

PD-1 is expressed on the surface of multiple immune cells, including macrophages
and B, T, natural killer, and natural killer T cells [9], whereas its ligand PD-L1 is mainly
expressed by cancer cells, such as gastric, non-small cell lung, and breast cancer cells [10].
The interaction between PD-1 and PD-L1 promotes strong inhibitory immune signals in the
tumor microenvironment, in particular toward T cell inhibition [11]. Moreover, both PD-1
and PD-L1 were shown to promote tumor proliferation by regulating the cell cycle of several
cancer cell types [12–16], including esophageal cancer cells [17], further demonstrating the
pro-proliferative role of PD-1/PD-L1 signals in cancer.

A preliminary study of the differential expression of 35 immune checkpoint genes
in ESCA using publicly available data suggested that CD155 could mediate important
regulatory effects in this cancer type (Figure S1). CD155 (also named poliovirus receptor
or PVR) is an immune checkpoint protein that belongs to the Nectin-like family and is
expressed on the surface of cancer and immune cells [18,19]. CD155 mainly regulates the
immune activity of natural killer [20,21] and T [22] cells in the tumor microenvironment
of various cancers. Nectin3 (also called PVRL3) was proven to be one of the ligands
of CD155 and may bind with CD155 in regulating cell movement and adhesion [23,24].
Based on the unsatisfactory therapeutic effect of anti-PD-1 therapies in ESCA, CD155
may represent a good therapeutic candidate to achieve improved anticancer responses
with fewer immune-related adverse events. Therefore, herein, we explored the role of
CD155 in ESCA for the first time, including its relationship with PD-1/PD-L1 signals in the
underlying mechanisms of this life-threatening disease.

2. Materials and Methods

2.1. Analysis of Gene Expression and Immune Infiltration

Data from the Gene Expression Profiling Interactive Analysis database (GEPIA, http://
gepia.cancer-pku.cn/, accessed on 4 July 2022), which comprise RNA-sequencing data
from the Genotypic-Tissue Expression project and The Cancer Genome Atlas, were used
for gene expression and gene–gene correlation analyses [25]. Pancancer analysis was
performed using the University of Alabama at Birmingham Cancer data analysis platform
(UALCAN, http://ualcan.path.uab.edu/, accessed on 4 July 2022) [26] and the Assistant
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for Clinical Bioinformatics database (ACLBI, www.aclbi.com, accessed on 4 July 2022),
which also facilitated simultaneous immune infiltration analysis. The relationship between
gene expression profiles, tumor immune infiltration, and patient survival was evaluated
using data from the GEPIA and UALCAN databases.

2.2. Analysis of Gene and Protein Interaction

Data from the GeneMANIA (https://genemania.org/, accessed on 7 July 2022) database
were used for gene prioritization network integration and gene–gene interaction predic-
tion [27], and protein–protein interaction prediction was performed in the STRING database
(www.string-db.org, accessed on 8 July 2022) [28].

2.3. ESCA Sample Collection

A total of 322 ESCA and 161 paracancer samples were collected from patients who
were surgically treated in Tangdu Hospital (Xi’an, China). The inclusion criteria and
exclusion criteria were formulated as previously reported [29]. This study was approved
by the Ethics Committee of the Air Force Medical University (No. 202108-05).

2.4. Immunohistochemistry

All tissue samples were embedded in paraffin and cut into 3 μm slices. Immuno-
histochemistry was conducted as previously reported [29]. The tissue slices were incu-
bated overnight at 4 ◦C with anti-CD155, anti-PD1, anti-PD-L1, anti-CD4, anti-IL-2RA,
anti-S100A9, anti-CD3D, anti-CD8, anti-FOXP3, anti-TPSB2, anti-CD79A, anti-GNLY, and
anti-Nectin3 (Signalway Antibody, Greenbelt, MD, USA), respectively.

A semiquantitative analysis of the H score was performed using the Aipathwell.v2
software as follows:

H score = ∑(pi × i) = (percentage of weak intensity × 1) + (percentage of moderate
intensity × 2) + (percentage of strong intensity × 3) [30–32].

To assess the correlation between CD155 and PD-1/PD-L1, H scores of <25% were
considered as negative expression. The semiquantitative analysis was supported by Wuhan
Servicebio Technology Co. (Wuhan, China).

2.5. Immunofluorescence Analysis

TE1 and KYSE-520 (K520) human esophageal squamous cancer cells were cultured
in 6-well plates until they reached 70% density. A membrane breaking solution (100 μL;
Servicebio) was added to the wells and incubated at 25 ◦C for 20 min. The cells were then
washed three times with PBS (phosphate-buffered saline solution) and were incubated
overnight at 4 ◦C with anti-CD155 polyclonal antibody (1:50 dilution; Signalway Antibody,
Greenbelt, MD, USA); the respective secondary antibody was incubated at 25 ◦C for 50 min.
To stain the nucleus of the cells, 4′,6-diamidino-2-phenylindole (DAPI) was used.

2.6. Cell Culture

The cultures of TE1 and K520 human esophageal squamous cancer cells (iCell Bio-
science Inc., Shanghai, China) were the same as previously reported [29].

2.7. CD155 and Nectin3 Knockdown

CD155 was knocked down (KD) in TE1 and K520 cells using a lentiviral vector synthesized
by CytoBiotech (Guangzhou, China) that harbored a luciferase tag and a short hairpin RNA
which specifically targets CD155 through the sequence 5′–CTGTGAACCTCACCGTGTA–3′.
Nectin3 was knocked down in TE1 and K520 cells using siRNA (RiboBio, Guangzhou,
China). The sequence of the siRNA used was 5′-GACATCCGATACTCTTTCA-3′. A non-
targeting vector was used as the control (NC).
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2.8. Xenograft Tumor Experiment

Male mice (BALB/cJGpt-Foxn1nu/Gpt; 5 weeks old; 20–25 g) were purchased from
GemPharmatech (Beijing, China). The mice were randomly divided into two groups (n = 5
in each group) and injected subcutaneously in the back with CD155_NC or CD155_KD TE1
cells (1 × 106 cells/animal). Within 7–17 days post-injection, the volume of the tumors was
measured daily based on the two largest perpendicular dimensions. The tumor volume
(mm3) was calculated as (tumor length [mm] × square of tumor width [mm]2)/2. All
in vivo experiments were reviewed and approved by the Ethics Committee of the Air Force
Medical University (No. 202203-145).

2.9. Flow Cytometry

For apoptosis analysis, the cells were washed once with phosphate-buffered saline so-
lution and resuspended in a 100 μL (1×) binding buffer. Fluorochrome-conjugated Annexin
V (5 μL) was added and incubated for 10–15 min, protected from light at room temperature,
and immediately analyzed using a Beckman Coulter (Brea, CA, USA) flow cytometer.

2.10. Western Blotting

Western blotting was conducted as previously reported [29]. The membranes were
incubated overnight at 4 ◦C with the following specific antibodies: anti-β-actin, anti-CD155,
anti-PI3K, anti-phosphorylated Akt (Ser473), anti-P38, anti-P38 MAPK, anti-ERK1/2, anti-
phosphorylated ERK1/2 (Thr202/Tyr204), anti-JNK1/2/3, anti-phosphorylated JNK1/2/3
(Thr183/Tyr185), anti-cyclin A2, anti-cyclin B1, anti-cyclin D1, anti-cyclin E1, anti-CDK2,
anti-CDK4, anti-CDK6, anti-caspase 3, anti-caspase 7, anti-caspase 9, anti-cleaved caspase
9, anti-PARP 1, anti-cleaved PARP, and anti-Nectin3 (Signalway Antibody, Greenbelt, MD,
USA), respectively.

2.11. Cell Proliferation Analysis

CD155_NC and CD155_KD ESCA cells were collected; the analyses in a real-time
cell analyzer (Agilent Technologies, Santa Clara, CA, USA) and cell proliferation were
conducted as previously reported [29]. Similarly, 1000 cells from each of these two groups
were seeded onto 6-well plates, cultured for the next 10 days, and washed three times with
phosphate-buffered saline solution; then, all of the cells were fixed in methanol for 25 min
and stained with 5% crystal violet for 40 min.

2.12. mRNA Sequencing and Analysis

RNA from CD155_NC and CD155_KD TE1 cells was isolated using TRIzol Reagent
(Thermo Fisher Scientific, Carlsbad, USA) and the samples were submitted to Genergy
Bio-Technology Co. (Shanghai, China) for mRNA sequencing and analysis.

2.13. Statistical Analysis

Prism 8.2.1 (GraphPad Software, San Diego, CA, USA) and SPSS 26 (IBM Corp,
Armonk, NY, USA) were used for statistical analysis. Statistical data are expressed as
mean ± standard deviation. Differences between the two groups were evaluated using
the Student’s t test. H scores without equal standard deviations were analyzed using the
Mann–Whitney test for rank comparison. p ≤ 0.05 was considered statistically significant.

3. Results

3.1. CD155 Is Highly Expressed in ESCA and Is Associated with Poor Patient Prognosis

The analysis of publicly available data in different databases showed that CD155
was highly expressed in ESCA (Figure 1A,B). In agreement with this finding, a pancancer
analysis confirmed the high expression of CD155 in ESCA, as well as in other cancers,
including cholangiocarcinoma, colon adenocarcinoma, and pancreatic adenocarcinoma
(Figure 1C) (Supplementary Figure S2). To further validate these results, 322 primary ESCA
and 161 paracancerous tissues were evaluated by performing immunohistochemistry, which
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revealed that CD155 was significantly more expressed in ESCA tissues than in healthy
cells (p < 0.0001) (Figure 1D). Altogether, these results demonstrate that CD155 is highly
expressed in ESCA, thus potentially playing an important role in ESCA development.

Figure 1. CD155 is highly expressed in ESCA. Data from (A) ACLBI and (B) UALCAN databases
all showed higher expression of CD155 in ESCA compared to normal samples. Pancancer analysis
from the (C) UALCAN databases showed higher CD155 expression could also be found in CHOL,
COAD, and PAAD, as well as other tumors. (D) Further validation for the protein level of CD155
was evaluated by immunohistochemistry. ESCA: esophageal squamous cancer; CHOL: cholangio car-
cinoma; COAD: colon adenocarcinoma; PAAD: pancreatic adenocarcinoma. ** p < 0.01, *** p < 0.001,
**** p < 0.0001.

CD155 expression was also evaluated concerning the different stages of ESCA. Note-
worthily, CD155 was expressed in all cancer stages (Figure 2A,B). Furthermore, the patient
survival analysis showed that a high expression of CD155 predicted poor ESCA prognosis
(Figure 2C,D).
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Figure 2. CD155 is expressed in all cancer stages and associated with poor patient prognosis. (A) The
expression of CD155 in the different stages of ESCA was evaluated using the GEPIA database, the
numbers in the Y axis indicate the transcription level of CD155. (B) The expression of CD155 in the
different stages of ESCA was validated by performing immunohistochemistry, the numbers in the Y
axis indicate the protein level of CD155. Survival analyses related to CD155 were performed in the
(C) GEPIA and (D) UALCAN databases.

3.2. CD155 Is Positively Associated with the Expression of CD4, IL-2Rα and S100A9 in ESCA

The gene–gene interaction analysis revealed that CD155 may interact with CD96,
CD226, and NECTIN3 via physical interactions (Figure S3A). In addition, the protein–
protein interaction analysis further confirmed that CD155 can interact with CD96 and
CD226 (Figure S3B).

To further explore the potential role of CD155 in ESCA, an immune infiltration analysis
was performed. Interestingly, CD155 expression was found to be positively associated with
the levels of M1 macrophages (r = 0.11, p = 0.011), myeloid dendritic cells (r = 0.11, p = 0.01),
and neutrophils (r = 0.09, p = 0.051), but negatively associated with the levels of B cells
(r = −0.23, p = 9.46 × 10−8), M2 macrophages (r = −0.23, p = 7.73 × 10−8), natural killer cells
(r = −0.10, p = 0.03), CD8+ T cells (r = −0.09, p = 0.038), and T regulatory cells (r = −0.12,
p = 0.006) (Figure 3). A further protein analysis confirmed that both CD8 and CD79A were
decreased in ESCA tissues compared with the controls (p < 0.05), as well as TPSB2 (p < 0.01);
however, the expressions of interleukin (IL)-2 receptor α (IL-2Rα) and S100A9 were all
significantly elevated in ESCA (p < 0.0001). These results were confirmed by performing
a correlation analysis, which showed significantly positive correlations between CD155
and CD4 (CD4+ T cell marker, r = 0.1655, p = 0.0033), and IL2RA (B cell marker, r = 0.2850,
p < 0.0001) and S100A9 (neutrophil marker, r = 0.2425, p < 0.0001) (Figure 4); however, there
was no correlation with other immune markers (Figure S4). Thus, CD155 may contribute to
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regulating immune infiltration in ESCA, especially the regulation of CD4+ T cells, B cells,
and neutrophils.

Figure 3. CD155 can be involved in immune infiltration. Immune infiltration analysis was performed
in the ACLBI databases.
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Figure 4. CD155 is positively associated with the expression of CD4, IL-2RA, and S100A9. Three
immune-related markers were stained by performing immunohistochemistry. A correlation analysis
between CD155 and immune markers was performed, and positive correlations were observed
between CD155 and CD4 (r = 0.1655, p = 0.0033), IL-2RA (r = 0.2850, p < 0.0001), and S100A9
(r = 0.2425, p < 0.0001). **** p < 0.0001.

3.3. CD155 Can Cooperate with PD-1/PD-L1

To further analyze the relationship between CD155 and PD-1/PD-L1, 322 ESCA
samples were divided into eight categories according to their phenotype: PD-1+PD-
L1+CD155+, PD-1−PD-L1−CD155−, PD-1+PD-L1+CD155−, PD-1+PD-L1−CD155+, and PD-
1−PD-L1+CD155+, PD-1+PD-L1− CD155−, PD-1−PD-L1+CD155−, and PD-1−PD-L1−CD155+.
For this classification, quartiles were considered as cutoff values and H scores of less than
25% were considered as negative expressions. Among all samples, triple and double
positive samples (PD-1+CD155+ or PD-L1+CD155+) accounted for 58.1% and 10.9%, respec-
tively, further suggesting that CD155 is highly associated with PD1 and PD-L1 expression
(Figures 5 and 6). Hence, CD155 may cooperate with PD1/PD-L1 and may have an impact
on the therapeutic effect of anti-PD1/PD-L1 treatments in ESCA.
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Figure 5. [CD155 is positively associated with PD1/PD-L1]. The correlation analysis between
CD155 and PD1 or PD-L1 was performed, and CD155 was positively associated with PD1 (r = 0.343,
p < 0.0001) and PD-L1 (r = 0.4193, p < 0.0001). A total of 322 ESCA samples was divided into
8 categories based on the expression type of CD155, PD1, and PD-L1; triple positive samples accounted
for 58.1%, and double positive samples, PD1+CD155+, or PD-L1+CD155+ accounted for 10.9%.
**** p < 0.0001.

3.4. CD155 Can Regulate the PI3K/Akt and MAPK Pathways in ESCA

To further explore the potential cellular and molecular effects of CD155 in ESCA,
we analyzed TE1 and K520 ESCA cells that were genetically engineered to lack CD155
expression. Western blot and immunofluorescence data confirmed the decreased expression
of CD155 in ESCA cells, especially in the cytoplasm (Figure 7A,B). The RNA sequencing of
these cells and respective gene ontology analyses showed that CD155 mainly contributed
to developmental processes and signaling receptor binding, which could be associated
with tumor growth. In addition, KEGG (Kyoto Encyclopedia of Genes and Genomes)
and GSEA (Gene Set Enrichment Analyses) indicated that the CD155-related differentially
expressed genes were mainly associated with the PI3K/Akt and MAPK signaling pathways
(Figure 7C–F). To verify the signaling pathways that CD155 was involved with, the levels
of major signaling proteins were evaluated. Interestingly, all the analyzed markers were
decreased in the cells lacking CD155 (Figure 7G), further supporting that CD155 exerts an
effect in ESCA cells via the PI3K/Akt and MAPK pathways.

3.5. CD155 Downregulation Inhibits ESCA Cell Proliferation by Impairing Cell Cycle and
Inducing Cell Apoptosis

Since the gene ontology results suggested that CD155 could be involved in cell de-
velopmental processes, we next explored the potential role of CD155 in cell cycle and
apoptosis. The proliferation of TE1 and K520 ESCA cells was significantly inhibited for the
CD155_KD group compared with the CD155_NC group, as determined using a real-time
cell analyzer, colony formation assays, and in vivo experiments (Figure 8A–C). Moreover,
these cells showed increased levels of cell apoptosis (Figure 8D,E), with elevated caspase 3
and cleaved PARP (Figure 8F). Noteworthily, ESCA cells lacking CD155 had an impaired
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cell cycle, with decreased levels of cyclins B1, D1, E1, and CDK6 (Figure 8G). In summary,
CD155 downregulation can effectively inhibit the proliferation of ESCA cells by preventing
their proliferation and promoting cell apoptosis.

 

Figure 6. CD155 is tightly associated with PD1/PD-L1. A total of 322 ESCA samples were divided
into 8 categories based on the expression type of CD155, PD1, and PD-L1; triple positive samples
accounted for 58.1%, and double positive samples, PD1+CD155+, or PD-L1+CD155+ accounted
for 10.9%.
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Figure 7. CD155 can regulate the PI3K/Akt and MAPK pathways in ESCA. (A) Western blot and
(B) immunofluorescence data confirmed the decreased expression of CD155 in ESCA cells. (C) RNA
sequencing of these cells and a respective (D) GSEA analyses were conducted, followed by (E) GO and
(F) KEGG. KEGG and GSEA analyses both indicated that the CD155-related differentially expressed
genes were mainly associated with the PI3K/Akt and MAPK signaling pathways. (G) The two
signaling pathways related to CD155 were verified with Western blotting.The original WB Blots of
subfigure (A) is Figure S5. The original WB Blots of subfigure (G) are Figure S6.
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Figure 8. The downregulation of CD155 inhibits ESCA cells’ proliferation by inducing cell cy-
cle S phase arrest and cell apoptosis. (A) Real-time cell analyzer, (B) colony formation assays,
and (C) in vivo experiments were performed to validate the proliferation between CD155_NC and
CD155_KD groups in TE1 cells and K520 cells. These cells showed increased levels of cell apoptosis,
supported by (D) GSEA analysis from RNA-seq (E) cell apoptosis flow analysis, and (F) Western
blotting revealed a higher level of caspase 3 and cleaved PARP in the CD155_KD group of TE1 and
K520 cells. Moreover, (G) Western blot indicated that the downregulation of CD155 may induce
a decreased level of Cyclin B1, D1, E1, and CDK6 in TE1 and K520 cells. * p < 0.05; *** p < 0.001;
**** p < 0.0001.The original WB Blots of subfigure (F) is Figure S7. The original WB Blots of subfigure
(G) are Figure S8.
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3.6. CD155 May Interact with Nectin3 and Regulate ESCA Proliferation

The knockdown of Nectin3 using siRNA phenocopies the profile of CD155 knock-
down. Nectin3 was highly expressed in ESCA tissues compared to the adjacent tissues. In
addition, it was positively associated with the expression of CD155, which was predicted
in the GEPIA analysis (Figure 9A) and validated through tissue microarray (Figure 9B).
Nectin3 was knocked down by siRNA, and its protein level was confirmed through West-
ern blot analysis. The levels of PI3K, pAKT-473, P38, P38 MAPK, pERK1/2, pJNK1/2/3,
Cyclin B1, Cyclin D1, and CDK6 were all decreased in TE1 and K520 cells. Furthermore,
these cells showed increased levels of caspase 3 and cleaved PARP (Figure 9C). Similar
results were obtained for the Western blot analysis of CD155 (Figure 8F,G), indicating that
the knockdown of Nectin3 phenocopies the profile of CD155 knockdown. These results
suggest that Nectin3 could be a ligand of CD155 and that their interaction could promote
ESCA proliferation.

Figure 9. Cont.
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Figure 9. Downregulation of Nectin3 expression phenocopies the profile of CD155 knockdown.
(A) Nectin3 expression and the correlation analysis between CD155 and Nectin3 expression were
predicted using the GEPIA database and (B) validated at the protein level through tissue microarray.
(C) Nectin3 is knocked down using siRNA. Changes similar to those of CD155 knockdown were seen
in TE1 and K520 cells. * p < 0.05; **** p < 0.0001. The original WB Blots of subfigure (C) are Figure S9.

4. Discussion

Currently, the available immunotherapies lack efficiency in treating esophageal can-
cer [7,8], which can be, at least in part, explained by our lack of knowledge on its cellular and
molecular mechanisms. Herein, we demonstrate that CD155 can be a valuable therapeutic
candidate to treat these patients.

Overall, we found that CD155 is highly associated with PD-1/PD-L1 in ESCA. In
particular, ESCA cells express high CD155 levels, which are positively associated with
PD-1, PD-L1, CD4, IL-2Rα, and S100A9 levels, indicating that CD155 may exert immune
regulatory effects in ESCA, especially toward CD4+ T cells, B cells, and neutrophils. More-
over, given the strong correlation between CD155 and PD1/PD-L1, CD155 may be related
to the efficacy of anti-PD1/PD-L1 treatment in ESCA. However, we suggest that CD155
may cooperate with PD-1/PD-L1 in this cancer via a regulatory role other than immune
regulation. In agreement with this hypothesis, PD-1 and PD-L1 were previously shown
to promote tumor proliferation in multiple types of tumors, including esophageal cancer,
with the inhibition of PD-1 or PD-L1 effectively preventing the proliferation and inducing
the apoptosis of tumor cells [17]. Therefore, further studies on whether the co-expression
of CD155 and PD-1/PD-L1 may further enhance tumor growth and progression, and their
underlying regulatory mechanisms, are warranted.
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In vitro and in vivo experimental assays showed that the downregulation of CD155
inhibits ESCA cells’ proliferation by preventing the expression of cell cycle-related proteins
and by inducing apoptosis. Moreover, bioinformatics and experimental analyses of the
expression profile of ESCA cells lacking CD155 suggested that CD155 downstream effects
are mediated by the PI3K/Akt and MAPK signaling pathways, which are known to be
involved in tumor proliferation [33–35]. Indeed, CD155 was previously shown to be able to
directly bind to signaling proteins [36]. Thus, similar to PD-1, CD155 may play a positive
regulatory role in the proliferation and progression of ESCA.

Herein, we determined that CD155 can interact with Nectin3 to promote ESCA pro-
liferation. Nectin3 is a ligand of CD155. The interaction between these molecules can
regulate cell behavior [24]. The protein level of Nectin3 is positively associated with CD155
expression in ESCA; both levels are higher in ESCA compared to those in adjacent tissues.
Moreover, the downregulation of Nectin3 expression by siRNA phenocopies the profile
of CD155 knockdown, especially with respect to the PI3K /Akt and MAPK signaling
pathways, cell cycle-related proteins, and apoptosis-related proteins. Thus, we postulate
that CD155 interacts with Nectin3 to promote ESCA proliferation. Similar results have
been reported for multiple myeloma [36]. The binding of CD155 and Nectin3 can induce
the adhesion of multiple myeloma cells to bone marrow stromal cells. Furthermore, CD155
can play multiple roles when binding with different ligands. When binding with the
activating receptor DNAM-1, the cytotoxicity of NK and CD8+ T cells is promoted [37]. In
contrast, binding with the inhibitory receptors TIGIT and CD96 can result in the inhibition
of IFN-γ production and NK and T cell activity [21,38]. Similar immune regulation of
CD155-mediated production can be observed in ESCA. However, further research is re-
quired.

In summary, the expression of CD155 is significantly positively associated with PD-
1/PD-L1 signals, thereby regulating ESCA behavior by regulating its proliferation and
viability via the PI3K/Akt and MAPK signaling pathways. Finding new strategies to block
CD155, in addition to PD-1/PD-L1, may promote enhanced anticancer responses in patients
with ESCA and help to achieve improved therapeutic outcomes.

5. Conclusions

In this study, we aimed to explore the role of CD155 in esophageal squamous cell
cancer (ESCA) and its underlying molecular mechanism. CD155 was positively associated
with PD-1/PD-L1 expression and could support ESCA proliferation. The downregulation
of CD155 expression inhibited ESCA cell proliferation by impairing the cell cycle and
inducing cell apoptosis. This occurred via the inhibition of PI3K/Akt and MAPK signaling
pathways. In addition, Nectin3 may be the ligand of CD155 and may be involved in ESCA
proliferation. Thus, our study suggests novel targets for tumor therapy, especially for
ESCA treatment.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cancers14225610/s1, Figure S1: Differential expression of 35 immune
checkpoint genes in ESCA; Figure S2: CD155 is also highly expressed in various tumors in addition
to ESCA; Figure S3: The gene and protein interaction network of CD155; Figure S4: CD155 is not
correlated with the expression of various immune markers; Figure S5: The original WB Blots of
Figure 7A; Figure S6: The original WB Blots of Figure 7G; Figure S7: The original WB Blots of
Figure 8F; Figure S8: The original WB Blots of Figure 8G; Figure S9: The original WB Blots of
Figure 9C.
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Simple Summary: A previous study showed that silencing the adaptor molecule SH3 Binding Pro-
tein 2 (SH3BP2) reduced oncogenic KIT and PDGFRA receptor levels and impaired gastrointestinal
stromal tumor (GIST) growth. This study tries to get insights into the molecular mechanism under-
lying this effect. The silencing of SH3BP2 induces miRNAs (miR-1246 and miR-5100), which target
microphthalmia-associated transcription factor (MITF) and ETV1, a linage survival factor involved in
GIST tumorigenesis. Altogether, this results in decreased tumor cell viability and enhanced apoptosis.

Abstract: Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal tumors of the
gastrointestinal tract. Gain of function in receptor tyrosine kinases type III, KIT, or PDGFRA drives the
majority of GIST. Previously, our group reported that silencing of the adaptor molecule SH3 Binding
Protein 2 (SH3BP2) downregulated KIT and PDGFRA and microphthalmia-associated transcription
factor (MITF) levels and reduced tumor growth. This study shows that SH3BP2 silencing also
decreases levels of ETV1, a required factor for GIST growth. To dissect the SH3BP2 pathway in GIST
cells, we performed a miRNA array in SH3BP2-silenced GIST cell lines. Among the most up-regulated
miRNAs, we found miR-1246 and miR-5100 to be predicted to target MITF and ETV1. Overexpression
of these miRNAs led to a decrease in MITF and ETV1 levels. In this context, cell viability and cell
cycle progression were affected, and a reduction in BCL2 and CDK2 was observed. Interestingly,
overexpression of MITF enhanced cell proliferation and significantly rescued the viability of miRNA-
transduced cells. Altogether, the KIT-SH3BP2-MITF/ETV1 pathway deserves to be considered in
GIST cell survival and proliferation.

Keywords: SH3BP2; MITF; ETV1; miRNA; cell survival; cell cycle; gastrointestinal stromal tumors

1. Introduction

Gastrointestinal stromal tumors (GISTs) are the most common type of soft tissue
sarcoma in the intestinal tract [1]. They are derived from the interstitial cells of Cajal
(ICCs), located in the submucosa and myenteric plexus of the gastrointestinal tract [2].
The pathogenesis of GISTs is defined by mutually exclusive mutations in KIT (75–80%)
and platelet-derived growth factor receptor α (PDGFRA) genes (5–10%). Additionally,
10–15% of GISTs lack KIT mutations, the so-called “wild type.” They are classified as
deficient in succinate dehydrogenase (SDH)-deficient and non-SHD-deficient. Non-SDH-
deficient include NF type 1 neurofibromatosis and GISTs with BRAF, KRAS, and PIK3CA
mutations [3].
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SH3BP2 (cytoplasmic adaptor molecule SH3-binding protein 2) has been described
as an active regulator of KIT expression and signaling in mast cells [4] and GIST cells [5].
The silencing of SH3BP2 decreases KIT levels and increases the caspase-3/7 activity, which
consequently induces apoptosis. Additionally, SH3BP2 regulates KIT at the transcriptional
level and MITF (microphthalmia-associated transcription factor) at the post-transcriptional
level in mast cells [4]. Overexpression of MITF in GIST cell lines prevented significant
cellular apoptosis [5]. MITF is a basic helix-loop-helix leucine zipper, a dimeric transcription
factor well-documented in melanocyte differentiation, cell cycle progression, and survival
by targeting pigment enzyme genes or CDK2 [6,7], among others. MITF activity is needed
for melanocyte development, and deregulation of its activity is reported in melanoma [8].
Besides melanocytes, MITF is essential for mast cell differentiation [9] and binds to the
KIT promoter on mast cells [10]. MITF has recently been reported to be involved in
GIST cell survival, proliferation, and tumor growth, and MITF silencing leads to an ETV1
reduction [11]. ETV1 is a transcription factor required for the development of interstitial
cells of Cajal and the proliferation of GIST cells [12]. ETV1 is regulated by the MEK–MAPK
pathway downstream and activated by KIT and PDGFRA [13]. Therefore, KIT inhibition
with imatinib reduces ETV1 levels [14]. Likewise, we found that GIST treated with imatinib
reduced MITF levels in vitro [5].

Due to the regulation of SH3BP2 over KIT and MITF levels and their mutual regulation,
herein, we aimed to study ETV1 involvement in the pathway and tried to dissect the
SH3BP2 pathway pursuing the analysis of miRNAs. In this study, a miRNA microarray
was performed, comparing the expression levels of several miRNAs in SH3BP2-silenced
GIST cell lines with non-silenced cells. We analyzed the highest up-regulated miRNAs
that predictively regulate MITF or ETV1 levels. Further, these miRNAs were validated and
characterized in GIST cell lines.

2. Materials and Methods

2.1. Antibodies and Reagents

Mouse anti-SH3BP2 (clone C5), mouse anti-KIT (clone Ab81), mouse anti-BCL2, and
mouse anti-CDK2 were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA). Anti-MITF (clone D5G7V) was obtained from Cell Signaling Technology, Inc (Dan-
vers, MA, USA). Mouse anti-β-actin (clone AC-40) was purchased from Sigma (St. Louis,
MO, USA). Anti-ETV1 antibody (ER81) (ab81086) was obtained from Abcam technology
(Abcam, Cambridge, UK). Anti-mouse and anti-rabbit IgG peroxidase Abs were acquired
from DAKO (Carpinteria, CA, USA) and Biorad (Hercules, CA, USA), respectively.

2.2. Cell Culture

Human GIST cell lines GIST882, GIST48, and GIST-T1 were kindly provided by
Dr. S. Bauer. GIST cell lines were-cultured as described elsewhere [11]. Transient transfec-
tions were carried out using Opti-MEM (Gibco, Carlsbad, CA, USA). The mycoplasma test
was performed routinely in all cell lines used.

2.3. RNA Extraction, Retrotranscription, and PCR Assays

Total RNA was extracted with a miRCURY RNA Isolation Kit (Exiqon, Vedbaek,
Denmark) from NT control and SH3BP2 knockdown GIST cells. cDNA was generated
by reverse transcription using the miRCURY LNA RT Kit. Quantitative, Real-Time PCR
for miRNA PCR assay was performed using the miRCURY SYBR Green PCR Kit, and
following miRCURY LNA miRNA PCR assay protocol on a LightCycler® 480 Instrument II
(LifeScience Roche). miR-30c-5p and miR-335 were used as housekeeping miRNA genes.

2.4. MicroRNA Array Profiling

All experiments were conducted at Exiqon Services, Denmark. The quality of all
the total RNA was verified by an Agilent 2100 Bioanalyzer profile. 750 ng total RNA
from both sample and reference was labeled with Hy3™ and Hy5™ fluorescent labels,
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respectively, using the miRCURY LNA™ microRNA Hi-Power Labeling Kit, Hy3™/Hy5™
(Exiqon, Vedbæk, Denmark), following the procedure described by the manufacturer. The
Hy3™-labeled samples and a Hy5™-labeled reference RNA sample were mixed pair-wise
and hybridized to the miRCURY LNA™ microRNA Array 7th Gen (Exiqon, Denmark),
which contains capture probes targeting all microRNAs for humans, mice, or rats registered
in the miRBASE 18.0. The hybridization was performed according to the miRCURY
LNA™ microRNA Array Instruction manual using a Tecan HS4800™ hybridization station
(Tecan, Austria). After hybridization, the microarray slides were scanned and stored in
an ozone-free environment (ozone level below 2.0 ppb) to prevent potential bleaching
of the fluorescent dyes. The miRCURY LNA™ microRNA Array slides were scanned
using the Agilent G2565BA Microarray Scanner System (Agilent Technologies, Inc., Santa
Clara, CA, USA), and the image analysis was carried out using the ImaGene® 9 (miRCURY
LNA™ microRNA Array Analysis Software, Exiqon, Denmark). The quantified signals
were background corrected (Normexp with offset value 10, see [15]) and normalized using
the global Lowess (Locally Weighted Scatterplot Smoothing) regression algorithm. Among
the 502 human miRNAs detected by the array, we discarded any miRNA with an Average
Hy3 signal under 7.5.

2.5. Lentiviral Transduction

Lentiviral particles to silence the SH3BP2 gene expression were previously described [5].
Lentiviral transduction for NT (non-target) was performed as described in [4] with slight
modifications. PLenti-III-mir-GFP-blank was the plasmid used as a control. Plenti-III-miR-
GFP miRNAs (miR-1246 and miR-5100) were obtained from Applied Biological Materials
Inc (Richmond, BC, Canada). GIST cells were transduced in the presence of 8 μL/mL of
Polybrene (Santa Cruz, CA, USA), and puromycin selection (1 μg/mL) was carried out
after one day from transduction.

2.6. Cell Viability, Proliferation, and Caspases 3/7 Activity Assays

Cell viability and proliferation were assessed using Crystal violet dye [16], colori-
metric assay (WST-1 based) (Roche Diagnostics, Germany), and caspase activity using
the Caspase-Glo™ 3/7 Assay (Promega, San Luis Obispo, CA, USA), according to the
manufacturer’s protocol.

2.7. Western Blotting

Western blotting was performed as described [5,17]. Briefly, transduced cells were
lysed at the 5th and 7th days post-lentiviral infection. Electrophoresis and protein blot-
ting was performed using NuPage TM 4–12% Bis-Tris Gel, 1.5 mm × 15 w (Invitrogen,
Waltham, MA, USA), and electrotransferred to polyvinylidene difluoride (PVDF) mem-
branes (Millipore, Bedford, MA, USA). Blots were probed with the indicated antibodies.
In all blots, proteins were visualized by enhanced chemiluminescence (WesternBright TM
ECL, Advansta, San Jose, CA, USA). Original blots see Material S1.

2.8. Cell Cycle Analysis by Flow Cytometry

GIST cells were collected on the 5th and 7th days after transduction. The cells were
fixed with 70% ethanol at 4 ◦C overnight and stained with propidium iodide buffer, as
described elsewhere [18]. Data were acquired in FACS Calibur and analyzed using model
Dean/Jet/Fox FlowJo 7.6 software.

2.9. MITF Overexpression

MiR-CTL, miR-1246, and miR-5100 were overexpressed by lentiviral transduction
in GIST-T1. Cells were selected with puromycin (1 μg/mL) 24 h after infection. MITF
overexpression was achieved using MITF A GFPpcDNA 3.1+/C-eGFP or pEGFP N3
(control) plasmid (Genscript). MITF-GFP or GFP plasmids were transfected into GIST-T1
cells by Lipofectamine LTX (Invitrogen) on the 3rd day after transduction following the

25



Cancers 2022, 14, 6198

manufacturer’s instructions with slight modifications. Mix plasmids and lipofectamine
were incubated overnight with CTS Opti-MEM (Gibco). Cells were maintained in IMDM
media (Lonza) with puromycin (1 μg/mL). Cell proliferation was determined on the 7th
day using WST-1 (Roche Diagnostics, Mannheim, Germany). MITF and MITF-GFP protein
levels were analyzed by Western blotting.

2.10. LNA Anti-miRNA Treatment

GIST-T1 (0.06 × 106 cells/w) was cultured in a 96-well plate and treated gymnoti-
cally with fluoresceinated LNA oligonucleotides (LNA®, miRCURY®, QIAGEN, Hilden,
Germany). LNA anti-miR-1246 (0.1 μM), LNA anti-miR-5100 (0.1 μM), and LNA mixed so-
lution (anti-miR-1246, 0.05 μM + anti-miR-5100, 0.05 μM). Two hours after LNA treatment,
sh3BP2 lentiviral particles were added with 8 μg/mL polybrene (Santa Cruz). GIST cells
were selected by puromycin (1 μg/mL) after 24 h of lentiviral transduction. We measured
cell viability by crystal violet assay [16] on the 4th day post-transduction.

2.11. Statistical Data Analysis

After determining the normal distribution of the samples and variance analysis, an
unpaired student’s t-test was used to determine significant differences (p-value) between
the two experimental groups. A one-way ANOVA test was used to determine significant
differences (p-value) between several experimental groups. All results are expressed as
mean ± standard error of the mean (SEM).

3. Results

3.1. SH3BP2 Silencing Reduces ETV1 Levels in GIST Cell Lines

In previous work, we showed that silencing of SH3BP2 diminished KIT, PDGFRA,
and MITF levels lead to a reduction in tumor growth in vitro and in vivo [5]. To better
understand the role of SH3BP2 in GIST survival, we checked whether silencing of SH3BP2
was also affecting ETV1, a master regulator of the normal linage of interstitial Cajal cells,
which cooperates with KIT in GIST [14,19]. As shown in Figure 1 and Supplementary
Material S1, silencing of SH3BP2 reduces MITF, as previously reported, and ETV1 protein
levels in imatinib-sensitive and imatinib-resistant GIST cell lines.

3.2. miRNA Profiling of SH3BP2-Silenced GIST Cells

SH3BP2 silencing reduces MITF at the protein level but not at the mRNA level in
GIST [5], suggesting a post-transcriptional regulatory mechanism. KIT can regulate MITF
through selective miRNA expression in mast cells [12]. Thus, we next performed a miRNA
microarray to identify miRNAs regulated by SH3BP2 in GIST882 and GIST48-silenced cells
to get insights into the signaling pathway that leads to apoptosis. Figure 2 shows the heat
map representation of the two-way hierarchical clustering of miRNAs and samples. Inter-
estingly, the samples cluster according to their biological group, meaning a very different
miRNA profile exists between Non-Target and SH3BP2-silenced cells independently of the
cell type.

A p-value < 0.05 was used to define significantly deregulated miRNAs between the
different groups. This criterion identified 162 and 130 miRNAs in GIST882 and GIST48,
respectively, with 107 in common (Figure 2A). In Figure 2B, a four-way Venn diagram
shows that 32 miRNAs are downregulated in both cell lines, and 56 are up-regulated among
the significantly changed miRNAs. Among them, a threshold of 1.5-fold change defined the
21 most up-regulated and the 12 most downregulated miRNAs in both cell lines (Figure 2C).
Several databases were used to predict miRNA–target interactions with these miRNAs
(Tables S1 and S2).
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Figure 1. Reduced levels of ETV1 and MITF in SH3BP2-silenced GIST cells. GIST882 and GIST48 were
transduced with control NT (Non-target) shRNA and SH3BP2 shRNA. Cell lysates were analyzed on
the 7th day post-transduction for MITF, ETV1, and SH3BP2. β-actin was used as a loading control.

 
Figure 2. Cont.
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Figure 2. Profile of miRNA expression in SH3BP2-silenced GIST cells. Heat map representation of
two-way hierarchical clustering of the miRNAs altered in GIST48 and GIST882 after 3BP2 silencing.
(A) Venn diagram of miRNAs altered after SH3BP2 silencing. The expression of 107 miRNAs was
significantly altered in both cell lines (p-value < 0.05). (B) A four-way Venn diagram shows the
overlapping of the different miRNAs in both cell lines. The clustering was done using the complete-
linkage method and Euclidean distance measure. (C) Each column represents a single sample,
and each file represents a single miRNA. The red and blue colors represent high and low relative
expressions, respectively (p-value < 0.05).

3.3. Validation of Up-Regulated miRNAs That Target MITF and ETV1in GIST Cell Lines

From the most up-regulated miRNAs, we identified microRNAs that target MITF
and ETV1. We used TargetScan [20], miRtar [21], miRwalk 2.0 [22], microT CDS [23], and
mirDIP [24]. The different databases identified miR-1246, miR-1264, miR-1290, miR-3182,
and miR5100 as putative MITF and ETV1 partners [25]. The results are summarized in
Supplementary Tables S1 and S2.

Next, we validated these five miRNAs in various GIST cell lines. Quantitative real-time
PCR was carried out in SH3BP2 silenced GIST-T1 (Figure 3A), GIST882 (Figure 3B), and
GIST48 cells (Figure 3C). Only two of the five putative miRNAs (miR-1246 and miR-5100)
exhibited significant differences between SH3BP2 shRNA and scramble transfection in all
GIST cells. In parallel, only miR-1246 and 5100 overexpression in GIST cell lines show a
reduction of MITF level by western blot (Supplementary Figure S1). We restricted further
studies to these two miRNAs. The miRNAs sequence location on the MITF-A, the highest
isoform expressed, and ETV1 genes, are shown in Supplementary Figure S2.
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Figure 3. Validation of miRNA upregulation after SH3BP2 silencing by Real-Time PCR in GIST cell
lines. GIST-T1, GIST882, and GIST48 cells were transduced with a non-target shRNA sequence or a
specific shRNA SH3BP2. MiR-335 and miR-30c5p were used as housekeeping miRNAs. (A) GIST-T1
Data represent one biological replicate performed two times. (B) GIST 882 Data are representative of
two biological replicates performed two times. (C) GIST 48 Data represent three biological replicates
performed two times. (* p < 0.05, ** p < 0.01, **** p < 0.0001; Unpaired t-test; mean ± SEM).

29



Cancers 2022, 14, 6198

3.4. MiR-1246 and miR-5100 Target ETV1 and MITF, and Overexpression Significantly Affects
Cell Proliferation

As mentioned above, these miRNAs putatively bind to MITF or ETV1 mRNA, so
we overexpressed them in the imatinib-sensitive GIST-T1 and imatinib-resistant GIST-
48 cell lines to check ETV1 and MITF protein levels. The overexpression of GFP-miR-
1246 and GFP-miR-5100 efficiently causes the downregulation of MITF and ETV1 protein
levels (Figure 4A,B and Supplementary Material S1). Consistently with this, we reported
diminished cell proliferation in GIST cells, Figure 4C. The levels of transfection were similar
in all cases (Supplementary Figure S3).

Figure 4. MiR-1246 and miR-5100 reduce cell proliferation in GIST cells. Western blot was performed
on the 5th day after lentiviral transduction in GIST-T1 and GIST 48 to determine levels of (A) KIT
and MITF, (B) ETV1. β-actin was used as load control. (C) Cell proliferation assay was performed
by WST-1 on the 2nd, 5th, and 7th days after lentiviral transduction. (** p < 0.01, *** p < 0.001,
**** p < 0.0001; one-way-ANOVA with Bonferroni’s post-hoc test) n = 3. GFP-miR-CTL was used as
a control.
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3.5. MiR-1246 and miR-5100 Promote Apoptosis by Caspases 3/7 in GIST Cells

To analyze how miRNAs affect cell proliferation, we performed a viability assay and
measured caspase 3/7 activity on overexpressed miRNAs GIST cells. Our results show a
decrease in cell viability that correlates with an increase in caspase 3/7 activity in both cell
lines (Figure 5B,C). Previous studies reported that miR-5100 induces apoptosis throughout
caspase 3 protein activity [26], and miR-1246 increases apoptosis by promoting caspase 3
and caspase 7 activity [27]; these results are consistent with the anti-apoptotic protein
BCL2 (MITF-dependent target) reduction after overexpression of miRNAs (Figure 5A and
Supplementary Material S1).

Figure 5. MiR-1246 and miR-5100 induce apoptosis in GIST cells. (A) Western blot was carried out
on the 5th day after lentiviral transduction in GIST. MITF and BCL2 levels were assessed; β-actin was
used as load control. (B) Viability was evaluated by crystal violet on the 2nd, 5th, and 7th days after
lentiviral transduction. Statistical significance (** p < 0.01, **** p < 0.0001; one-way-ANOVA with
Bonferroni’s post-hoc test) GIST-T1 n = 4; GIST 48 n = 3. (C) Caspase 3/7 activity was measured on
the 5th day on GIST-T1; the 5th and 7th day on GIST 48 post lentiviral transduction (**** p < 0.0001;
Unpaired t-test; mean ± SEM) n = 3. GFPmiR-CTL was used as a control.
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3.6. MiR-1246 and miR-5100 Affect Cell Cycle Progression

MITF regulates CDK2 in melanoma, which is critical for tumor cell growth [7,28].
We further analyzed whether CDK2 was altered after miRNA overexpression. MITF
reduction was accompanied by decreased CDK2 levels in GIST-T1 and GIST 48 (Figure 6A,B
and Supplementary Material S1). The overexpression of both miRNAs had different
consequences in the cell cycle in both cell lines. GIST-T1 (Figure 6C) overexpression
induced a substantial increase in the G2 phase, while in GIST 48 (Figure 6D), there is an
accumulation in the S phase. Altogether, these results indicate that these miRNAs may
regulate MITF-dependent targets and cell cycle progression.

Figure 6. MiR-1246 and miR-5100 arrest cell cycle in GISTs cells. Western blots were performed on
GIST cells on the 5th days after lentiviral miRNAs transduction; lysates were analyzed to determine
MITF and CDK2 levels in (A) GIST-T1 and (B) GIST 48. Cell cycle assay was performed by FACS,
and miRNA–CTL was used as a control. Results were analyzed by Dean/Jett/Fox model Flow
jo 7.0 software (C) GIST-T1 n = 4, (D) GIST 48 n = 3 (* p < 0.05, ** p < 0.01, *** p < 0.001; Unpaired
t-test; mean ± SEM).

3.7. MITF Overexpression Significantly Restores Cell Proliferation

Next, we assessed the specificity of the effect of MITF on the proliferation of miRNA-
treated GIST cells. For that purpose, after three days of miRNA transduction (when cells
were still viable), cells were transfected with MITF-GFP or GFP. Seven days after miRNA
transduction, MITF levels and cell proliferation were assessed. Our data show that MITF
reconstitution is detected by western blot (Figure 7A and Supplementary Material S1) and
significantly increases cell proliferation (Figure 7B).
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Figure 7. Overexpression of MITF reverses the phenotype produced by miRNAs in GIST-T1. Cells
were transiently transduced with GFP or MITF-GFP plasmids on the 3rd day after lentiviral miRNA
transduction. (A) Western blot shows MITF-GFP and MITF (endogenous) levels in GFP or MITF-GFP
overexpressed cells. β-actin was used as a control. (B) Cell proliferation was measured by WST-1 on
the 7th day after lentiviral miRNAs transduction. (* p < 0.05, ** p < 0.01, **** p < 0.0001. One-way
ANOVA with Bonferroni’s post-hoc test) n = 3.

3.8. LNA Treatment (Anti-miR-1246 Anti-miR-5100) Was Not Adequate to Revert the Apoptotic
Phenotype in GIST-T1 SH3BP2 Silenced Cell

To determine whether miR-1246 and miR-5100 are the main ones responsible for the
SH3BP2 silencing apoptotic phenotype, we analyzed the effect of LNA (Locked nucleic
acid) miRNA inhibitors treatment on SH3BP2 silenced cells. LNA miRNA inhibitors are
antisense oligonucleotides with perfect sequences complementary to their target miRNA
that prevent miRNA hybridization with its regular cellular interaction partners. LNAs are
taken up naturally by cells by a process known as gymnosis. We checked if LNA treatment
reverted the apoptotic phenotype of SH3BP2 silenced cells. For that purpose, GIST-T1
cells were treated with LNA against miR-1246 and miR-5100, and afterward, cells were
transduced with lentiviral particles shRNA-SH3BP2. Effective gymnosis was measured by
FAN fluorescence microscopy each 24 h in treated cells. Our data show that LNAs treatment
cannot block the apoptotic phenotype promoted by SH3BP2 silencing (Supplementary
Figure S4). These results suggest that SH3BP2 action on apoptotic phenotype goes beyond
miR-1246 and miR-5100.

4. Discussion

GISTs can be successfully treated with imatinib or other TKIs [1,29]. However, the
necessity for new therapeutical approaches arose due to clinical resistance. We previously
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reported that silencing of SH3BP2 leads to a reduction of KIT expression at both mRNA
and protein levels, as well as MITF at the protein level, resulting in a decrease in GIST
tumor growth in vitro and in vivo [5]. In the same study, overexpression of MITF signifi-
cantly reverses the apoptotic phenotype produced by SH3BP2 silencing, suggesting the
involvement of this transcription factor in the regulatory mechanism in which SH3BP2
levels are critical. SH3BP2 silencing did not alter MITF mRNA levels but protein levels,
suggesting a post-transcriptional mechanism. A miRNA microarray was performed in
SH3BP2-silenced GIST882 and GIST48 cell lines (imatinib-sensitive and resistant cells)
compared to non-silenced cells to get insights into the KIT-SH3BP2-MITF pathway. This
microarray showed a different miRNA pattern when SH3BP2 was silenced. In parallel,
we found that SH3BP2 silencing also targets ETV1, a master of ICC-transcription factor
whose regulation is dependent on KIT signaling and is directly involved in the tumorigenic
phenotype [14,19]. In this study, from the top miRNAs that were up-regulated, we focused
on those that putatively target MITF and ETV1. After database analysis and cell validation,
the miRNAs: miR-1246 and miR-5100 were selected for further studies. Overexpression
assays showed that these miRNAs targeted MITF and ETV1 in GIST48 and GIST-T1. Con-
sequently, the decrease in the levels of these transcription factors leads to a reduction in
cell survival.

In this context, miR-1246 has been described as a tumor suppressor miRNA in prostate
cancer, as authors showed that miR-1246 overexpression led to the inhibition of xenograft
tumor growth over time [30]. They propose the exosomal-mediated release of miR-1246
to serum from tumor cells to evade its tumor suppressor role. Moreover, they suggest
exosomal miR-1246 as a good biomarker to discern between benign of aggressive prostate
cancer. Interestingly, exosomal miR-1246 has been proposed as a biomarker in gastric cancer
(GC), and bioinformatics analysis revealed it as a tumor suppressor in GC [31]. Moreover,
miR-1246, which can be induced by tumor suppressor p53, has been described as a tumor
suppressor due to its capacity to reduce DYRK1A (a Down syndrome-associate kinase)
levels, leading to the nuclear retention of NFATc1 and the induction of apoptosis [32].
Additionally, miR-1246 was downregulated in thyroid cancer, and the overexpression of
miR-1246 affects PI3K/AKT pathway by regulating phosphoinositide 3-kinase adapter
protein1 (PIK3AP1), resulting in less cell proliferation, diminished migration, and increasing
apoptosis [33]. Furthermore, miR-1246 mediates LPS-induced pulmonary endothelial
cell apoptosis in vitro and acute lung injury (ALI) in mouse models, which are at least
partly attributed to the suppression of angiotensin-converting enzyme 2 (ACE2) [27].
In addition, miRNA-1246 mediates ALI-induced lung inflammation and apoptosis via
the NF-κB activation and Wnt/β-catenin suppression [34]. Additionally, miRNA-1246
attenuates renal cell carcinoma’s proliferative and migratory abilities by downregulating
CXCR4 [35]. Nonetheless, the oncogenic role of miR-1246 has been reported in melanoma
by conferring resistance to BRAF inhibitors [36] or enhancing migration and invasion
through the adhesion molecule CADM1 in hepatocellular cancer [37].

Regarding miR-5100 activity as a tumor suppressor, our results follow Chijiiwa et al. [38].
The authors show that miR-5100 decreases the aggressiveness of the pancreatic cancer tumor
models through the inhibition of PODXL, which promotes anti-adhesive and migratory
characteristics of various cancers, and high levels of PODXL correlates with poor prognosis
in many of them. Moreover, miR-5100 can increase the apoptosis level of gastric cancer
cells and inhibit autophagy by targeting CAAP1 (conserved anti-apoptotic protein 1 or
caspase activity and apoptosis inhibitor 1) [26].

However, miR-1246 and miR-5100 have been reported as oncogenic miRNAs in lung
cancer [39]. One explanation for these contradictory results could be that miRNAs may
vary their affinity to target mRNA depending on the cell lines, the pool of miRNAs that
they could be cooperating, and the secondary structures in the 3′UTR of the target mRNA,
which can affect the binding of a miRNA [40]. In conclusion, many factors could interfere
with the miRNA functional effect in other cell lines.
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The proapoptotic role of miR-1246 and miR-5100 in GIST cell lines could result from
their ability to affect the cell cycle and regulate cell apoptosis. These actions can be related
to a MITF reduction since BCL2 and CDK2 are MITF-dependent targets [7,41–43]. BCL2
is found in most GIST patients [19] and correlates with a poor prognosis before imatinib
treatment [44]. These miRNAs also induce cell cycle arrest in a cell line-dependent manner.
CDK2 has been reported to regulate both G1/S and G2/M transitions. [45]. As previously
noted, high double-negative CDK2-expressing cells were arrested in the mid-S phase. In
contrast, low double negative CDK2 expressing cells progressed through early and mid-S
phases but were still arrested in the late S/G2 phase [45], suggesting that the active CDK2
can be critical in the different phases. Recent research has shown that CDK2 deficiency
slows colorectal cancer’s S/G2 progression [46]. It would deserve further consideration to
analyze the role and regulation of CDK2 in the different GIST cell lines.

The blockage of miR-5100 and 1246 using LNA did not reduce apoptotic effects
due to SH3BP2 silencing, indicating that other miRNAs contribute to this phenotype.
However, overexpression of MITF significantly restores cell survival after miR-5100 and
1246 transduction, suggesting that MITF is a crucial target for cell viability.

The role of MITF is well-known in melanoma [47], and recent studies suggest that
MITF overexpression in kidney angiomyolipoma cells [48] and clear cell renal cell carcinoma
(ccRCC) improve cell growth, proliferation, and invasion in vitro and in vivo [49]. Lately,
we have described that the silencing of MITF results in decreased gastrointestinal stromal
tumor cell viability in vitro and tumor growth in vivo [11].

5. Conclusions

Our results highlight the KIT-SH3BP2-MITF/ETV1 pathway for GIST cell survival and
proliferation. Targeting ETV1 and MITF together will help break the positive feedback loop
and indirectly target KIT independently of the mutations in the tyrosine kinase receptor.
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Simple Summary: The present study identified cellular pathways and genes co-expressed with
HER2 in colorectal cancer using whole transcriptomic analysis on colorectal cancer patients and cell
lines. A comparison of the genes and pathways between patients and cell lines identified the Wnt
signaling pathway and the homeobox gene NKX2-5 to be significant. This study sheds new light on
the role of HER2 in colorectal cancer pathogenesis.

Abstract: Colorectal cancer (CRC) remains the third most common cause of cancer mortality world-
wide. Precision medicine using OMICs guided by transcriptomic profiling has improved disease diag-
nosis and prognosis by identifying many CRC targets. One such target that has been actively pursued
is an erbb2 receptor tyrosine kinase 2 (ERBB2) (Human Epidermal Growth Factor Receptor 2 (HER2)),
which is overexpressed in around 3–5% of patients with CRC worldwide. Despite targeted therapies
against HER2 showing significant improvement in disease outcomes in multiple clinical trials, to date,
no HER2-based treatment has been clinically approved for CRC. In this study we performed whole
transcriptome ribonucleic acid (RNA) sequencing on 11 HER2+ and 3 HER2− CRC patients with
advanced stages II, III and IV of the disease. In addition, transcriptomic profiling was carried out on
CRC cell lines (HCT116 and HT29) and normal colon cell lines (CCD841 and CCD33), ectopically
overexpressing ERBB2. Our analysis revealed transcriptomic changes involving many genes in both
CRC cell lines overexpressing ERBB2 and in HER2+ patients, compared to normal colon cell lines and
HER2− patients, respectively. Gene Set Enrichment Analysis indicated a role for HER2 in regulating
CRC pathogenesis, with Wnt/β-catenin signaling being mediated via a HER2-dependent regulatory
pathway impacting expression of the homeobox gene NK2 homeobox 5 (NKX2-5). Results from this
study thus identified putative targets that are co-expressed with HER2 in CRC warranting further
investigation into their role in CRC pathogenesis.

Keywords: ERBB2; HER2; colorectal cancer; RNA-seq; whole transcriptomic analysis; NKX2-5;
Wnt signaling

1. Introduction

Despite improvements in early detection and treatment methods during the last two
decades, colorectal cancer (CRC) remains the 3rd most common cause of cancer-related
death worldwide with approximately 150,000 new CRC cases diagnosed in the United States
annually [1]. Among them, approximately 20% of patients will have distant metastasis,
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and around 30% of patients with stage II and III disease will develop metastasis [2]. The
five-year survival rate of CRC patients with distant metastasis is less than 15% [2]. The
incidence of CRC in men and women under the age of 50 has steadily increased in the
past two decades [1,2]. For patients with metastatic CRC (mCRC), chemotherapy remains
the mainstay of treatment, but eventually, all patients develop resistance to therapy and
experience treatment failure due to the intra-tumoral heterogeneity of CRC [3].

Precision medicine guided by tumor genomic profiling has transformed the cancer
diagnosis, prognosis, and treatment paradigm over the past two decades. However, recent
estimates suggest that fewer than 10% of cancer patients benefit from this approach [4,5].
The primary issues facing genomic profiling include firstly, actionable genomic alterations
are not detected in a vast majority of cases [6], and even when they are, secondly, a
significant proportion of patients fail to experience an antitumor response to the indicated
targeted therapy [7].

One such target is the amplification of ERBB2 (HER2), which occurs in approximately
3% of patients with metastatic CRC (mCRC) and 5% of patients with wild-type NRAS
and KRAS tumors [8,9]. Several ERBB2-targeted therapies are either in different phases
of clinical trials or approved for use in patients with ERBB2-positive breast and gastric
and gastroesophageal tumors [8]. However, despite recommendations of the National
Comprehensive Cancer Network guidelines and clinical evidence from phase II trials that
anti-ERBB2 therapies improve disease outcomes in ERBB2-positive mCRC patients, no
ERBB2-directed approved therapies for patients with CRC are currently approved for
clinical use [8–10].

The role of HER2 in carcinogenesis is most well-characterized in breast cancer [11,12].
HER2+ breast cancer is a historically aggressive subtype of breast cancer with a five-year
survival rate of 30% [11,13,14]. The discovery that amplification or overexpression of ERBB2
was associated with extremely poor survival in breast cancer led to efforts that resulted in
the development of a monoclonal antibody (mAb) to HER2, trastuzumab [14,15]. However,
whether ERBB2 overexpression-mediated carcinogenesis follows similar mechanisms in
breast and colon tissue is unknown.

Thus far, the majority of the studies related to ERBB2 in cancers have focused on
identifying the landscape of genomic amplification in ERBB2 and defining therapeutic
regimens to target these amplifications [8]. Our earlier study has shown that ERBB2
mRNA and protein overexpression correlates with more aggressive colorectal cancer in
the North African population [16]. However, the effect of the overexpression of ERBB2
on the global transcriptomic profiles within CRC patients is not known. Therefore, the
objective of the current study is to characterize whole transcriptomic changes associated
with ERBB2 overexpression in CRC cell lines and patient samples with a view to gain a
deeper understanding of the role of ERBB2 in CRC pathogenesis.

2. Materials and Methods

2.1. Patients and Tissue Specimens

Ethical approval for the study was provided by the Research and Ethics Committee
(REC) of University Hospital Sharjah (UHS-HERC-055-25022019). All methods were per-
formed in accordance with the relevant guidelines based on the Declaration of Helsinki
and the Belmont Report. We obtained written informed consent from all study participants.
This is a retrospective study of 14 patients with primary CRC. Patients with secondary
cancers were excluded, whilst all primary CRC patients were included, regardless of age,
gender, or tumor stage. The initial diagnosis was performed prior to and independently
of our study to determine the Tumor, lymph Nodes, and Metastasis (TNM) score. Tissues
were sectioned from formalin-fixed, paraffin-embedded (FFPE) biopsies for molecular and
immunohistochemical analysis.
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2.2. Immunohistochemistry

To begin with, 3 μm sections from the FFPE of 14 CRC patients’ biopsies were im-
munohistochemically stained using the rabbit monoclonal antibody for HER2 (1:4000
dilution; ab214275, Abcam, Waltham, MA, USA) according to the manufacturer’s instruc-
tions. An experienced pathologist (R.H.) scored the stained slides, following the consensus
recommendations for HER2 scoring for CRC [17,18]. Briefly, scoring was performed on a
4-point scale—0, 1+, 2+, 3+ focusing on intensity and extent according to the Allred scoring
system [19]. In this study, 0 and 1+ intensity were taken to be negative for HER2 expression
and the study focused on the assessment of membranous HER2 expression.

2.3. Cell Culture

The CRC cell lines HT29 and HCT116, and two normal colon cell lines: CCD33 and
CCD841, were obtained from Bio Medical Scientific Services (BIOMSS, Al Ain, United
Arab Emirates), and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10% fetal bovine serum (Sigma Aldrich, St. Louis, MO, USA), 1% Peni-
cillin/Streptomycin (Sigma) and 20 mM L-Glutamine (Sigma) at 37 ◦C in 5% CO2 incubator.

2.4. Transfection

The wild-type ERBB2 expression construct was a gift from Mien-Chie Hung (Addgene
plasmid #16257; https://www.addgene.org/16257, accessed on 15 December 2020) [20].
The cell lines were transfected with 5μg of pcDNA3-ERBB2 plasmid construct using Lipo-
fectamine 3000 reagent (ThermoFisher Scientific, Cambridge, MA, USA) according to the
manufacturer’s instructions. Cells transfected with the empty pcDNA3 vector served as
the experimental control. The ERBB2 expression level was checked 24 h post-transfection
at the mRNA and protein levels using qRT-PCR and Western blotting, respectively.

2.5. RNA Isolation

RNA extraction was carried out from three sequential (3 μm) sections from the same
FFPE block. A needle macrodissection was carried out to enrich the tumor’s content. This
was carried out by marking the tumor areas on the slides and carefully removing the
unmarked non-tumor areas using a sterile needle, following which the marked areas were
collected for molecular analysis. RNA was extracted using the RNA RecoverAll kit (Ther-
moFisher Scientific, Cambridge, MA, USA) according to the manufacturer’s instructions.
Genomic DNA removal was ensured by treating the RNA with Turbo DNase (ThermoFisher
Scientific). For RNA extraction from cell lines, cells were pelleted at 12 × 103 g for 5 min
and rinsed thrice with ice-cold 1X sterile PBS. RNA was extracted from the cell pellet as
described above using the RNA RecoverAll kit, followed by genomic DNA removal using
Turbo DNase. All RNA samples were stored at −800 ◦C until further use.

2.6. Quantitative Reverse Transcriptase-PCR (qRT-PCR)

qRT-PCR was performed using the Superscript First-strand Synthesis system (Ther-
moFisher Scientific). Real-time qPCR was performed in triplicates, using SYBR green (Solis
BioDyne, Tartu, Estonia), on Quant Studio 3 (Applied Biosystem, Waltham, MA, USA).
ERBB2 and the reference genes (18S ribosomal RNA) were pre-amplified using the follow-
ing primer sets [18]. ERBB2_sense: 5′-ACATGCTCCGCCACCTCTACCA-3′; ERBB2 Antisense:
5′-GGATCTGCCTCACTTGGTTGTG-3′; 18SrRNA_sense: 5′-TGACTCAACACGGGAAACC-3′;
18SrRNA_antisense: 5′-TCGCTCCACCAACTAAGAAC-3′. A total of 40 PCR cycles were
performed consisting of 15 s denaturation at 95 ◦C and a combined annealing and extension
cycle of 10 min at 60 ◦C. The threshold cycle value (Ct) was normalized against the Ct value
of internal control 18 s RNA.
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2.7. Cell Lysis and Western Blot

Cell lysis and Western blot were performed as described previously [21]. Anti-HER2
(1:1000; Abcam) was used to probe the blots. All blots were subsequently stripped and
re-probed for β-Actin (1:5000; Abcam, Waltham, MA, USA) to confirm equal loading.

2.8. Next-Generation RNA Sequencing

RNA sequencing was carried out on the indicated samples using a targeted AmpliSeq
Transcriptome panel on Ion S5 XL System (ThermoFisher Scientific, Cambridge, MA,
USA). In brief, ~30 ng of Turbo DNase treated RNA was used for cDNA synthesis using a
SuperScript VILO cDNA Synthesis kit (ThermoFisher Scientific) followed by amplification
using Ion AmpliSeq gene expression core panel primers. The enzymatic shearing was
performed using FuPa reagent to obtain amplicons of ~200 bp and the sheared amplicons
were ligated with the adapter and the unique barcodes. The prepared library was purified
using Agencourt AMPure XP Beads (Beckman Coulter, Indianapolis, IN, USA) and the
purified library was quantified using an Ion Library TaqMan™ Quantitation Kit (Applied
Biosystems, Waltham, MA, USA). The libraries were further diluted to 100 pM and pooled
equally with four individual samples per pool. The pooled libraries were amplified using
emulsion PCR on Ion OneTouch™ 2 instrument (OT2) and the enrichment was performed
on Ion OneTouch™ ES following the manufacturer’s instructions. Thus, prepared template
libraries were then sequenced with Ion S5 XL Semiconductor sequencer (ThermoFisher
Scientific, Cambridge, MA, USA) using the Ion 540™ Chip.

2.9. Bioinformatics Analyses

RNA-seq data were analyzed using Ion Torrent Software Suite version 5.4 and the
alignment was carried out using the Torrent Mapping Alignment Program (TMAP). TMAP
is optimized for aligning the raw sequencing reads against the reference sequence derived
from the hg19 (GRCh37) assembly, and the specificity and sensitivity were maintained
by implementing a two-stage mapping approach by employing BWA-short, BWA-long,
SSAHA [22], Super-maximal Exact Matching [23] and the Smith–Waterman algorithm [24]
for optimal mapping. Raw read counts of the targeted genes were performed using Sam-
tools (Samtools view–c–F 4–L bed_file bam_file) and the number of expressed transcripts
was confirmed after Fragments Per Kilobase Million (FPKM) normalization. For technical
variations, code-set content normalization was performed with the geometric median for
all genes. Principal component analysis (PCA) was performed using the indicated samples
with R statistical software. Differentially expressed gene (DEG) analysis was performed
using R/Bioconductor package DESeq2 with raw read counts from the RNA sequencing
data [25,26]. Genes with less than ten normalized read counts were excluded from further
analysis. A fold change of 2 was set as the cutoff for differentially expressed gene identifi-
cation. p < 0.05 was considered statistically significant. The DEGs were then subjected to
Gene Set Enrichment Analysis (GSEA).

2.10. Analyses of Publicly Available Transcriptomic Data Sets for Breast Cancer

In order to compare the biological pathways and differentially expressed genes be-
tween the ERBB2 over-represented in breast cancer (BC) and CRC, transcriptomic data sets
of BC were searched and retrieved from the GEO (Gene Expression Omnibus) database
(https://www.ncbi.nlm.nih.gov/geo/, accessed on 3 October 2022). The datasets were
searched based on “Breast cancer” and “ERBB2” keywords. Then, datasets including BC
patients with variable ERBB2 expression based on the same platform Affymetrix Human
Genome U133 Plus 2.0 Array were considered. Sixteen well-matched datasets were avail-
able, out of which fourteen were excluded for further analysis. Exclusion criteria were
datasets performed in vitro cancer cell lines or in vivo study models using non-human
species, repeated samples in super-series, and datasets exhibiting poor ERBB2 expression
values uncharacteristic of HER2+/HER2−. Two datasets that met the criteria were selected,
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including GSE29431 and GSE48391 (Supplementary Figure S1). The raw data and the probe
annotation files were downloaded for further analysis.

2.11. Breast Cancer Microarray Data Analysis

A total of 65 BC patients were selected in our analysis including 48 samples with low
ERBB2 and 17 samples with high ERBB2 expression. The Affymetrix microarray represents
more than 54,000 probes where each gene is represented with different probes. The raw data
were processed and normalized using in-house R script as previously described [27]. For
normalization and adaptive filtering, Affymetrix Microarray Suite 5 (MAS5) and Gene Chip
Robust Multiarray Averaging (GCRMA) packages in Bioconductor/R software were ap-
plied. Probes with a MAS5 value > 50 and coefficient of variation (CV) 10–100% in GCRMA
among all samples of each dataset were identified to get only common variant probes. The
filtered probes were then annotated and collapsed into the gene names list based on the
maximum expression of probes for each gene. The unchanged probes, positive control
probes, and unassigned probes were excluded from the downstream analysis. The mapped
gene expression lists were subjected to Gene Set Enrichment Analysis (GSEA) to identify
the activated and enriched biological pathways between high and low ERBB2-BC patients.

2.12. GSEA

GSEA was carried out separately for all resulting gene sets from the above different
transcriptomic analyses including CRC patients, CRC cell lines, normal colon cell lines,
and BC patients. First, the absolute GSEA was performed to identify the significantly
enriched pathways among sets related to the C2: curated gene sets; C5: ontology gene sets
including molecular function (MF) and biological process (BP); C6: oncogenic signature
gene sets; and C7: immunologic signature gene sets. The results of the GSEA were ranked
and selected according to the p < 0.05 as described previously [27,28]. Next, the selected
significant pathways were further analyzed to identify the differentially enriched genes
and the leading edge genes in each pathway. In order to further reduce the set of resulting
genes, a systematic cross-reference of each gene enriched within statistically significant
pathways was carried out. Finally, the genes with the highest frequency across the multiple
significant pathways enriched between the HER2 positive and HER2 negative samples
were identified.

2.13. Statistical Analysis

Functional data are presented as mean ± SD, except where otherwise stated. When
two groups were compared, the student’s t-test was used unless otherwise indicated.
p < 0.05 was considered as statistically significant.

3. Results

3.1. Overexpression of ERBB2 Induces Distinct Transcriptional Profiles in the CRC Cell Lines
HT29 and HCT116

We wanted to determine if ectopic overexpression of ERBB2 in CRC cell lines induces
genome-wide transcriptional changes. Hence, we screened different CRC cell lines to
identify cell lines with low endogenous ERBB2 expression. We initially determined the
steady-state expression of ERBB2 mRNA in the normal colon cell lines, CCD33 and CCD841,
as well as the CRC adenoma cell lines HCT116 and HT29 using qRT-PCR. Compared to
CCD33 and CCD841 cells, ERBB2 expression was 6.28 ± 0.003 folds and 7.56 ± 1.54 folds
less in HCT116 and 3.71 ± 0.01 4.43 ± 0.02 folds less in HT29, respectively (Figure 1A).
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Figure 1. Validation of successful ectopic overexpression of ERBB2 in the CRC (HCT116 and HT29)
and normal colon (CCD33 and CCD841) cell lines. (A) Relative ERBB2 expression in the normal
colon cell lines CCD33 and CCD841 and the CRC cell lines HT29 and HCT116 as determined by
qRT-PCR. Data were normalized to the expression of the internal control 18S rRNA gene and fold
expressions were plotted relative to expression in the CCD33 cells. Data represent the mean ± SD
of three independent experiments. (B) Relative ERBB2 expression in non-transfected and either
empty pcDNA3 vector or pcDNA3-ERBB2 transfected HCT116, HT29, CCD33, and CCD841 cells
as determined by qRT-PCR. Data were normalized to the expression of the internal control 18S
rRNA gene and fold expressions were plotted relative to expression in the non-transfected cells.
Data represent the mean ± SD of three independent experiments. *** p < 0.001; ns: not significant.
(C) Same as B, but relative HER2 protein expression was determined in the different experimental
conditions. Blots were re-probed with anti-β-Actin antibody to confirm equal loading across the
lanes. The representative blots from three independent experiments are shown.

The CRC cell lines HT29 and HCT116 and normal colon cell lines CCD33 and CCD841
were transiently transfected with either an empty pcDNA3 vector or ERBB2 expression
construct. Successful transfection was confirmed by both qRT-PCR (Figure 1B), and Western
blot analyses (Figure 1C).

RNA isolated from HCT116, HT29, CCD33, and CCD841 cells expressing an empty
pcDNA3 vector (control) and those expressing ectopic ERBB2 (ERBB2) were then subjected
to RNA-seq in biological replicas. Multidimensional scaling using PCA was performed.
Clusters distinguished by ERBB2 expression levels in HCT116 and CCD841 cells were
observed, confirming the reproducibility of the replicates and the unique transcriptomic
profile associated with the ectopic expression of ERBB2; whereas samples were more
staggered for the HT29 and CCD33 cells (Supplementary Figure S2A–D). The volcano
plot of these data exhibited robust ERBB2 whole transcriptomic changes in the CRC cell
lines; HCT116 (1774 DEGs—730 upregulated and 1044 downregulated) and HT29 (1289
DEGs—430 upregulated and 859 downregulated) compared to the normal colon cell lines
CCD33 (160 DEGs) and CCD841 (312 DEGs), (Supplementary Figure S3). In addition,
the unsupervised hierarchical clustering analysis using the DEGs from each comparison
exhibited clear subgroups of ERBB2 transfected and control cell lines, for HCT116, HT29,
CCD33, and CCD841 (Figure 2 and Figures S4–S6). The DEGs lists resulting from comparing
ERBB2 overexpression and control samples of HCT116, HT29, CCD33, and CCD841 are
listed in Supplementary Table S1.
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Figure 2. Heatmap of the differentially expressed genes in CRC (HCT116 and HT29) and normal
colon (CCD33 and CCD841) cell lines transfected with empty vector or ERBB2, either clustered based
on expression (A) or grouped based on transfection and phenotype (B).

3.2. Global Transcriptional Profiling in CRC Patients Based on HER2 Differential Expression

Given that cell lines exhibit a homogenous system, and a 2-D culture might not be
a true replicate of an actual tumor, we next determined the genome-wide transcriptional
patterns in CRC patients with varying HER2 protein expression. Of the 14 patients that
were recruited, there were 8 females and 4 males with ages ranging from 37 to 86 years
(mean ± SD, 63.15 ± 15.02 years). Histopathological examination identified most cases as
adenocarcinomas.

Following the HER2 diagnostic criteria, 0 and 1+ staining scores were considered
negative [29]. Among the CRC cases tested, 78.57% (11/14) of the cases were positive
for HER2 (Score ≥ 2+; Figure 3A) whereas 21.43% (3/14) were negative for HER2 (≤1+;
Figure 3B). All clinicopathological data are shown in Supplementary Table S2. No difference
in classification and staging was observed with respect to gender, age, or HER2 expression.

RNA isolated from the 3 HER2− and 11 HER2+ biopsies were then subjected to whole
RNA sequencing. Multidimensional scaling using PCA revealed clusters distinguished
by ERBB2 expression levels, confirming the unique transcriptomic profile associated with
differential ERBB2 expression (Figure 4A). The volcano plot of these data identified groups
of differentially expressed genes, showing that 2701 were differentially expressed in HER2+
compared to HER2− CRC-patients of which 1344 were upregulated and 1357 were down-
regulated (Figure 4B). Additionally, the unsupervised hierarchical clustering analysis based
on the total DEGs showed that HER2+ and HER2− CRC-patients are, respectively, clustered
as a single branch, further confirming the distinct transcriptional profiling between HER2+
and HER2− CRC-patients (Figure 4C, Supplementary Figure S7A). The differential HER2
protein expression in the 14 patient biopsies was further confirmed by the relative ERBB2
gene expression in these samples (Supplementary Figure S7B). The DEGs between HER2+
and HER2− CRC patients are listed in Supplementary Table S3.
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Figure 3. HER2 protein expression was detected by IHC staining in the 14 (P#1 to P#14) included
patient samples. Images are representative IHC staining images of the 11 HER2+ (A) and 3 HER2− (B)
patient samples. Scale bar, 100 μm.

 

Figure 4. Genome-wide gene expression changes between ERBB2+ and ERBB2− CRC patients. (A) Prin-
cipal component analysis (PCA) was performed to determine batch effects among the 14 patients’ samples.
Comparison of PC1 and PC2 variation sequestered the samples based on ERBB2 expression. (B) Volcano
plot of differentially expressed genes between ERBB2- and ERBB2+ patients’ samples from input RNA-seq.
Genes that are expressed significantly higher and lower based on log2 fold change in HER2+ samples are
highlighted by green and blue dots, respectively. Unchanged transcripts are demarcated as grey circles
(p > 0.05). (C) Heatmap of the top 100 differentially expressed genes.
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3.3. GSEA of DEGs Revealed Distinctive ERBB2-Mediated Activation of Various Cellular
Pathways Including Wnt Signaling and Regulation of Cellular Differentiation

To perform a functional interpretation of our transcriptomic analyses, the DEGs genes
resulting from each comparison between HER2+ and HER2− CRC patients, HER2+ and
control CRC cell lines, and HER2+ and normal colon cell lines were initially used as the
input for the GSEA to identify the significantly enriched pathways (p < 0.05) among gene
sets related to the following: C2, C5 (BP and MF), C6, and C7 collections. Given that
the aim of the study was to define the putative role of HER2 in CRC pathogenesis, we
chose the gene sets that contain functional pathways linked to cancer hallmarks and im-
mune response. The results identified 98 significantly differentially activated pathways
in HER2− compared to HER2− CRC patients (Supplementary Tables S4 and S5). The
most significant pathways included the Wnt signaling pathway, T cell receptor signaling
pathway, cell cycle, and cell differentiation pathways. Likewise, in HCT116 and HT29 CRC
cell lines, the GSEA results showed, respectively, about 15 and 89 significant molecular
functions and biological processes ontology gene sets (Supplementary Tables S4 and S5).
Pathways related to cell signaling and leukocyte differentiation and migration were en-
riched in the HER2+ CRC cell lines. However, as expected, only a few significant activated
cellular pathways were enriched in HER2+ compared to control normal colon cell lines
(Supplementary Tables S4 and S5). Moreover, by overlapping the enriched pathways in
CRC patients and cell lines, the results showed that the regulation of ion transport, cell–cell
signaling, and cell proliferation were overexpressed between the two CRC systems.

An analysis of the leading-edge genes of the significant gene sets within the patients
revealed that many were consistently represented by counting the number of times a gene
occurs (gene frequency) across all the different pathways, suggesting that these genes
strongly influenced the HER2-mediated expression pattern. The top 20 genes based on the
gene frequency in the significantly activated cellular pathways between HER2+ and HER2−
CRC patients showed key genes, including NKX2-5, NKX6-1, WNT3A, WNT5A, NOG,
SOX9, SOX18 (Figure 5A). The functional annotation of the top leading-edge genes showed
highly significant enrichment of categories related to the regulation of cell differentiation,
canonical Wnt signaling, cell development and maturation, and regulation of epithelial cell
differentiation (Figure 5B).

Figure 5. GSEA revealed significant enrichment of pathways related to cell differentiation and Wnt
signaling. (A) The top 20 leading genes across the different enriched pathways based on frequency in
HER2− vs. HER2+ CRC patients, and (B) the related pathways are shown.
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3.4. Comparison of Cellular Pathways Revealed ERBB2-Mediated Enrichment of Pathways Related
to Stem Cell Differentiation, Regulation of Wnt Signaling, and Immune Activation in Both
Colorectal and Breast Cancers

Given the well-characterized role of ERBB2 in breast cancer pathogenesis, we next
analyzed breast cancer datasets available within the GEO database to determine if there are
any similarities in the ERBB2-mediated enrichment of pathways in breast and colon cancer
patients. Two independent datasets from different populations were selected: GSE29431
Caucasian/Spanish and GSE48391 Asian/Chinese (Supplementary Figure S1). These two
datasets did not include the IHC scores for HER2. When comparing our transcriptomics
data with the HER2 IHC, we found them to correlate if we take the average transcriptomics
expression of the ERBB2 mRNA. Therefore, we attempted to perform the stratification of
HER2 from publicly available resources in a similar manner to the way we did with our
patients’ cohort from the mRNA transcriptome data, by taking the average HER2 expression
from each group and stratifying them as HER2+ and HER2− accordingly. Therefore,
followed by a quality control assessment based on HER2 expression in a particular patient
compared to average HER2 expression in all patients within each cohort, 13 HER2− and
8 HER2+ were selected from the GSE29431 dataset and 35 HER2− and 9 HER2+ were
selected from the GSE48391 dataset (Supplementary Table S6).

The GSEA was carried out to identify the significantly enriched pathways between
HER2+ and HER2− breast cancer (BC) patients amongst gene sets related to the following:
C2, C5 BP and MF, C6, and C7. Different significantly activated pathways and ontology gene
sets were identified between HER2+ and HER2− BC patients (Supplementary Table S5).
A comprehensive comparison between the significantly enriched pathways in HER2+/−
BC and CRC patients was performed. The most significantly enriched pathways that are
unique to BC patients include the VEGF signaling pathway, regulation of kinase activity
MAPK pathway, and regulation of steroid metabolic process. On the other hand, twenty-
six common activated pathways were observed between HER2+/HER2− breast cancer
and CRC patients (Supplementary Table S7). This included pathways related to stem cell
differentiation, regulation of Wnt signaling, and 17 related to immunological signature
subsets including predominantly T cells, macrophages, and NK activation as depicted in
Figure 6. In addition, the enrichment analysis identified unique immune-related pathways
including macrophage activation and T-cell response, as shown in Supplementary Table S7.
Analysis of the leading-edge genes underlying the enrichment of each gene set within the
BC and CRC patient datasets (Figure 7A) revealed great resemblance in both lists of top
genes (7 out of the top 20 genes) involved in the 26 common activated pathways of HER2+
vs. HER2− patients, and the top 20 frequent genes in activated cellular pathways between
HER2+ and HER2− CRC patients (Figure 7B). The functional annotation of the top 20 genes
between both colorectal and breast cancers revealed significant enrichment of categories
related to the regulation of stem cell differentiation, protein catabolic process, regulation of
peptidase and hydrolase activity, and regulation of Wnt signaling (Figure 7C). Moreover, by
comparing the different enriched pathways between HER2+/− CRC patients, HER2+/−
BC patients and cell lines, we noticed that, importantly, the response to calcium ions is a
common enriched biological pathway between CRC patients, BC patients and CRC cell
lines but absent in normal colon cell lines.
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Figure 6. GSEA analysis of HER2+ and HER2− breast cancer and CRC patients revealed significant
enrichment of common pathways. The figure shows the 26 significant pathways among CRC and BC
in HER2+ vs. HER2− patients. Immuno, Immunologic Signature; Onco, Oncogenic Signature; BP GO,
Biological Process; Chem, Chemical and Genetic Perturbations.
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Figure 7. Top genes involved in the activated pathways of CRC and BC HER2+ vs. HER2− patients
revealed a significant resemblance. (A) Venn diagram representing the overlap of genes overrepre-
sented in enriched pathways in CRC and breast cancer patients. (B) Table showing the top 20 enriched
genes in breast cancer and CRC patients. Genes shown in red were common in both CRC and breast
cancer patients. (C) Related pathways of the top 20 enriched genes are shown. Representation is
based on frequency in HER2− vs. HER2+ CRC patients.

4. Discussion

Our earlier work has shown that HER2 overexpression is correlated with more aggres-
sive disease in CRC patients [16], indicating that stratification of patients according to HER2
status might be beneficial in the early detection and subsequent therapeutic management
of patients with metastatic CRC. The results from the current study reveal that HER2 over-
expression is associated with distinct global transcriptomic profiling, the characterization
of which might lead to the identification of putative diagnostic and prognostic biomarkers.

In our study, there were fewer up and downregulated genes in HT29 compared
to HCT116, indicating that the transcriptomics perturbation post-HER2-overexpression
was less in HT29 in comparison to HCT116. The expression levels of APC, GSK3B, and
CTNNB1 were not significant, which indicates that perhaps there may be a link between
ERBB2 expression and TP53 mutational status (rather than APC), since HT29 harbors
TP53 mutation.

About half of the top 100 differentially expressed genes between HER2+ and HER2−
CRC patients exhibited a more prominent difference in expression and were overexpressed
in the HER2+ samples. A vast majority of them were non-coding RNA (small nucleolar
RNAs, snoRNAs) that are normally involved in the biogenesis of other RNAs. That they
were among the top differentially expressed genes indicates that expression of the snoRNAs
may be regulated by HER2 and that they might be involved in the CRC pathogenesis in
HER2+ patients. Indeed, it has been reported that numerous snoRNAs, including tumor-
promoting and tumor-suppressing snoRNAs, are not only dysregulated in tumors but also
show associations with clinical prognosis [30]. In addition, aberrant expression of snoRNAs
has been reported in cell transformation, tumorigenesis, and metastasis, indicating that
snoRNAs may be considered as biomarkers and/or therapeutic targets of cancer [31]. Even
CRC associations between snoRNAs and CRC development have been reported [32–34].
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For example, SNORA21 promotes CRC cell proliferation by regulating cancer-associated
pathways such as Hippo and Wnt signaling pathways, and overexpression of SNORA21
has been reported to be associated with distant metastasis in CRC [35].

Colorectal cancer demonstrates hyperactivation of the Wnt pathway, which is involved
in tumorigenesis, stemness, and metastatic progression [36,37]. One of the enriched path-
ways in our analysis was the regulation of stem cell differentiation. HER2-overexpression
in gastric cancer cells results in increased stemness and invasiveness [38]. Furthermore,
this increased HER2-mediated stemness is regulated by Wnt/β-catenin signaling [39]. Our
analysis also revealed significant enrichment of pathways related to positive and nega-
tive regulation of Wnt signaling and the enrichment of the Wnt signaling pathway genes
WNT3A and WNT5A. These results would thus indicate that HER2 overexpression in CRC
cells might result in poorly differentiated tumors that are more invasive.

One of the leading-edge genes that were differentially expressed between HER2+
and HER2− patients and cell lines was a homeobox gene of the NKL subclass, cardiac
transcription factor NKX2-5. NKX2-5 is one of the earliest known transcription factors
required for cardiac cell specification and proliferation [40–42].

NKX2-5 is expressed in several types of tumors [43–46], but its precise role in tu-
morigenesis is unknown. Another family member of the NKL, NKX2-1, has been re-
ported to mediate p53-induced tumor suppression [47–50], Indeed, in the context of CRC,
NKX2-5 functions as a conditional tumor suppressor gene via activating the p53-mediated
p21WAF1/CIP1 expression [51]. It has been predicted via bioinformatic analysis and con-
firmed by chromatin immunoprecipitation analysis that in hepatocellular carcinoma cells
the promoter of ERBB2 binds to the transcription factor NKX2-5, resulting in a negative
regulatory effect [52]. Interestingly, promoter hypermethylation of NKX2-6 has been iden-
tified as a candidate biomarker associated with differential methylation in HER2+ breast
cancer and breast carcinogenesis [53]. Whether a similar mechanism is operant for the
HER2-mediated downregulation of NKX2-5 remains to be determined.

During cardiogenesis, NKX2-5 potentiates Wnt signaling by regulating the expression
of the R-spondin3 [54]. In the current study, we also saw the enrichment of pathways related
to positive and negative regulation of Wnt signaling. Analysis of the RNAseq data showed
significantly more NKX2-5 expression in HER2− patients compared to HER2+ patients
(Supplementary Table S3). Whether HER2 overexpression drives negative regulation of
NKX2-5-mediated Wnt signaling, ultimately resulting in well-differentiated less invasive
tumors in CRC, remains to be determined.

It is important to note that the transcriptomic analysis in CRC cell lines was conducted
post-transient transfection in CRC cell lines. It is highly plausible that short-term transfec-
tion (to an unphysiological expression level) in the CRC cell lines will induce transcriptomic
changes that will be different from those observed in cell lines that have evolved under
HER2-overexpression selective pressure. Hence, comparing our data to gene expression
changes observed in HER2-amplified or HER2-mutant cell lines would indeed be infor-
mative in this context. However, this shortcoming is potentially offset to a large extent by
three facts—(a) our analysis also involved HER2− and HER2+ patient samples, which are
a better model compared to any of the homogeneous cell line models; (b) our usage of two
different CRC cell lines and two normal colon cell lines; and (c) our observation that similar
pathways were being enriched when the patient samples and the HER2-overexpressing
cell lines were compared.

Despite the current study having inherent weaknesses in low sample size and lack of
validation in a wider population, the results do highlight the importance of transcriptional
profiling of HER2+ and HER2− CRC patients in identifying potential biomarkers that play a
role in CRC pathogenesis. Additional studies are warranted in different population cohorts
as the incidence of HER2+ CRC patients varies widely based on geographical location. It
would be intricate and intriguing to investigate whether and how HER2 regulates NKX2-5
in wild-type and p53 mutant CRC and their subsequent effects on Wnt signaling and
CRC invasives.
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5. Conclusions

The study identified genes and pathways related to HER2 expression in colorectal
cancer in both patients and colorectal cancer cell lines. Comparison of whole transcrip-
tome RNA sequencing analysis in patients with HER2+ and HER2− identified unique
immune-related pathways including macrophage activation, and T-cell response as well as
cancer-related pathways including Wnt signaling and MYC-related pathways. The Wnt
signaling pathway was also significant in the two different colorectal cell lines (HCT116
and HT29) when compared with normal colon cell lines (CCD841 and CCD33), ectopically
overexpressing ERBB2. Differential gene expression analysis identified many Wnt sig-
naling pathway genes including WNT5A, WNT9A, WNT3A, WNT16, and WNT10A. Gene
Set Enrichment Analysis indicated a role for HER2 in regulating CRC pathogenesis, with
Wnt/β-catenin signaling being mediated via a HER2-dependent regulatory pathway im-
pacting expression of the homeobox gene NKX2-5. Results from this study thus identified
putative targets that are co-expressed with HER2 in colorectal cancer, which are different
from HER2 in breast cancer, warranting further investigation into their role in colorectal
cancer pathogenesis.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/cancers15010130/s1, Table S1: Differentially expressed genes from
the whole transcriptomic analysis of the CRC cell lines; Table S2: Clinicopathological characteristics
of the patients. Table S3: Differentially expressed genes from the whole transcriptomic analysis of
the patient samples; Table S4: Summary of the total activated cellular pathways identified by GSEA
in HER2+ vs. HER2− colorectal cancer (CRC) patients, CRC cell lines HCT116 and HT29, normal
colon cell lines CCD33 and CCD841, and breast cancer patients (p < 0.05); Table S5: Summary of
the total activated cellular pathways identified by GSEA in ERBB2+ vs. ERBB2− colorectal cancer
(CRC) patients, CRC cell lines HCT116 and HT29, normal colon cell lines CCD33 and CCD841,
and breast cancer (BC) patients (p < 0.05); Table S6: Details of breast cancer datasets analyzed to
determine correlation of ERBB2-mediated enrichment of pathways in breast and colon cancer patients.
N, total number of breast cancer patients; Table S7: The 26 common activated pathways among
CRC and BC HER2+ vs. HER2− patients obtained from Gene Set Enrichment Analysis; Figure S1:
Schematic representation of the process used to select the HER2− and HER2+ breast cancer patient
datasets; Figure S2: Principal component analysis (PCA) in different cell lines; Figure S3: Volcano plot
of differentially expressed genes between control (empty vector) and ERBB2 overexpressing cells;
Figure S4: Heat map of the differentially expressed genes between control (empty vector) and ERBB2
overexpressing normal colon cell lines; Figure S5: Heat map of the differentially expressed genes
between control (empty vector) and ERBB2 overexpressing CRC cell line HCT116; Figure S6: Heat
map of the differentially expressed genes between control (empty vector) and ERBB2 overexpressing
CRC cell line HT29; Figure S7: Heat map of the differentially expressed genes between ERBB2
negative and positive CRC patients and relative ERBB2 expressions in the patient samples.
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Simple Summary: Enhancer of zeste homolog 2 (EZH2) modifies the trimethylation of Lys-27 of
histone 3, affecting downstream target genes’ expression. It was reported that EZH2 is highly
expressed in gastric cancer and may be a potential prognostic molecule and promising therapeutic
target. We aim to present the value of EZH2 research in gastric cancer by focusing on the crucial
events of EZH2 involvement in gastric cancer progression. Therefore, in this review, we present the
two main functions of EZH2: histone methylation modification and DNA methylation by EZH2; the
molecular mechanism of the action of EZH2 in regulating target genes; a detailed description of the
mechanism of EZH2 in gastric cancer-related events. Finally, progress in the development of EZH2
inhibitors is summarized. This review article provides researchers studying the epigenetics of gastric
cancer with research ideas to find new targets for studying gastric cancer pathogenesis.

Abstract: Gastric cancer is the fifth most common cancer and the third leading cause of cancer
deaths worldwide. Understanding the factors influencing the therapeutic effects in gastric cancer
patients and the molecular mechanism behind gastric cancer is still facing challenges. In addition to
genetic alterations and environmental factors, it has been demonstrated that epigenetic mechanisms
can also induce the occurrence and progression of gastric cancer. Enhancer of zeste homolog 2
(EZH2) is the catalytic subunit of the polycomb repressor complex 2 (PRC2), which trimethylates
histone 3 at Lys-27 and regulates the expression of downstream target genes through epigenetic
mechanisms. It has been found that EZH2 is overexpressed in the stomach, which promotes the
progression of gastric cancer through multiple pathways. In addition, targeted inhibition of EZH2
expression can effectively delay the progression of gastric cancer and improve its resistance to
chemotherapeutic agents. Given the many effects of EZH2 in gastric cancer, there are no studies to
comprehensively describe this mechanism. Therefore, in this review, we first introduce EZH2 and
clarify the mechanisms of abnormal expression of EZH2 in cancer. Secondly, we summarize the role
of EZH2 in gastric cancer, which includes the association of the EZH2 gene with genetic susceptibility
to GC, the correlation of the EZH2 gene with gastric carcinogenesis and invasive metastasis, the
resistance to chemotherapeutic drugs of gastric cancer mediated by EZH2 and the high expression of
EZH2 leading to poor prognosis of gastric cancer patients. Finally, we also clarify some of the current
statuses of drug development regarding targeted inhibition of EZH2/PRC2 activity.

Keywords: gastric cancer; enhancer of zeste homolog 2; H3K27; epigenetics

1. Introduction

Gastric cancer (GC) is the fifth most diagnosed malignancy worldwide, with more
than 1 million new cases annually [1]. There is a lack of methods to diagnose GC early,
so many patients are diagnosed at a later stage, which leads to a high mortality rate for

Cancers 2023, 15, 425. https://doi.org/10.3390/cancers15020425 https://www.mdpi.com/journal/cancers55



Cancers 2023, 15, 425

GC patients [1]. It was reported that more than 784,000 GC patients died worldwide
in 2018, making it the third most common cause of death among oncologic diseases [2].
The complicated pathogenesis, late diagnosis and lack of effective treatment for GC lead
to the poor prognosis of patients. To fundamentally prevent and treat GC, it is highly
significant to understand the pathogenesis of GC [3]. In addition to genetic changes and
environmental factors, it has been proven that epigenetic inheritance guides the occurrence
and development of cancer and is a hallmark of gastric malignancies [4]. It was known
that the polycomb group (PcG) was one of the most important epigenetic regulators, which
influences the expression of many genes involved in the development of the body [5]. As a
core member of the PcG family, EZH2 plays a vital role in cell proliferation, differentiation
and tumor formation through H3K27me3-mediated downstream gene silencing. The
expression of H3K27me3 in GC tissues is significantly increased, and it is the most common
type of histone methylation modification in GC studies, which is closely related to the
pathogenesis of GC and the prognosis of patients [4,6]. In conclusion, EZH2 plays a role in
the pathogenesis of GC through H3K27me3. For these reasons, EZH2 can be considered an
exciting target for developing targeted therapies for GC. Therefore, this article focuses on
the relationship between EZH2 and the occurrence, metastasis, and drug resistance of GC
and further explores the mechanisms of development of GC from the epigenetic factors.

2. Overview of EZH2

PcG proteins are a group of transcriptional repressors that regulate target genes
through chromatin modification and can induce tumor development. These proteins chem-
ically and functionally represent the core proteins of the polycomb repressive complexes
(PRCs) [5]. PRCs are enzyme complexes that modify lysine residues on histones [7,8]. There
are two major PRCs in mammals: Polycomb repressive complex 1 (PCR1) and polycomb
repressive complex 2 (PCR2). PRC1 consists of ring finger protein 1 (RING 1) (RING1A
or RING1B) and PcG ring finger protein (PCGF1-6) that monoubiquitinates lysine 119 on
histone H2A (H2AK119ub1) [9]. PRC2 complexes are histone methyltransferases (HM-
Tases) that are dependent on S-adenosyl-L-methionine (SAM) and contain four major core
subunits: EZH2/1, suppressor of zeste 12 (SUZ12), embryonic ectoderm development 1-4
(EED1-4) and RBAP46/48 [9,10]. It catalyzes the mono-methylation, di-methylation and
tri-methylation of lysine 27 on histone H3 (H3K27me1, H3K27me2 and H3K27me3 [11].
PRC2 is further divided into two different subclasses: PRC2.1 and PRC2.2. In addition to
the four major core structures, the former includes Jumonji AT-rich interactive domain 2
(JARID2) and adipocyte enhancer binding protein 2 (AEBP2), the latter of which includes
PCL1-3 and c17orf96/c10orf12 [11] (Figure 1). At present, the accessory proteins have been
shown to regulate PRC2 activity and play a role in cells by localizing PRC2 to chromatin.
However, the exact function of these proteins is unknown.

EZH2 is a critical functional member of the PRCs family, which is located in chromo-
some 7q35 and consists of 20 exons containing 746 amino acid residues [12] (Figure 2C).
It has five structural domains, including the EED-interacting structural domain (EID),
structural domain I, structural domain II (SANT2L), a cysteine-rich structural domain (CXC
structural domain), and a three-chested structural domain (SET structural domain) [12,13]
(Figure 2D). Its most critical function is to inhibit gene expression by promoting histone
methylation and DNA methylation in the nucleus.
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Figure 1. The core structure of PRCs, including PRC1 and PRC2. PRC1 complexes are E3 ubiquitin
ligases that monoubiquitinate lysine 119 of histone H2A (H2AK119ub1), consisting mainly of two core
subunits. PRC2 consists of four major core subunits and binds to different non-core subunits divided
into PRC2.1 and PRC2.2. PRC2 catalyzes the monomethylation, dimethylation, and trimethylation of
lysine 27 on histone H3 (H3K27me1, H3K27me2, and H3K27me3). SAM provides the methyl group
for the reaction catalyzed by histone methyltransferase.

 

Figure 2. The gene and protein structure of the EZH2. (A) The location of the EZH2 protein in
the cell. (B) The chromosome localization of EZH2. (C) The protein secondary structure of EZH2.
(D) Schematic representation of the organization of the five functional domains in EZH2 is depicted.
The EID structural domain is the binding site for the EED subunit in the RC2 complex. The domain II
structural domain is the linkage site for the SUZ12 subunit in the PRC2 complex. The SET structural
domain is the site that exerts methyl transfer activity and is also the binding site for SAM. The CXC
structural domain also contributes to methyl transfer activity, whereas the function of the domain I
structural domain is not known.
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3. Histone Modification of EZH2

Histones are an essential part of the nucleosome, the basic structure of chromosomes.
The modification of histones can change the loose or agglutination state of chromatin which
has a regulatory effect on gene expression similar to that of the DNA genetic code [14].
It was clarified that H3K27me3 is considered a key epigenetic event that can make the
chromosome structure denser to inhibit the expression of target genes [15]. EZH2, a histone
methyltransferase in the human genome, catalyzes the lysine trimethylation of histone
3 at position 27 (H3K27me3), which leads to the silencing of its target genes involved
in cell proliferation, cell differentiation, and cancer development [16,17]. However, it is
noteworthy that EZH2 alone cannot exert its methyltransferase biological activity. EZH2
must be combined with at least two non-catalytic partners, SUZ12 and EED, to obtain a
strong histone methyltransferase activity [18–20]. In addition, EZH2 typically forms PRC2
complexes to perform histone-modifying processes, which is the classical mode of action of
EZH2 and will be explicitly described below. EZH2 is overactive in cancer cells through
functionally acquired mutations and overexpression. In a study on prostate cancer, elevated
levels of EZH2 and H3K27me3 were associated with poor prognosis in metastatic prostate
cancer. However, the deletion of EZH2 inhibited the growth of prostate cancer cells [21].
The overexpression of EZH2 and elevation of H3K27me3 in solid cancers, including breast,
gastric, endometrial, ovarian, melanoma, bladder, kidney, colorectal, and lung cancers,
as well as hematological malignancies such as T-cell and B-cell lymphomas [22,23]. In
conclusion, the histone modification of EZH2 is closely related to tumorigenesis. The
overexpression of EZH2 leads to an increase in H3K27me3, which inhibits tumor suppressor
genes including p16 and E-cadherin, and drives cellular differentiation [24] (Table 1).

Table 1. The genes that are regulated by EZH2 through histone modifications.

Genes Mechanism of Action of EZH2 The Role of Genes Reference

METTL3 EZH2 overexpression leads to increases in H3K27me3,
up-regulating the expression of METTL3 Drug resistance [25]

P16 EZH2 overexpression leads to increases in H3K27me3,
inhibiting the expression of P16

Inhibition of tumor growth;
Drive cellular differentiation [26]

E-cadherin EZH2 overexpression leads to increases in H3K27me3,
inhibiting E-cadherin Inhibition of tumor growth [26]

HIF-1α EZH2 stabilizes the expression of HIF-1α
Promotion of tumor growth

and metabolism favoring
glycolysis

[5]

INK4B-ARF-INK4A EZH2 suppresses the expression of
INK4B–ARF–INK4A

Induce cell cycle progression
and inhibit cell senescence [27]

Note: METTL3: methyltransferase-like 3; HIF-1α: hypoxia inducible factor-1.

4. DNA Methylation of EZH2

DNA methylation is another significant mechanism of epigenetic regulation. DNA
hypermethylation at promoter site CpG islands is thought to promote tumorigenesis
through transcriptional silencing of tumor suppressor genes [28]. There are some DNA
methyltransferases (DNMTs), including DNMT1, DNMT3A, and DNMT3B, which assist in
the pattern of DNA methylation. Some studies reported that these genes play a crucial role
in various human cancers [26]. Vire et al. found that EZH2 interacts directly with DNMTs
and recruits DNMT to the promoter regions of target genes in cancer cells, affecting DNA
methylation status, suggesting that EZH2 is involved in DNA methylation [17]. (Table 2).
For these reasons, EZH2 is not only essential in histone modification, but also plays a
vital role in DNA methylation as EZH2 is thought to be a recruitment platform for DNMT.
In fact, histone methylation can help to guide DNA methylation patterns. In addition,
DNA methylation might serve as a template for some histone modifications after DNA
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replication [29]. In general, this suggests that histone modifications and DNA methylation
synergistically regulate epigenetic states and promote tumor development.

Table 2. The genes that are regulated by EZH2 through DNA methylation.

Genes Mechanism of Action of EZH2 The Role of Genes Reference

BMPR1B EZH2 represses the expression of BMPR1B Inhibition of growth of tumors [30]

VASH1 EZH2 represses VASH1 Promotion of the angiogenesis of tumors [31]

SRBC EZH2 plays a substantial role in silencing SRBC
Inhibition of tumor growth; involved in

tumor resistance against chemotherapeutic
agents

[32]

RASSF5 EZH2 inhibits RASSF5 Suppression of cell growth [33]

ITGB2 EZH2 inhibits ITGB2 Contribute to natural killer cell
development and function [34]

Note: BMPR1B: bone morphogenetic protein receptor type-1B; VASH1: vasohibin1; SRBC: serum deprivation
response factor-related gene product that binds to the c-kinase; RASSF5: ras association domain family member 5;
ITGB2: integrin beta 2.

5. Mechanism of Abnormal Expression of EZH2 in Cancer

Epigenetic abnormalities are key factors in the development and progression of can-
cer [35]. It has been widely recognized that EZH2 can be regulated in different kinds
of human cancers at both the transcriptional and translational levels [36]. Next, we will
introduce the mechanism of EZH2 in cancer in different ways (Figure 3).

Figure 3. Mechanism of abnormal expression of EZH2 in cancer. The figure mainly shows the
regulation of EZH2 at the level of transcription and translation. DDB: damage specific DNA binding
protein; CCRK: cell cycle-related kinas; FOXM1: forkhead box protein M1.

6. Regulation of EZH2 in Transcription Levels

6.1. Transcription Inhibition Dependent on PcG Family

EZH2 acts primarily as a histone methyltransferase through its SET domain which
can inhibit or co-activate transcription in a PRC2-dependent or independent manner. PcG
protein, an important epigenetic regulator, is considered a transcriptional repressor and
a key regulator of cell fate in cancer development. They include two complexes, PRC1
and PRC2 [37]. It has been reported that EZH2 can be used as a catalytic subunit of
PRC2, the complex that participates in the transcriptional inhibition of multiple target
genes, including the inactivation of more than 200 tumor suppressor genes [12]. In the
process of gene silencing, EZH2, SUZ12, EED, retinoblastoma suppressor associated protein
46/48 (RbAp46/48), and AEBP2 first polymerize to form a PRC2 complex in the nucleus.
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Subsequently, the catalytic domain SETB (su(var)3-9, enhancer of zeste, trithorax) in EZH2
will catalyze trimethylation of lysine at position 27 of histone H3 (H3K27me3) that binds to
the target gene. In addition, the subunit homologue of PCR1, that has the same function
as PRC2, recognizes and binds to the methylation site of histone H3. Finally, RING 1,
the catalytic subunit of PRC1, further catalyzes lysine monobiquitination at position 119
of histone H2A and inhibits the transcriptional elongation reaction that is dependent on
RNA polymerase, thus inhibiting the transcription of target genes [26]. In recent years,
with the completion of whole genome sequencing and chromatin immunoprecipitation
sequencing, scientists have found that some genes can still be recognized by PRC2 and
inhibit transcription even those that lack H2AK119ub1 modification sites [38]. In addition,
PRC1 can also independently polymerize to the target gene and mediate H2AK119ub1
generation without the involvement of PRC2 and the methylation of H3 histone [39].
Meanwhile, it was found that the EZH2 target gene labeled with H3K27me3 by PRC2 in
normal cells has a corresponding relationship with the abnormal hypermethylation gene
in cancer cells. Therefore, it is speculated that under the condition of the existence of
carcinogenic inducements, the abnormal increase of EZH2 expression will change the target
gene of H3K27me3 marker mediated by PRC2 into a higher methylation state during normal
development, thus changing the activity of the target gene and causing the transformation
of normal cells into cancer cells [40].

6.2. Transcription Inhibition Independent of the PcG Family

There is another non-classical EZH2 regulatory mechanism in cells which is a PRC2-
independent way to directly combine with other factors to form transcription complexes to
activate the transcription of downstream target genes. It was reported that cycle-related
kinases activate the EZH2/NF-κB signaling pathway. Subsequently, EZH2 interacts with
NF-κB to form the EZH2–p-p65-Ser536 complex, which binds to the IL-6 promoter and leads
to the accumulation of immunosuppressive myeloid-derived suppressor cells (MDSCs), pro-
viding a tumor immunosuppressive microenvironment and inducing drug resistance [41].
Moreover, EZH2, along with the potential epigenetic regulator lysine-specific demethylase
2B (KDM2B), dampens colorectal cancer migration, invasion, and maintenance of cancer
stem cells via the PI3K/AKT pathway [42]. Kim also found that Akt-mediated serine
phosphorylation of EZH2 at position 21 occurs in glioma stem cells, allowing EZH2 to
interact with the transcriptional activation factor STAT3 to induce lysine methylation at po-
sition 180 [43]. It follows that EZH2 directly interacts physically with several transcription
factors in tumor cells and exerts histone methyltransferase activity independently of the
PcG family.

It has been reported that RNA may also be involved in the independent regulation of
EZH2 transcription. There is negative regulation of the expression of EZH2 by microRNA
(miRNA). In tumor cells, down-regulation of miRNA was significantly correlated with
EZH2 over-expression because of direct inhibition of the transcription and translation
process of EZH2 by miRNA [44]. Moreover, EZH2 can bind to the STAT3 signaling pathway
via a novel circular RNA named circ-LRIG3, resulting in methylation and phosphorylation,
and promoting the development and progression of hepatocellular carcinoma [45]. In
addition, the functions of EZH2 that switches from histone methyltransferase to non-
histone methyltransferase rely on long non-coding RNA (lncRNA) p21. Sun reported that
STAT3/lncRNA HOTAIR interacts with pEZH2-Ser21 to regulate the growth of head and
neck squamous cell carcinoma, thereby improving the anti-tumor efficacy of cisplatin and
cetuximab therapy [46,47]. It can be seen that EZH2 plays different roles in regulating the
transcription of target genes by interacting with different transcription factors.

7. Regulation of EZH2 Translation and Post-Translational Modifications

It has been reported that the two main mechanisms responsible for protein diversity,
mRNA and PTMs, lead to the number of proteins far exceeding the estimated DNA
coding capabilities [48]. At present, increasing evidence supports that EZH2 can also be
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regulated by post-translational modifications (PTMs) in the development of cancer. Several
studies have confirmed the importance of PTMs in the regulation of tumors by EZH2,
particularly those involved in phosphorylation, acetylation, ubiquitination, sumoylation,
and O-GlcNAcylation [37]. The scientists found that phosphorylation of T416 mediated
by cyclin-dependent kinase 2 promoted EZH2 recruitment at target gene promoters, and
the methylation of K307 mediated by SMYD2 enhanced the stability of EZH2 [49,50].
Glycosylation of O-GlcNAc occurs at multiple sites in the EZH2 molecule, such as S73,
S84, S87, T313, and S729, which can regulate the level of free EZH2 [51]. In addition,
ubiquitination is also vital for EZH2 regulation. For example, the degradation of K63
ubiquitination mediated by tumor necrosis factor receptor-associated factor 6 can reduce
EZH2 levels [52]. Collectively, studying the regulation of EZH2 by different types of
PTMs and their regulation in carcinogenesis, as well as elucidating its intrinsic molecular
mechanism, will open up a potential and promising approach for tumor therapy.

8. Role of EZH2 in GC

The occurrence of GC is a multi-stage evolutionary process in which gene research is
crucial for the diagnosis and treatment of GCs (Table 3). EZH2 alters the cellular memory
system and regulates transcription by targeting silencing mechanisms, which is closely
related to the occurrence and development of GCs. Next, we mainly introduce the expres-
sion and prognostic effects of EZH2 in GC, and discuss the possible mechanism of EZH2
guiding the progression of GC from aspects of metastasis metabolism and drug resistance.

Table 3. The genes related to EZH2 and gastric carcinogenesis.

Genes
Mechanism of Action of
EZH2

The Role of Genes Reference

E-cadherin EZH2 causes the silencing of
the E-cadherin gene

E-cadherin is involved in
epithelial–mesenchymal
transition, causing
GC metastasis

[53]

PTEN EZH2 downregulates PTEN
expression PTEN causes GC metastasis [54]

P21 p21 increases when EZH2 is
knocked down

p21 inhibits proliferation and
invasion of GC cells [55]

P16 p16 increases when EZH2 is
knocked down

p16 promotes GC
cellular senescence [56]

INK4/ARF EZH2 silencing results in the
activation of INK4/ARF

INK4/ARF causes cell cycle
arrest and induces
senescence in GC cells

[57]

PTEN: Phosphatase and tensin homolog deleted on chromosome ten.

9. Association of the EZH2 Gene with Genetic Susceptibility to GC

In recent years, the relationship between EZH2 single-nucleotide polymorphisms
(SNPs) and tumor genetic susceptibility has attracted the attention of many scholars.
Variants of SNPs in EZH2 can affect the function of EZH2 and its downstream targets
by altering EZH2 transcription and H3K27 trimethylation. Thus SNPs associated with
poorer prognosis would be predictors of higher EZH2 expression [58]. Joan found that the
frequency of the rs2302427 (D185H) allele of the EZH2 gene was 3.7% and 5.2% in the case
and control groups, respectively, and that the EZH2 heterozygous genotype significantly
reduced the risk of prostate cancer (OR = 0. 63, P = 0.0085) [59]. Crea, F. et al. showed that
the rs3757441 genotype of the EZH2 gene was associated with progression-free survival
time and overall survival time in colon cancer. More importantly, some reports focused
on the involvement of EZH2 SNPs in GC susceptibility. Zhou et al. investigated the
relationship between SNP variants in the EZH2 gene and genetic susceptibility to GC using
a case-control study [60]. Their study confirmed that EZH2 variants were significantly
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associated with GC risk, which provides a new perspective on the susceptibility factors of
EZH2 gene variants in gastric carcinogenesis. Their study genotyped EZH2 in 311 cases of
GC and 425 cases of the Chinese Han population and found 5 SNPs (rs12670401, rs6464926,
rs2072407, rs734005, rs734004) in the EZH2 gene that were significantly associated with the
risk of GC development. Among them, the rs12670401 genotype CC and rs6464926 TT can
increase the risk of GC. rs12670401 is located at the intron region of the EID that binds with
EED, and rs6464926 is located in the D2 intron region of the SUZ12-binding site. Therefore,
these two SNP loci polymorphisms may indirectly affect the binding efficiency of EZH2
to EED and SUZ12, thus affecting the formation of PRC2 and further preventing it from
playing the role of a histone methyltransferase. The other three loci, rs734004 genotype
CG, rs734005 genotype TC, and rs2072407 genotype TC, all reduced the risk of gastric
carcinogenesis. In another study, and Lee genotyped 23 tag SNPs of EZH2 in 2349 Korean
participants. The SNP genotypes of 1100 patients with GC and 1249 healthy controls
were compared to conduct a statistical test for their GC risk correlation and epistasis. The
results showed that EZH2 SNPs were associated with susceptibility to GC, the depth of
primary tumor invasion, and lymph node metastasis [61], which was consistent with the
findings of Sun et al. [62]. In conclusion, gene polymorphisms in EZH2 play a crucial
role in the occurrence and development of gastric cancer. However, the current research
on the relationship between the gene polymorphisms in EZH2 and gastric cancer is not
comprehensive enough, and the research area of relevant experiments is also limited and
needs further research.

10. Correlation of EZH2 Gene with Gastric Carcinogenesis and Invasive Metastasis

The correlation between the EZH2 gene and cell invasion and metastasis of cancer is
a research hotspot. Some studies have shown that the mutation or overexpression of the
EZH2 gene is often directly related to the progression of malignant tumors. In recent years,
the increased expression of EZH2 in tissues of GC is significantly associated with gastric
carcinogenesis, progression, invasion, and metastasis.

One of the key events is that EZH2 promotes epithelial–mesenchymal transition (EMT)
events. EMT is a phenomenon that leads epithelial cells to gradually acquire a mesenchy-
mal phenotype. During this process, the expression of specific epithelial proteins called
“epithelial markers” is deficient, such as E-cadherin (encoded by the CDH1 gene), claudin,
or occludin. Moreover, there is also increased expression of proteins called “interstitial
markers”, such as vimentin or N-cadherin [63]. EMT is a crucial factor in promoting cancer
cell progression [64]. It has been reported that low EMT expression blocks GC metastasis
through epigenetic modifications. Fujii showed that overexpression of EZH2 caused silenc-
ing of the E-cadherin gene in MKN1 cells, while knockdown of EZH2 reversed E-cadherin
deletion and downregulated the invasive ability of GC cells [65]. In addition, it has been
found that non-coding RNAs (ncRNA) are upstream molecules that regulate EZH2 and can
affect downstream signaling pathways that mediate EMT events. Liu showed that HOTAIR
recruits and binds PRC2 to inhibit miR34a by epigenetic inheritance, which controls the tar-
gets C-Met (HGF/C-Met/Snail pathway) and Snail, contributing to the EMT process in GC
cells and accelerating tumor metastasis [66]. TP73-AS1 plays an oncogenic role in Epstein-
Barr virus-associated GC (EBVaGC). Using RIP analysis, the authors found that EZH2
directly targets TP73-AS1, suggesting that TP73-AS2 may interact with EZH2 to silence
WIFI in an epigenetic manner and trigger EMT events. Furthermore, TP73-AS1 knock-
down suppressed EZH2 binding and H3K27me3 levels in the WIF1 promoter, and WIF1
transcription was enhanced [67]. Interestingly, overexpression of EZH2 could reverse the
up-regulation of WIF1 mRNA and protein levels induced by TP73-AS1 knockdown, thereby
mediating EBVaGC progression. Carvalho et al. [68] revealed the relationship between the
miR-101-EZH2 pathway and EMT. The data show that miR-101-downregulated GC cases
displayed concomitant EZH2 overexpression (at the RNA and protein levels), which in turn
correlates with E-cadherin deletion/abnormal expression. In vitro experiments showed
that after transient depletion of EZH2 in KatoII cells using RNAi (Kato-siEZH2), EZH2
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transcript levels were reduced, resulting in increased CDH1 mRNA levels. E-cadherin
was restored to the plasma membrane of EZH2-deficient cells compared to non-silenced
siRNA cells. This strongly suggests that the histone methyltransferase EZH2 mediates the
dysfunction of E-cadherin in GC. In addition, EZH2 directly binds to key tumor oncogenes
and triggers signaling pathways for EMT events. EZH2 binds to the PTEN locus and
downregulates PTEN expression, which activates the Akt pathway, stabilizes vimentin,
downregulates E-cadherin, and protects Sox2 and Oct4 from degradation. Thus, this
ultimately leads to the acquisition of EMT and pluripotent phenotype in GC cells [54].

EMT-activated transcription factors (EMT-ATF), such as the Snail, Twist, and E-box
binding zinc finger protein (ZEB) families, are significant regulators of EMT. The ncRNAs
are dysregulated in GC, which can cause EMT events by regulating EMT-ATF. For example,
lncRNA CCAT2 downregulates E-calmodulin expression and upregulates ZEB2 expression,
which promotes EMT in GC cells. In addition, CCAT2 interacts with EZH2 to regulate
the expression of E-cadherin and large tumor suppressor homolog 2 (LATS2) [69,70]. In
addition, EZH2 interacts with EMT-ATF to form a multimolecular complex that contributes
to the silencing of E-cadherin. Moreover, EZH2 is required to help to recruit Snail-Ring1A/B
to E-cadherin promoter sites [71]. The most striking feature of cells that undergo EMT is
enhanced cell motility, thus promoting tumor cell invasion and metastasis. In addition,
EMT mediates immune evasion and drug resistance in tumor cells. This shows that EMT
provides various benefits for tumor growth [72,73].

Another critical event is that EZH2 suppresses tumor growth suppressor genes. Sev-
eral growth-suppressing genes, including p21, p16, and p27, and pro-death genes, including
F-box protein 32 protein (FBOX32), are downstream targets of EZH2 and participate in
proliferation, cell cycle arrest, senescence, and apoptosis of tumor cells, and ultimately
determines the cell fate [74,75]. Currently, the most studied classical pathway involved in
cell cycle alteration is the p53/p21 signaling pathway [76]. As a member of the Cip/Kip
family of cyclin kinase inhibitors (CKIs), p21 is a major effector of various tumor inhibition
pathways with anti-proliferative activity. It mainly binds and inhibits cyclin-dependent
kinases (CDKs) to regulate their biological activity, leading to growth arrest at specific
stages of the cell cycle. p21, a key downstream regulator of EZH2, is significantly increased
in GC cells with the knockdown of EZH2, resulting in the inhibition of proliferation and
invasion of GC cells. In contrast, in GC cells without knockdown of EZH2, EZH2 binds
directly to the p21 promoter region. It mediates H3K27me3 modifications that mediate
transcriptional repression of P21. Thus, this suggests that EZH2 acts as an oncogene in
GC cells by regulating p21 [55]. CXXC finger protein 4 (CXXC4) is a newly discovered GC
suppressor and was identified as a new target of EZH2. EZH2 promotes the activation
of Wnt signaling by downregulating the expression of CXXC4. The induced aberrant
activation of typical Wnt/β-catenin signaling is one of the drivers of progression in many
cancers, including GC [77]. Moreover, other tumor suppressor genes that have been studied
in GC are targeted by EZH2 for inhibition. For example, EZH2 targeting inhibits CDH1,
and the invasion of GC cells is enhanced [65,78]. However, the administration of exoge-
nous CDH1 prevented invasion. In addition, RUNX3 controls the proliferation of gastric
epithelial cells. After the knockdown of EZH2, RUNX3 expression was upregulated, and
GC cell proliferation was inhibited [78]. These studies suggest that EZH2 can promote the
development of gastric carcinogenesis by downregulating the expression of downstream
tumor suppressor genes. However, their specific mechanisms of action are unclear and
need to be uncovered by further studies.

There is another way of inhibiting cell proliferation by inducing cellular senescence.
During senescence, EZH2 is explicitly downregulated in senescent cells, and the deletion
of EZH2 has an impact on histone methylation patterns. Deletion of the INK4/ARF gene
on chromosome 9p21 is one of the most common cytogenetic events in human cancers [79].
INK4/ARF encodes p15INK4b, p14ARF, and p16INK4a, which are known as common key
reprogramming regulators and are inducers of cellular progression toward senescence [80].
Specifically, EZH2 silencing resulted in the loss of H3K27me3 and activation of INK4/ARF
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genes to some extent, which led to upregulated expression of p15INK4b, p14ARF, and
p16INK4a, causing cell cycle arrest and inducing senescence in GC cells [57]. These results
clarified that GC cells could escape senescence by recruiting EZH2 to the INK4/ARF
locus. Similarly, Bai found that EZH2 suppressed the senescent state in the human GC
cells SGC-7901. There is a recovery of phenotypic features of cellular senescence when
EZH2 is depleted in cells. Moreover, p21 and p16 were activated to some extent upon
EZH2 depletion [55]. EZH2 knockdown causing cellular senescence is an exciting topic.
Ito et al. [56] further delved into the mechanism of cellular senescence induced by EZH2
disruption in two broad phases: first, depletion of EZH2 in proliferating cells rapidly
initiates a DNA damage response, but significant changes in H3K27me3 do not accompany
this phase. Second, concomitant with the eventual deletion of H3K27me3 at a later stage, it
induces p16 (CDKN2A) gene expression and effectively activates the senescence-associated
secretory phenotype genes (SASP). Here, the gradual depletion of the H3K27me3 marker
can be seen as a molecular “timer” that provides a window for cellular repair of DNA
damage. Cellular senescence plays an essential physiological role in tumor suppression.
Blocking tumor cell cycle progression is one of the important ways to fight against tumors.

In general, EZH2 plays an active role in EMT events and inhibition of cellular senes-
cence. Moreover, these two significant events facilitate cell invasion and stable growth [81].
EZH2 is an active participant in the occurrence of these two major events that cause the
progression of GC. Therefore, given the important role of EZH2 in GC, targeted inhibition
of EZH2 expression is a promising measure for treating GC.

11. EZH2 Mediates Resistance to Chemotherapeutic Drugs of GC

Chemotherapy is an important measure for treating advanced GC [82]. Due to the
emergence of insensitivity and multi-drug resistance (MDR), chemotherapy is not effective
in the treatment of GC patients. First-line chemotherapy drugs commonly used clinically
for GC, such as oxaliplatin and capecitabine combined chemotherapy, failed in 95% of
non-operative patients with GC. Unfortunately, second-line chemotherapeutic agents, such
as mitomycin C, irinotecan, adriamycin, methotrexate, or etoposide, also fail to provide
better efficacy for patients with GC [83]. Therefore, the drug resistance of GC chemotherapy
drugs significantly shortens the survival of GC patients. Thus, there is a great need to
understand the mechanisms of GC chemotherapy resistance. The possible mechanisms
of drug resistance in GC include reduced drug uptake by GC cells or increased drug
efflux; a reduced proportion of active agents in tumor cells due to a reduction in pro-drug
activation or an enhancement in drug inactivation; expression and functional changes of
molecular targets of anticancer drugs; change in the ability of cancer cells to repair DNA
damage induced by anticancer drugs; and expression/function of pro-apoptotic factors or
up-regulation of anti-apoptotic genes [83].

There are few studies on the EZH2 gene and chemotherapy sensitivity of GC. Some
scholars have found that EZH2 is significantly up-regulated in drug-resistant GC cell lines
and is involved in regulating the sensitivity of GC to chemotherapy drugs, which is the
most widely studied among platinum-based drugs. Zhou investigated the effect of EHZ2
on cisplatin resistance in AGS/DDP cells. He found that EZH2 expression levels were
significantly higher in AGS/DDP cells than in the parental cells [84]. In addition, the
silencing of EZH2 using siRNA increased the intracellular concentration of cisplatin in
AGS/DDP cell lines, which significantly reversed the resistance to cisplatin in AGS/DDP
cell lines [84]. In another study, Wang et al. used two GC drug-resistant cell lines, namely
vincristine (VCR)-resistant cell lines (SGC7901/VCR) and adriamycin (ADR)-resistant
cell lines (SGC7901/ADR) and compared them with the parental cell line SGC7901; miR-
126 expression was shown to be decreased in these two resistant cell lines. In contrast,
the upregulation of miR-126 expression increased the sensitivity of SGC7901/VCR and
SGC7901/ADR cells to VCR and ADR. Mechanistically, the enhancer of EZH2 was identi-
fied as a direct target of miR-126, and the silencing of EZH2 reflected the role of miR-126 in
drug resistance. However, restoring the EZH2 gene blocks the inhibitory effect of miR-126
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on GC [85]. This suggests that the EZH2 gene indeed plays a crucial role in chemotherapeu-
tic agents for GC. In addition, about 20% of lncRNAs can bind and silence the EZH2 gene to
increase drug resistance in GC cells. For example, the lncRNA UCA1 up-regulates the level
of EZH2 in GC. The over-expressed EZH2 activates the PI3K/AKT pathway [86], which
affects the expression of multiple drug resistance-associated and anti-apoptotic proteins
and plays a very important role in chemoresistance [86]. Moreover, the knockdown of
the EZH2 gene decreased GC cell proliferation, increasing cisplatin-induced apoptosis
and caspase-3 expression, inhibiting UCA1-induced upregulation of PI3K/AKT [87]. The
scientists found that the lncRNA PCAT-1 is highly expressed in DDP-resistant tissues and
cells in GC, which promotes DDP resistance in GC cells by recruiting EZH2 to epigenetically
suppress PTEN expression and regulate the miR-128/ZEB1 axis [88,89]. In conclusion, EZH2
is regulated by multiple lncRNAs and is involved in the resistance of GC cells to platinum-
based chemotherapy drugs. A final event shared among the mechanisms of action of many
antitumor drugs is the activation of apoptosis [83]. It was reported that the apoptotic factors
or anti-apoptotic pathways were inhibited in GC cell lines after the knockdown of EZH2.
Thus, silencing of EHZ2 could effectively reverse chemotherapeutic drug resistance in GC
cells. Based on the above results, targeted silencing of EZH2 can effectively reverse the
resistance of GC cells to chemotherapy drugs.

12. High Expression of EZH2 Leads to Poor Prognosis for GC Patients

There are many factors affecting the prognosis of GC patients, such as the size of the
mass, the depth of tumor infiltration, the pathological type of the tumor, the degree of
differentiation of tumor cells, the degree of choroidal invasion, and the metastasis of lymph
nodes. It has been reported that EZH2 expression is closely related to the above prognostic
factors of GC [6,54,90]. Specifically, EZH2 expression was increased in GC tissues, and the
higher the expression level, the higher the malignant degree of the tumor and the worse
the prognosis. In a study of patients with GC, the tissue samples of 105 patients with
primary GC were included for immunohistochemical detection. Among them, 72 patients
had a positive expression of EZH2 protein in GC tissues that was higher than that in
para-carcinoma tissue [54]. In addition, the overexpression of EZH2 mRNA and protein
detected using qRT-PCR and immunohistochemistry was closely associated with tumor
size, lymphatic invasion, and TNM stage. These evidences strongly demonstrated that
EZH2 is closely related to the prognosis of GC patients. The Kaplan–Meier method was
used to analyze the expression of EZH2 and H3K27me3 proteins and their correlation
with the prognosis of GC patients. The results showed that these two highly expressed
proteins were commonly found in patients with advanced GC and those with lymph
node metastases. Moreover, the overall survival rate of patients with high expression
was significantly lower than that of those with low expression. These results are similar
to those of other authors [90,91]. Meanwhile, in another more convincing meta-analysis,
872 GC patients were included in this study. The results showed that the expression
level of EZH2 protein in GC was higher than that in normal gastric tissue, and positively
correlated with tumor-node-metastasis (TNM) stage and lymph node metastasis. The
overall survival rate of patients with positive EZH2 expression was shorter than that of
patients with negative EZH2 expression [92]. Pan found that high expression of EZH2
in GC tissues was regulated by IL-6/STAT3 signaling. STAT3 acted as a transcription
factor to enhance the transcriptional activity of EZH2 by binding to the relevant promoter
region (−214~−206), and there is a positive functional loop between STAT3 and EZH2 [91].
Regarding prognosis, STAT3 was positively correlated with EZH2 expression in GC cells
and tissues, and activation of EZH2 and STAT3 was significantly associated with the
TNM stage and low patient survival. Furthermore, the combination of siSTAT3 and the
EZH2-specific inhibitor 3-deazaneplanocin A (DZNep) increased the apoptosis rate of GC
cells, suggesting that the combination of siSTAT3 and EZH2 inhibitors may contribute
to the potential epigenetic treatment of GC patients. In general, these evidences strongly
confirmed the view that high expression of EZH2 may be involved in gastric carcinogenesis.
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Therefore, the EZH2 protein may be a valuable biomarker for the diagnosis and prognosis
of GC. It is meaningful that targeted inhibition of EZH2 expression could contribute to the
potential epigenetic therapy against GC patients.

13. Current Status of EZH2 Inhibitor Research

Given that abnormal expression of EZH2 plays an essential role in tumor cell prolifer-
ation, invasion, metastasis, and drug resistance [93], targeted inhibition of EZH2/PRC2
is considered an attractive target for cancer therapy. Here, we review some typical EZH2
inhibitors and their current application status.

DZNep, an inhibitor of S-adenosyl-l-homocysteine (SAH) hydrolase, induces the
accumulation of SAH in cells, directly inhibiting histone methyltransferase activity and
then indirectly degrading the PRC2 complex. It was one of the first small molecules to
evaluate the inhibitory effect of EZH2 [94]. Some studies have shown that DZNep exhibits
good anti-tumor properties by inhibiting EZH2 in breast cancer [95], lung cancer [96],
prostate cancer [97], colon cancer [98], and other cancer cells. However, DZNep lacks
specificity in human tissues because it affects all SAM-dependent processes by blocking the
methionine cycle and the regeneration of SAM [99].

In this context, several highly selective EZH2 inhibitors were developed (EPZ005687,
GSK126, EPZ6438), which almost always have a 2-pyridone group in their structure [100].
This is mainly because the 2-pyridone group is essential for enzyme inhibition, occupying
the site of the common substrate (SAM or the by-product SAH) in the binding pocket
of the enzyme [100]. The first highly selective inhibitor was EPZ005687, that competes
with SAM and does not compete with peptide substrates, and thereby does not disrupt
protein–protein interactions between PRC2 subunits. Most importantly, EPZ005687 was
500 times more selective to the PRC2/EZH2 complex than the other 15 methyltransferases
and approximately 50 times more selective to PRC2/EZH2 than PRC2/EZH1 [101]. In
lymphomas, EPZ005687 potently reduced H3K27me3 levels in EZH2 mutation-containing
cells [94].

Another highly selective inhibitor is GSK126, which has a similar core structure to
EPZ005687, but GSK126 is more than 1000 times more selective for EZH2 than the other
20 human methyltransferases [101]. GSK126 effectively suppresses the expression of
H3K27me3 in cells with EZH2 mutations. McCabe et al. showed that GSK126 effectively
inhibited the proliferation of EZH2 mutant diffuse large B cell lymphoma (DLBCL) cell lines
and markedly inhibits the growth of EZH2 mutant DLBCL xenografts in mice. In addition,
tumor growth was essentially completely inhibited (91–100% inhibition) in subcutaneous
xenografts utilizing the more aggressive KARPAS-422 and Pfeiffer cells when high doses
of GSK126 were administered (300 mg/kg twice a week) [102]. In 2014, GSK126 entered
phase I clinical trials in patients with various lymphomas and solid tumors [101]. In 2019,
the results of the phase 1 clinical study of GSK126 (NCT02082977) were published [103].
However, the trial was forced to stop due to the deficiency of clinical activity of the drug.
This is mainly because of the limitation of twice-weekly administration and the pharma-
cokinetic characteristics of the drug itself. Nevertheless, GSK126 remains a promising
agent. There is a mistaken perception that GSK126 may inhibit tumor immunity due to
GSK126 treatment essentially inhibiting tumor growth in immunodeficient hosts but not in
immunocompetent hosts. In another study, however, GSK126 exerted anti-tumor activity
in immunologically active hosts combined with drugs (gemcitabine and 5-fluorouracil) that
deplete myeloid-derived suppressor cells [104]. These results provide a new strategy for
the use of GSK126 in the clinic.

In 2013, UNC1999 was reported to be the first oral bio-availability inhibitor with high
in vitro potency. UNC1999 showed high efficacy in vitro against wild-type and mutant
EZH2 and EZH1, effectively reducing the level of H3K27me3 in cells and selectively
killing diffuse large B-cell lymphoma cell lines containing EZH2Y641N mutation with low
cytotoxicity [105]. Currently, UNC1999 is used to study mixed lineage leukemia [106].
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As a result of this effort, Tazemetostat, an oral, first-in-class inhibitor of EZH2, was
introduced to strongly inhibit wild-type and mutant EZH2 enzyme activity with its im-
proved potency, pharmacokinetic parameters, and oral bioavailability [107]. Tazemetostat
is a direct inhibitor of EZH2, which can competitively bind to the SET domain of EZH2
protein directly with SAM. Tazemetostat has mainly been used in lymphoma and ep-
ithelioid sarcoma (ES) studies [108]. The results of a phase I clinical study conducted in
France showed that tazemetostat exhibited significant antitumor activity in patients with
non-Hodgkin lymphoma (NHL) and advanced solid tumors [109]. The recommended
dose of tazemetostat was 800 mg, administered twice a day, and is more effective in NHL.
Ribrag et al. [110] suggested that tazemetostat showed apparent clinical efficacy in DLBCL,
follicular lymphoma (FL), and marginal zone lymphoma (MZL) patients, showing good
anti-tumor activity, with the best effect in patients with stable FL. In a study of tazemetostat
for the treatment of epithelioid sarcoma (ES), phase II clinical data showed an overall
efficacy rate of 15% and a disease control rate of 26% with tazemetostat administration
(2.4 to 18.4 months). Further analysis of clinical study data presented by Epizyme at the
2019 American Society of Clinical Oncology showed that tazemetostat improved life ex-
pectancy in ES patients and those first-treatment ES patients taking tazemetostat had better
outcomes than patients with relapsed or refractory ES [111]. These results suggest that
tazemetostat shows significant anti-ES activity and may be a new treatment option for ES
patients. Ultimately, tazemetostat received accelerated approval in January 2020 in the USA
for treating adults and adolescents aged ≥16 years with locally advanced or metastatic ES
not eligible for complete resection [111].

The polyprotein nature of the PRC2 complex and EZH2 function is significantly
dependent on those of other core subunits, such as EED. Therefore, scientists developed
a compound that binds to EED. On the one hand, the possibility of weakening PRC2
complex function by interfering with the close protein-protein interaction (PPI) between
EZH2 and EED has facilitated the development of different chemical types as inhibitors
of EZH2−EED. These chemical agents exert a methyltransferase inhibitory activity on
PRC2 by impeding the scaffolding role of EED on the SET domain of EZH2 [112]. High-
throughput screening demonstrated the “druggability” of the H3K27me3 recognition cavity
of EED as a means of heterologous inhibition of EZH2 catalysis. Eventually, the Novartis
company developed an EED-binding agent called MAK683 [113], which is currently in
phase I/II study (NCT02900651) for the treatment of patients with DLBCL, nasopharyngeal
carcinoma, or other advanced solid tumors of malignancy [114]. Some of the information
on these inhibitors is summarized in Table 4.

Table 4. Pre-clinical and clinical trial status of drugs related to EZH2.

Drug Role Phase Reference(s)

DZNep SAH hydrolase inhibitor pre-clinical [94,99]

EPZ005687 Inhibitor of EZH2 T641 and
A677 mutants pre-clinical [101]

GSK126
(GSK2816126) SAM-competitive inhibitors of EZH2 Phase I [102]

Tazemetostat
(EPZ-6438, E7438) SAM-competitive inhibitors of EZH2 Phase I/II [107]

UNC1999 SAM-competitive inhibitors of EZH2
and EZH1 pre-clinical [105]

MAK683 (EED226) Selective EED inhibitor Phase I/II [113]

In conclusion, some inhibitors targeting EZH2 have achieved some success, but most
anti-tumor studies of EZH2 inhibitors are still in the preliminary stages. With the con-
tinuous deepening of the research and the gradual extension to the clinic, the molecular
mechanism of the anti-tumor effect of EZH2 small molecule inhibitors will be further
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clarified. In the future, it is necessary to develop efficient, highly selective, and low-toxicity
EZH2 inhibitors, which are an important target for cancer therapy.

14. Conclusions

EZH2 is highly expressed in GC, which has been proven to be associated with poor
prognosis in GC. These epigenetic disorders are frequently mutated by multiple factors in
GC and other cancers, resulting in the uncontrolled expression of many downstream cancer-
associated genes. Therefore, it is meaningful that targeting these epigenetic regulators may
have positive implications for treating some tumors. Many drugs targeting EZH2/PRC2
are being developed and evaluated in clinical trials. However, most are still in preclinical
studies or phase 1/2 clinical trials, with only tazemetostat approved for the treatment of
epithelioid sarcoma (ES) and preliminary evidence of efficacy in follicular lymphoma (FL).
Although the role of EZH2 in GC has achieved positive results, most of the research has
studied the pre-clinical stage of targeted treatment of EZH2, which has not yet broken
through to the clinical stage. This is mainly because many of the modification enzymes
of EZH2 and the exact sites of PTMs are unknown. In addition, it is not known whether
rare types of PTMs exist in EZH2 such as succinylation, malonylation, crotonylation,
propionylation, and butyrylation. More importantly, there are no clinical trials targeting
EZH2 PTMs for cancer treatment. At present, targeted therapies for EZH2 are mostly
focused on the hematologic and lymphatic systems, such as B-cell lymphoma and non-
Hodgkin’s lymphoma. We may be inspired by studies that have achieved some results,
such as combining EZH2 inhibitors with immunotherapy, chemotherapy, targeted therapy,
endocrine therapy, and other therapies that may achieve complementary or synergistic
anti-tumor effects [115]. In conclusion, as a novel target for GC treatment, EZH2 has become
a research hotspot, and its functions and effects have been continuously revealed. In the
future, it is necessary to further study its mechanism of action and develop therapeutic
drugs based on this target.
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Simple Summary: Gastric cancer (GC) ranks as one of the most life-threatening malignancies world-
wide, and over one billion new cases and 783,000 deaths were reported last year. The incidence of
GC is exceptionally high in Asian countries. Multiple oncogenic signaling pathways are aberrantly
activated and implicated in gastric carcinogenesis, leading to the malignant phenotype acquisition.
G-protein-coupled receptor (GPCR) signaling is one of them, and the aberrant activation of GPCRs
and G proteins promotes GC progression. The activated GPCRs/G proteins might serve as useful
biomarkers for early diagnosis, prognostic prediction, and even clinically therapeutic targets. This
review summarized the recent research progress of GPCRs and highlighted their mechanisms in
tumorigenesis, especially in GC initiation and progression.

Abstract: G-protein-coupled receptors (GPCRs) belong to a cell surface receptor superfamily respond-
ing to a wide range of external signals. The binding of extracellular ligands to GPCRs activates a
heterotrimeric G protein and triggers the production of numerous secondary messengers, which
transduce the extracellular signals into cellular responses. GPCR signaling is crucial and imperative
for maintaining normal tissue homeostasis. High-throughput sequencing analyses revealed the
occurrence of the genetic aberrations of GPCRs and G proteins in multiple malignancies. The altered
GPCRs/G proteins serve as valuable biomarkers for early diagnosis, prognostic prediction, and
pharmacological targets. Furthermore, the dysregulation of GPCR signaling contributes to tumor
initiation and development. In this review, we have summarized the research progress of GPCRs and
highlighted their mechanisms in gastric cancer (GC). The aberrant activation of GPCRs promotes GC
cell proliferation and metastasis, remodels the tumor microenvironment, and boosts immune escape.
Through deep investigation, novel therapeutic strategies for targeting GPCR activation have been
developed, and the final aim is to eliminate GPCR-driven gastric carcinogenesis.

Keywords: G-protein-coupled receptor; G protein; gastric cancer; targeted therapy

1. Introduction

Gastric cancer (GC) is a substantial global health burden, accounting for the fifth most
commonly diagnosed cancer and the third leading cause of fatal malignancies worldwide.
Incidence rates are markedly increased in Eastern Asia, especially in Mongolia, Japan, and
Korea, which are strongly associated with various predisposing and etiological factors,
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according to several migrant studies [1,2]. Most GC-related deaths occur due to late diag-
nosis, lymph node metastasis, and refractory after surgery. Thus, numerous efforts have
been made to develop useful prognosis markers for early detection and therapeutic targets
to improve clinical outcomes. Heterogeneity represents one of the biggest challenges in
GC treatment owing to the histological categories and diverse molecular drivers. The well-
established histological classification divides gastric carcinomas into diffuse and intestinal
types [3]. The Cancer Genome Atlas (TCGA) network also reaffirmed our understanding of
molecular categories by analyzing the dysregulated pathways identified in multiomics data.
This study developed a robust molecular classification scheme comprising Epstein-Barr
virus (EBV), microsatellite instability (MSI), chromosomal instability (CIN), and genomi-
cally stable (GS) tumors [4]. In the past two decades, trastuzumab and chemotherapy were
used as the first-line treatment, and the combination of ramucirumab and paclitaxel was
used in second-line treatment [5]. However, the clinical applicability remains quite limited.
There is an urgent need to uncover more targetable pathways to develop more accurate
diagnosis makers against nonspecific symptoms in early-stage GC and optimize existing
therapy for precision medicine.

Since G protein-coupled receptors (GPCRs) were reported in cellular transformation in
1986, emerging evidence shows that these membrane-embedded receptors regulate many
biological processes and are crucial targets against several human malignancies [6]. The
involvement of GPCRs in GC is emerging due to the identification of genomic aberrations
that lurk at different stages and subtypes of GC and promote tumor initiation and pro-
gression [7]. This review recapitulated the current knowledge related to the aberrated
regulation of the GPCR pathway in GC, including the common tactic hijacked by tumor
cells for their growth, metastasis, and immune evasion. Moreover, we will discuss the
advances in the current treatment strategies and summarize the ongoing clinical trials that
attempt to translate biological findings into clinical applications.

2. Basic Knowledge of GPCRs

GPCRs comprise over 800 members accounting for about 4% of human genes. They
have various structures and signal transduction. Based on their specific characteristics,
GPCR members are further classified into different subgroups and participate in various
physiological processes, whereas the aberrant expression and abnormal activation of GPCRs
are associated with tumor progression.

2.1. Structure and Classification of GPCRs

GPCRs have seven transmembrane α-helices (TM1-7) that connect the N-terminal
extracellular domain (ECD), three extracellular and intracellular loops: ECL1-3, ICL1-3, and
the C-terminus (Figure 1). They are classified into six groups based on their structural and
functional similarities, whereas only four groups (A, B, C, and F) are found in vertebrates.
The Rhodopsin-like class A, which has 719 members, represents humans’ most common but
diverse group. Half of the class A members serve as sensor receptors primarily in smell and
vision. In contrast, diffusible ligands, such as peptides, lipids, hormones, and nucleotides,
can trigger the other receptors. Class B includes secretin and adhesion receptors, which have
a similar sequence in 7TM but different sequences in ECD. The secretin subgroup contains
receptors for polypeptide gut hormones, such as the GLP-1 receptor, glucagon receptor,
and parathyroid hormone receptor. Research has focused on the adhesion receptors by
defining the mechanisms of ligand binding sites and the GPCR autoproteolysis-inducing
domain (GAIN)-mediated receptor activation. The metabotropic glutamate family (class C)
is characterized by a large ECD, consisting of γ-aminobutyric acid B receptors (GABAB),
metabotropic glutamate receptors (mGluRs), and a calcium-sensing receptor (CasR). The
frizzled/taste family (class F) includes frizzled and smoothened proteins that can be
activated by the lipo-glycoproteins of the Wnt and Hedgehog families [8–10].
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Figure 1. The structure GPCRs and their dysregulation in GC (*, Conserved motifs). GPCRs are widely
expressed in the stomach. GPCRs participate in a variety of physiological and pathological processes.
The upregulated GPCRs, including PAR1, CXCR4 and P2YR, and BILF1, are identified in GC. The
five key sequence motifs in the class A GPCRs represent the most frequent mutant sites, which
are conserved and responsible for their structural integrity and essential function. Abbreviations:
GC, gastric cancer; PAR1, Protease-activated receptor 1; CXCR4, Chemokine CXC receptor 4; P2YR,
P2Y receptor.

Thrilling technologies, such as X-ray crystallography, cryo-electron microscopy (cryo-
EM) [11,12], and nuclear magnetic resonance (NMR) spectroscopy [13], are facilitating
the exploration of the structures of GPCRs and further boosting the structure-based drug
design. More extensive knowledge of GPCR biology, particularly on the function-related
conformational equilibria, such as allosteric coupling, biased signaling, and dynamic mod-
ulation, is required for developing new targets and minimizing the side effects. Although
structural studies reveal the direct impacts of stimulation on the receptor conformation
changes, the result of the GPCR signaling pathway is regulated by various factors, including
cell backgrounds, receptor expression levels, and agonists’ kinetic characteristics.

2.2. Signal Transduction of GPCRs

By binding to various extracellular ligands, GPCRs change their conformation, acti-
vate G-coupling proteins, and couple with other proteins, such as β-arrestins and GPCR
kinases (GRKs). However, the determinants of GPCR selective binding have not been fully
understood. Fundamentally, the G-protein barcode determines the selectivity between
GPCRs and G proteins, which contain variable residues on the conserved positions and
can be recognized by different GPCRs [14]. G proteins have long been recognized as the
primary transducers of GPCRs, and β-arrestins are suggested as essential modulators in
genome-edited cells [15]. β-arrestins can identify and bind to the GRK-phosphorylated
GPCRs and thereby outcompete the G proteins, functioning as scaffolds for other signal-
ings [16,17]. Therefore, the GRKs regulate the phosphorylation of ligand-bound GPCRs
and balance the G-protein-dependent and β-arrestin-dependent nodes of GPCRs [18].
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When the activated GPCRs bind with the heterotrimeric G proteins, the Gα subunits
dissociate from Gβγ after the exchange of GDP with GTP on the Gα proteins. This process
releases the heteromeric G proteins from the GPCRs and retains the plasma’s GTP-bound
Gα and Gβγ subunits [19]. One GPCR can activate multiple Gα proteins encoded by
16 genes. These genes are classified into four subfamilies based on sequence similarity: Gi,
Gq, Gs, and G12/13. Generally, the Gαs and Gαi respectively promote or inhibit adenylyl
cyclase, thus intervening in cyclic adenosine monophosphate (cAMP) production. The
accumulating cAMP behaves as a second messenger to activate protein kinase A (PKA).
Members of the Gi family also activate phospholipase (PIs) and phosphodiesterases (PDEs),
ultimately modulating the opening of numerous ion channels. PLC-β is the effector of the
Gαq and Gβγ subunits that elevate intracellular Ca2+ levels and activate protein kinase
C (PKC) by converting phosphatidylinositol 4,5-biphosphate (PIP2) into inositol 1,4,5-
triphosphate (PIP3) and diacylglycerol (DAG). Additionally, the Gβγ subunits trigger the
PI3K-γ/PI3K-β to catalyze the conversion of PIP2 to PIP3, which is a direct stimulator
of AKT. The Gα12/13 and Gαq family members regulate a group of Rho GEFs, which
harbor an RGS homology domain and activate Rho GTPase. As shown in Figure 2A, the
segregated Gα and Gβγ subunits evoke kinase cascades by activating various second
messengers [20,21].

 

Figure 2. GPCR signaling and its crosstalk with other signaling pathways. (A) The most common
GPCR-related signaling pathways. Agonist-stimulated GPCRs undergo a conformational change and
facilitate the dissociation of Gα/Gβγ heterotrimer by replacing GDP with GTP on the Gα subunit.
Subsequently, Ga and Gβγ trigger several downstream effectors, including secondary messenger
systems, GEFs, Rho, and Ras GTPases, leading to a wide range of biological regulation. Besides the
regulators of the G protein, signaling proteins (RGS proteins) promote the heteromeric complex
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reassociation and the signaling termination by accelerating intrinsic GTPase activity. Notably, agonist-
activated GPCRs are also phosphorylated by GRKs and interact with β-arrestin, resulting in signaling
desensitization and GPCR endocytosis. The endocytic β-arrestin-GPCR complex can be modu-
lated by multiple factors and undergo degradation or recycling. (B) GPCR-associated crosstalk
on the membrane and GPCR-EGFR crosstalk contain EGFR ligand-dependent transactivation and
EGFR ligand-independent transactivation. The following pathways are the Wnt and Shh pathways.
(C) The main pathways targeted by the multiple effectors in (a) consist of the following signaling
pathways: Hippo pathway, MAPK pathway, Shh pathway, and Wnt pathway. Abbreviations: AC,
adenylyl cyclase; AKT, protein kinase B; CREB, cAMP response element-binding protein; EGF, epi-
dermal growth factor; EGFR, EGF receptor; ERK, extracellular signal-regulated kinase; GEF, guanine
exchange factor; GLI, glioma-associated oncogenes; GPCR, G protein-coupled receptor; GRK, G
protein-coupled receptor kinase; JNK, c-jun N-terminal kinase; LATS, large tumor suppressor kinase;
MAPK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin; PDEs, phospho-
diesterases; PI3K, phosphatidylinositol-3-kinase; PKA, Protein Kinase A; PLCβ, Phospholipase C
β; ROCK, Rho-associated protein kinase; Shh, sonic hedgehog protein; SMO, Smoothened protein;
SuFu, suppressor of fused; TAZ, transcriptional coactivator with PDZ-binding motif; TCF/LEF,
T-cell factor/lymphoid enhancer factor; TEAD, transcriptional enhanced associate domain; YAP,
yes-associated protein.

β-arrestins undergo conformational changes when recognizing the GRK-
phosphorylated GPCRs. Then, they enhance the process of desensitization, internalization,
and clathrin-mediated endocytosis of the activated GPCRs. As scaffold proteins, β-arrestins
facilitate GPCR-stimulated signal transduction. As one of the most prominent and earliest
examples, the GPCR-mediated extracellular signal-regulated kinase 1/2 (ERK1/2) acti-
vation is a β-arrestin-dependent and G protein-independent signaling [16]. The genetic
ablation or inactivation of several G proteins induces a zero functional state for the G pro-
tein and abolishes the β-arrestin-mediated signaling in response to GPCR activation [22].
However, it was reported that β-arrestins are not required for ERK1/2 phosphorylation
despite their crucial roles in receptor internalization [23]. Indeed, the cumulative impact of
GPCR-induced ERK1/2 activation is tightly controlled by β-arrestins and G proteins [24].
Moreover, GPCRs scaffold several signaling proteins for Wnt [25], the hedgehog (Hh) [26],
and Notch [27] pathways (Figure 2B,C).

2.3. Diversification of GPCR Machinery

GPCRs are sophisticated dynamic machines rather than static on-and-off switches.
When they are engaged with different ligands, receptors, and regulatory partners, they
may exhibit specific conformations and undergo subcellular distributions. Exploring
the dynamic nature of GPCRs is vital to elucidate the mechanisms underlying allosteric
modulation, biased agonism, oligomerization, and sustained and compartmentalized
signaling. These mechanisms convey novel insights into drug discovery.

Allosteric ligand binding sites in GPCRs are potential new targets for modulating
GPCR functions and improving drug selectivity. These modulators augment (positive
allosteric modulators [PAMs]) or reduce (negative allosteric modulators [NAMs]) the
affinity and efficacy of endogenous agonists [28]. The discovery of allosteric modulators has
sparked interest in central nervous system (CNS) diseases, though with limited success [29].
MK-7622 is a PAM, selectively binding with the M1 muscarinic receptor in the CNS, which
has been stopped because it fails to improve recognition and increases adverse effects like
diarrhea [30,31].

Another ligand-receptor dynamic is biased agonism, a mechanism in which the active
conformational states of the receptors are stabilized by some ligands, resulting in distinct
cellular signaling profiles [32]. There are three different modes of biased signaling, includ-
ing the same receptor bound with other ligands adopting distinct conformations (ligand
bias), varying stoichiometric ratios of signaling effectors in distinguished cells (system bias),
and GPCR stimulation within divergent intracellular compartments (location bias) [17].
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However, substantial evidence on this is limited. The endogenous ligands, CCL9 and
CCL21, have been considered equipotent for activating CCR7-G protein coupling and
calcium mobilization. However, both ligands cause the distinct conformation of CCR7.
Only CCL9 can promote robust receptor desensitization after coupling the β-arrestins
and efficiently accelerating ERK1/2 phosphorylation, which CCL21 cannot achieve [33].
Besides, small molecules targeting TRV130 and PZM21 have been utilized to improve
analgesia with fewer side effects because of the biased receptor μ-OR activity, potent Gαi
signaling profile, and limited β-arrestin recruitment [34,35]. These two examples can partly
explain how ligands trigger the biased mechanism of GPCRs. Revealing the structural
features of GPCRs under multiple activation states and different cellular backgrounds may
be required to understand the biased signaling.

Receptor oligomerization conveys much more diversities in the function and phys-
iological roles of GPCRs. However, unlike the oligomer tyrosine kinase receptors and
ion channels, the formation of GPCR multimers remains controversial [36,37]. It has been
found that dimerization was necessary for some GPCRs, such as the class C members.
The first tangible evidence for GPCR dimerization was that the gonadotrophin-releasing
hormone (GnRH) antagonist-conjugated bivalent antibody played an essential role in
biphasic receptor formation [38,39]. The emergence of heteromers was associated with the
preferential pattern of receptors in different tissues and cell types [40]. The balance between
the monomers and heteromers of GPCRs may contribute to diseases [41,42]. Unraveling the
pattern of GPCR heteromers will provide pharmacotherapeutic targets to benefit disease
management.

Compartmentalized signaling may partly explain why the GPCRs can activate a typ-
ical profile of secondary messengers and kinases. In addition to locating the membrane,
the GPCRs might be desensitized and undergo β-arrestin-mediated endocytosis and intra-
cellular signaling [43–45]. Notably, some of the mechanisms are studied in the digestive
systems. Recently, PAR2 endosomal may underlie the sustained hyperexcitability of noci-
ceptors in patients with irritable bowel syndrome (IBS). The IBS supernatants and trypsin
could persistently activate PAR2 in the colonic mucosa in a clathrin-mediated, endocytosis-
dependent fashion [46,47]. The inhibitors of clathrin-mediated endocytosis and targeted
PAR2 antagonists suppressed PAR2 endosomal signal [48].

2.4. Dysregulated GPCR Signaling in Tumors

Based on the recent pan-cancer analysis, GPCR signaling was among the 55 path-
ways most significantly mutated. Mutations and the aberrant expression of GPCRs and
G proteins contribute to various diseases, including neurodegenerative, reproductive, im-
munological, and metabolic disorders, as well as cancers and infectious diseases [49,50].
The dysregulated GPCR signaling may exert a significant tumorigenic effect, as those
alterations frequently co-occur in well-characterized oncogenes, such as tyrosine and
serine-threonine kinase Ras-family members [51]. In-depth omics analysis approaches,
like MutSig2CV and GISTIC (Genomic Identification of Significant Targets in Cancers),
have comprehensively investigated the mutations and copy number variations (CNVs) of
GPCRs and G proteins in 33 TCGA patient groups. Remarkably, mutated GPCRs and G
proteins have been significantly identified in GI malignancies, even though these tumors’
mutation rates are not typically high [52]. Therefore, the relevance between these mutations
and biological outcomes is vastly underestimated [53,54].

2.5. GPCR Mutation and Abundant Expression

GPCRs are mutated in over 20% of all sequenced samples [55,56]. Unlike the mutated
hotspots in G proteins, GPCRs exhibit diverse mutations across different cancer types. The
three-dimensional structures of GPCRs and their interaction elements were evaluated to
acquire a mutational landscape of GPCRs in cancers [51]. The bulk of the alterations occurs
in the conserved 7TM via the visualization of the representative GPCR 3D structure, such as
the ionic lock switch E/DRY arginine motif, G protein-binding sites, and the tyrosine toggle
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switch motif NPxxY, and ligand-binding site. GPCR mutations impair GPCR signaling by
altering the basal activity, ligand binding affinity, G-protein interaction, and cell-surface
expression. As with thyroid-stimulating hormone receptors like HCRT2, P2RY12, LPAR4,
and GPR174, frequent mutations in the DRY motif may result in constitutive activation
due to conformational changes in TM3, TM5, and TM6 [51]. Mutations of the connection
between the NPxxY motif on TM7 and a conserved tyrosine in TM5 could stabilize the
inactive-state conformations of the α1B- and β2-adrenoceptors, which may account for lower
agonist potency in transducing the downstream IP1 and cAMP signaling, respectively [57].
Understanding the mutated structural features will shed new light on GPCR malfunctions
and devise possible therapeutic strategies [58].

The large and ever-grossing body of sequencing by pan-cancer analysis suggests that
the frequently mutated GPCR families are adhesion-related GPCRs, such as the glutamate
metabotropic receptors (GRM1-8, class C) [59], lysophosphatidic acid (LPA) receptors
(LPAR1-6), sphingosine-1-phosphate (S1P) receptors (S1PR1-5), and muscarinic receptors
(CHRM1-5, class A). However, most adhesion receptors are orphan receptors with unknown
ligands and physiological functions [60,61]. GPCR genetic alternations were found in
melanoma by exon capture and massively parallel sequencing. GPR98 and GRM3 were two
of the most frequently mutated genes, with 27.5% and 16.3% mutation rates. GRM3 mutants
selectively mediate the MEK signaling that contributes to tumor growth in melanoma,
acting as an indicator for patient stratification and precision medicine [62]. MutSig2CV
analysis suggests the three most mutant GPCRs in colon cancer are GPR98 (21.25%), TSHR
(13.90%), and BAI3 (13.62%), while CELSR1 (11.20%), EDNRB (8.14%), and GPR45 (5.09%)
account for the three most frequently mutated GPCRs in GC. However, the functional roles
of these mutant GPCRs in GI cancers remain unknown.

Besides mutations, GPCRs, like chemokine and histamine receptors (HRH2), exhibit
significant copy number variations (CNVs) in tumors. Several broad-type GPCRs are
universally overexpressed throughout the GI tract, regulating digestive and pathophysio-
logical processes [54,63,64]. The upregulation of receptors like 5-HTRs, FFARs, HRs, PARs,
EPs, and TGRs plays pivotal roles in proliferation, invasion, metastasis, and inflamma-
tion in the small intestine and colon. It has been reported that the CNVs of chemokine
receptors, LPARs, and ARs contribute to the initiation and progression of hepatocellular
carcinoma [65,66]. Early studies have implicated numerous viruses that harbored open
reading frames and evolved to take advantage of the signaling network for replicative
success by encoding GPCRs [67]. In GC, the Epstein-Barr virus (EBV/HHV-4) encodes a
class A GPCR called BILF1, affecting multiple cellular pathways [68].

2.6. Widespread Mutations of G Proteins

As oncogenic drivers in multiple prevalent cancers, many G proteins are considered
part of the cancer-associated gene panels routinely employed by a wide range of clinical
oncology studies. MutSig2CV analysis indicates that GNAS is the most frequently mutated
G protein in TCGA cohorts, concordant with the sequence results of the catalog of somatic
mutations in the cancer (COSMIC) database. GNAS aberrations widely occur in tumors
originating from the pituitary (28%), pancreas (12%), thyroid (5%), colon (6%), and a few
other locations [69]. Previous studies revealed that the two most frequently mutated resi-
dents, Arg 201 [70,71] and Gln 227 [72], might be functionally important. The significance
of these two sites has been first confirmed in pituitary tumors [73]. The disease-causing
altered resident Arg 201 leads to the constitutive cAMP signaling by reducing the GTP
hydrolysis of the active GTP-bound Gαs. However, the conclusion was reshaped by a
recent structural study of GNAS, indicating that the stabilization of the intramolecular
hydrogen bond network (H-bond network) plays a pivotal role in mutation-mediated
constitutive activation [74]. These aberrations in GNAS are responsible for initiating and
progressing multiple types of GI cancer, such as colon neoplasia, GC, and pancreatic
adenocarcinomas (PDAs). In colon cancer, the GNAS can mediate the tumorigenesis of
inflammatory factors by stimulating the Gs-Axin-β-Catenin pathway axis [75]. In the rare
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gastric adenocarcinoma, GNAS mutations were tightly associated with deep submucosal
invasion and increased tumor size by activating the Wnt/β-catenin pathway [76]. Besides,
at the early onset of invasive PDAs, frequent GNAS mutations (~41–75%) suppressed the
PKA-mediated SIK and reprogrammed lipid metabolism in the precursor of PDAs [77,78].

Although GNAQ and GNA11 mutations were less studied in tumors than GNAS,
these mutations were well-established in Sturge-Weber syndrome [79] and leptomeningeal
melanocytosis, arising from the central nervous system (~50%) [80], and also in the blue
nevi and the primary uveal melanomas (UVM)/uveal melanoma metastases (83%) [81,82].
The somatic mutations are mainly located in the residues Q209 or R183, which are essential
for GTP hydrolysis and cause constitutive activation due to loss of GTPase activity. In uveal
melanoma (UVM), the more common Q209 mutations were more potent in tumorigenesis
assays in nude mice models [82]. Consistently, the mutant GNAQQ209L contributed to
MAPK pathway activation [81] and exhibited more significant activated ERK than the
GNAQR183Q [83,84]. The activated GNAS mutant can also stimulate YAP-dependent
transcription through a Trio-Rho/Rac signaling circuitry instead of the canonical Hippo
pathway in UVM [85]. Furthermore, GNA13 is upregulated in several solid tumors, such
as GC [86], nasopharyngeal cancer [87], breast cancer [88], squamous cell cancers [89],
and colorectal cancer [90]. Interestingly, both GNA13 and RhoA have shown relevance to
the transformation capacity and metastatic potential in epithelial cancer and fibroblasts,
but the axis appears to play a tumor-suppressive role in B-cell lymphomas [91]. Large-
scale sequencing of lymphoid and hematopoietic malignancies indicated that the mutant
residues could be found throughout the gene [92,93].

The cDNA library screening distinguished the functionally relevant mutations of
the Gβ proteins GNB1 and GNB2. The gain-of-function alterations of these proteins can
disrupt the interactions of Gα-Gβγ and constitutively stimulate the downstream signaling
effectors, conferring resistance to targeted kinase inhibitors [94,95]. Recently, emerging
variants in all five Gβ proteins have been reported, such as GNB2 Arg52Leu in familial
cardiac arrhythmia condition, Gly77Arg in neurodevelopmental disorder, and monoallelic
missense variants in developmental delay/intellectual disability (DD/ID) [96]. Emerging
evidence supports that Gβ mutants also occur in various cancer types and relate to distinct
cancer subtypes. GPCRs also transduce the signal through β arrestins instead of G proteins,
mediating GC cell invasion, migration, and epithelial-mesenchymal transition (EMT) [24].
For example, the protein kinase AKT exerts its oncogenic function through the signaling
complex GPR39/β arrestin1/Src upon obestatin stimulation [97].

Some mutations occur in oncogenic kinase alterations, such as BCR-ABL fusion protein,
ETV6-ABL1, JAKV617F, and BRAFV600K, to enhance the drug resistance of the corresponding
kinase inhibitors [95,98]. Nevertheless, further investigations are needed into how these
alterations influence tumorigenesis in different contexts. The potential roles of Gγ proteins,
the close partners of Gβ proteins, should be clarified.

3. Aberrant GPCR Signaling in GC

GPCRs play hierarchical roles in many signaling networks. Dysregulations of the
GPCRs extensively exist in tumor progression, metastasis, and immune response repro-
gramming. In recent years, aberrant GPCR members have been emerging in GC studies.
This section will outline the updated findings of the GPCR signaling pathway in GC
(Table 1).
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Table 1. The most reported GPCRs in GC.

GPCRs Ligand Expression Mechanisms
Biological
Function

References

Class A Receptors

Peptide/Protein Receptors

Protease-
activated

receptors (PAR)

Proteases, such
as Thrombin,

TFLLRN
(synthetic

PAR1-targeted
peptide)

PAR1/F2R:
upregulation
PAR2/F2RL1:
upregulation

PAR3/F2RL2: -
PAR4/F2RL3: -

H. pylori→ERK/PI3K-
AKT→α-

arrestin→PAR1→CXCL2
PAR2→MAPK→VEGF/

COX-2

Inflammation,
angiogenesis [99,100]

Angiotensin
receptors (ATR) Angiotensin II AT1R: upregulation

AT2R: upregulation AT1R→VEGF Angiogenesis,
metastasis [101,102]

Endothelin
receptors (ETR) Endothelin-1

ETAR: upregulation
ETBR: -
ETCR: -

ETAR→VEGF
ETAR→β

arrestin/Src→EGFR

proliferation,
metastasis [103]

Formyl peptide
receptors (FPR)

fMLF, capthespin
G

FP1R: -
FP2R/ALX:

upregulation
FP3R: -

FP1R→ALOX5/15, SPMs
(RvD1 and LXB4), SPM

receptors (BLT1,
ChemR23, GPR32)

FP2R→MAPK

FP1R: inhibiting
angiogenesis and

proliferation
FP2R: invasion
and metastasis

[104–106]

Cholecystokinin
receptors
(CCKR)

CCK, gastrin
CCK1R: upregulation

CCK2R/GR:
upregulation

gastrin/GR→PKC→IκB,
NF-κB proliferation [107]

Leucine-rich
repeat-

containing
receptors (LGRs)

group B

R-
spondin1/2/3/4

Lgr4: upregulation
Lgr5: upregulation

Lgr6

Lgr4/5/6→β catenin
Lgr6→PI3K/AKT/mTOR

proliferation,
metastasis [108,109]

Lipid receptors

Lysophosphatidic
acid receptors

(LPAR)

Lysophosphatidic
acid

LPA1/Edg-2: -
LPA2/Edg-4:
upregulation

LPA3/Edg-7: -

LPAR2→tyrosine
phosphorylation of c-Met

LPAR2→Gq11→p38
migration [110–112]

Sphingosine-1
phosphate

receptors (S1PR)

Lysophosphatidic
acid: S1P

S1P1R/Edg-1
S1P2R/Edg-5
S1P3R/Edg-3

: ubiquitously expressed
S1P4R/Edg-6
S1P5R/Edg-8

S1P1R→RAC-
CDC42→ERK

S1P→EGFR, c-Met

S1P1R & S1P3R:
promote

proliferation and
migration,

angiogenesis
S1P2R: inhibit

migration

[113,114]

Prostaglandin
receptors (EPR) PGE2

EP1R: -
EP2R: upregulation

EP3R: -
EP4R: -

PGE2→DNMT3B→5mC
enrichment (DNA
hypermethylation)
H. pylori→PGE2

upregulation→macrophage
infiltration

proliferation,
angiogenesis [115,116]
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Table 1. Cont.

GPCRs Ligand Expression Mechanisms
Biological
Function

References

Chemokine receptors

Chemokine CXC
receptors (CXCR)

CXCL12-
CXCR4/

CXCR7CXCL8-
CXCR1/

CXCR2CXCL16-
CXCR6

CXCR1: upregulated
CXCR2: upregulated

CXCR3
CXCR4: upregulation

CXCR5
CXCR6: upregulation

CXCR7

CXCL12/CXCR4→PI3K/
Akt/mTOR

CXCL12/CXCR4→ERK1/2
H. pylori→CXCL8→AKT/

ERK/cyclin D1/EGFR/
Bcl2/MMP9/MMP2

proliferation,
migration,
invasion,

angiogenesis,
metastasis

[117]

Chemokine CC
receptors (CCR)

CCL2-
CCR2CCL5-

CCR5CCL19/
CCL21-CCR7

CCR1/3/4/5/6/8/9: -
CCR2/7: upregulation CCR7→TGF-β1/NF-κB

migration,
invasion,
survival,

metastasis

[118]

Aminergic receptors

Muscarinic
acetylcholine

receptor

Acetylcholine,
carbachol,

M1R:
M3R: upregulation
M2R/M4R/M5R: -

M1R-TRPC6→PKC
M2R/M4R→PKA→

neurotransmitter release
M3R→EGFR→MAPK/ERK

M3R→Wnt
pathway→YAP

proliferation,
migration,
invasion,

[119]

β-adrenergic
receptor (β-AR) isoproterenol

β1-adrenergic receptor: -
β2-adrenergic receptor:

upregulation
β3-adrenergic receptor: -

ADRB2→NF-κB/AP-
1/CREB/STAT3/ERK/
JNK/MAPK→VEGF/
MMP2/MMP7/MMP9

proliferation,
invasion,

metastasis
[120]

Nucleotide receptors

P2Y receptors
(P2YR) ATP

P2Y4: upregulation
P2Y6: downregulation

P2Y1/2/11-14: -

P2Y6→β catenin→ c-Myc
P2Y2→Gaq→p38-
MAPK/ERK/JNK

proliferation [121]

Adenosine
receptors (AR) adenosine

A1/A3: -
A2aR: upregulation
A2bR: upregulation

A2aR→PI3K-AKT-mTOR
A2aR→PKA/PKC

proliferation,
metastasis [122,123]

Steroid receptors

Membrane-type
bile acid receptor
(M-BAR/TGR5)

Deoxyolate, bile
acids TGR5: upregulation TGR5→EGFR/MAPK proliferation [124]

Orphan receptors

GPR30 G1 GPR30: upregulation
GPR30→cAMP/Ca2+

GPR30→EGFR→PI3K/
AKT/ERK

invasion,
metastasis [125]

GPR39 Obestatin GPR39: -
GPR39→EGFR/MMP→AKT

GPR39/β-
arrestin/Src→EGFR→AKT

proliferation [97]
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Table 1. Cont.

GPCRs Ligand Expression Mechanisms
Biological
Function

References

Class B receptors

Hormone receptors

Growth
hormone-
releasing
hormone

(GHRH) receptor
(GHRHR)

GHRH GHRHR: upregulation GHRHR→PAK1→
STAT3/NF-κB

proliferation,
inflammation [126]

Class C receptors

Ion receptors

Calcium-sensing
receptor (CaSR) calcium ions CaSR: upregulation CaSR→Ca2+/TRPV4/

β-Catenin

proliferation,
migration,
invasion

[127]

Amino Acid receptors

γ-Aminobutyric
acid (GABA)

receptor
GABA GABAA: upregulation

GABAB: - GABAA→ERK1/2 proliferation,
invasion [128]

Metabotropic
glutamate
receptors
(mGluRs)

Glutamate

mGluR5: upregulation
mGluR1/5 (group I): -
mGluR2/3 (group II): -
mGluR4/6/7/8 (group

III): -

mGluR5→ERK1/2 proliferation [129]

Adhesion receptors

ADGRE5 (CD97) CD55, α5β1
integrin, CD90 ADGRE5: upregulation ADGRE5→MAPK proliferation,

metastasis [130]

Class F receptors

Fizzled receptors WNT, lipoglyco-
proteins

FZD2/6/7: upregulation
FZD1/3/4/5/8/9/10: -

FZDs→Wingless/Int-1
(WNT) proliferation [131,132]

Smoothened
receptors (SMO) cholesterol, sterol Smo: upregulation SMO→HH proliferation,

invasion [131,133]

Viral receptors

EBV-encoded
vGPCR metal ion (Zn2+) BILF1: upregulation BILF1→MHC class 1 proliferation,

immune evasion [68,134]

3.1. Proliferation and Apoptosis

Mounting evidence has unveiled the multilayered crosstalk between GPCRs and
proliferation- and apoptosis-related signaling circuits. The representative ones involve
EGFR transactivation, MAPK cascades, the PI3K-AKT-mTOR pathway, and the Hippo
signaling pathway [21,135].

3.1.1. Transactivation in the EGFR and MAPK/ERK Pathway

GPCRs share many similarities with the tyrosine kinase receptors, such as EGFR
and the MAPK/ERK signaling pathways [136], in regulating cell proliferation. The EGFR-
mediated signaling pathway can be ligand-dependent or independent [137–139]. The “three
membrane-passing signal (TMPS)” model is an EGFR ligand-dependent route. The acti-
vated RTKs are triggered by activated GPCRs and subsequently activate the extracellular
signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) cascade. On the
other hand, GPCR-mediated Src activation contributed to EGFR phosphorylation more di-
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rectly. Both modes have been uncovered in GC. S1P could mediate the progression of GC via
Gi- and matrix metalloprotease (MMP)-independent c-Met- and EGFR-transactivation [113].
However, the S1P- or LPA-induced transactivation of ERBB2 (also known as HER2) re-
quired the activation of MMP and the tyrosine kinase activity of EGFR [110]. In addition,
the knockdown of the membrane-type bile acid receptor (M-BAR)/TGR5 suppressed
the deoxycholate (DC)-induced phosphorylation of EGFR, and DC transactivates EGFR
through M-BAR- and ADAM/HB-EGF-dependent mechanisms [124]. Infection with H.
pylori boosted the expression of interleukin-8 (IL-8), which promoted cell proliferation by
inducing EGFR transactivation [140]. Due to oncogenic activation and PGE2-EP4 path-
way induction, the ubiquitous overexpression of the EGFR ligands and Adams have been
identified in mouse gastric tumors [141]. PGE2-induced uPAR expression has also been
implicated in the activation of Src, c-Jun NH2-terminal kinase (JNK), extracellular signal-
regulated kinase (Erk), and p38 mitogen-activated protein kinase (p38 MAPK) [142,143].
GPCRs may also directly trigger MAPK cascades, establishing a connection between the
external stimuli and their effect factors. These effectors may be further subdivided into
four core categories: ERK1/2, JNK1-3, p38α-δ MAPKs, and ERK5. The LPAR2 inhibitor
suppressed the proliferative and migration abilities of GC cell line SGC-7901 through the
LPAR2/Gq11/p38 pathway, suggesting that LPAR2 might be a potential target for GC
treatment [112]. Protease-activated receptor family (PAR1-4) also exerted pro-carcinogenic
effects via the overactivated ERK1/2-MAPK pathway. For example, the reduction of EPCR
impeded PAR1 activation, thus resulting in the downregulation of phosphorylated ERK1/2
and the suppression of the proliferation and migration of GC tumor cells [144].

3.1.2. Activation of the PI3K-AKT-mTOR Pathway

PI3K is stimulated by the activated RTKs or GPCRs, ultimately leading to the syn-
thesis of PIP3 and the recruitment of oncogenic effectors such as the serine/threonine
kinase AKT. The PH domain in AKT permitted its binding with PIP3, contributing to the
membrane accumulation and subsequent phosphorylation at T308 and S473 by PDK1 and
mTORC2 [145]. Even though over 100 AKT substrates have been discovered in different
settings, the associated mechanisms for most substrates have not been fully delineated [145].
mTOR is one of the AKT subtracts that is well-established to promote biosynthetic processes
for cell growth. Since PI3K/AKT/mTOR signaling has also been identified as an ideal
drug target for gastric carcinoma, the regulators may have a role in improving treatment
design [146]. Indeed, some GPCRs have been proven to influence the activity of AKT in
GC cells, such as the leucine-rich repeat-containing receptor Lgr6, adenosine receptor A2a,
and the orphan receptor GPR39. Lgr6 was identified to empower GC cell proliferation by
activating the PI3K/AKT/mTOR pathway [109]. Another GPCR, adenosine receptor A2a,
was engaged in PI3K/AKT-regulated proliferation and migration in GC [123]. Additionally,
GPR39 provided GC cells with a growth advantage by boosting the activity of AKT in an
EGFR-dependent manner [97].

3.1.3. Regulation of the Hippo Pathway

The canonical Hippo pathway kinase cascade is a critical tumor suppressor pathway,
and its dysregulation has been widely implicated in organ size modulation and carcinogen-
esis [147]. The core components of the Hippo pathway are composed of STE20-like protein
kinase 1/2 (MST1/2) and large tumor suppressor 1/2 and the major functional output
Yes-associated protein 1 (YAP) and WW domain-containing transcription regulator protein
1 (WWTR1, also known as TAZ). Because there is a lacking DNA binding site in YAP/TAZ,
TEF1-4 (TEAD1-4) is characterized as a bona fide transcription enhancer factor [147,148].
GPCRs have been found to control the Hippo pathway positively and negatively as a sig-
nificant regulator of the intracellular pathway. The initial implication that GPCRs modulate
Hippo signaling through LATS1/2 came from the study in serum starvation cells [149].
Two components, LPA and S1P, have been identified as the effective factors in serum that
are responsible for YAP/TAZ activation through the recognition of the corresponding
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GPCRs. The LPA/S1P-mediated GPCR activation facilitates YAP/TAZ dephosphoryla-
tion via the G protein-cytoskeleton circuit. This study has laid the foundation for how
YAP/TAZ senses the diffusible extracellular signals. However, several questions have also
been raised after the initial discovery. Given that GPCRs constitute ~800 members and
each GPCR can be coupled to diverse G proteins [19], the integrated effects on YAP/TAZ
modulation remain elusive. The case can be more complicated when the dysregulation
of G proteins and GPCRs is frequently determined in cancers [54]. Moreover, different G
proteins stimulate the dephosphorylation of YAP/TAZ to various degrees. GPCRs can
trigger YAP/TAZ activation by interacting with Gα12/13, Gαi/o, and Gαq/11 or suppress
YAP/TAZ by binding with Gαs. However, which of these that Rho is involved with has not
yet been identified; it is also unclear how the actin cytoskeleton regulates Lats1/2 phospho-
rylation. Emerging findings have revealed how specific GPCRs may fine-tune YAP/TAZ in
given cellular surroundings [150]. The triggered LPA receptors have been demonstrated to
play crucial roles in activating YAP/TAZ, causing tumor progression in the colon, ovarian,
prostate, and breast [151,152]. The S1P-mediated S1P receptors contribute to hepatocellular
carcinoma by coupling to Gα12/13 and stimulating YAP [153], connecting GPCR signaling
to the Hippo pathway. Except for LPARs and S1PRs, the other GPCR-initiated signals can
influence YAP/TAZ activity, including polypeptides (Angiotensin II, Thrombin, glucagon,
etc.) [154,155], metabolites (purines, fatty acids, epinephrine, glutamate, etc.) [156,157],
and hormonal factors (estrogen, endothelin-1, etc.) [158,159]. These signals have been
widely indicated in human malignancies and are critical cell niche or microenvironment
components. Recent studies pointed out that the mesenchymal niche manipulated the
initiation of colorectal cancer by the rare peri-cryptal Ptgs2-expressing fibroblasts, and these
fibroblasts exhibited paracrine control over tumor-initiating stem cells via the PGE2-EP4-
Yap signaling axis [160]. The GPCR-Hippo crosstalk was also identified in GC stem-like
cells: PAR1 stimulated the Hippo-YAP pathway and affected invasion, metastasis, and
multidrug resistance [161]. As such, the GPCR regulation of YAP/TAZ has emerged as a
driver, or as a potential therapeutic target, in gastric neoplasia. However, another study
has found that AMOT, rather than Lats1/2, serves as the bridge between GPCR-mediated
cytoskeleton changes and YAP/TAZ modulation in uveal melanoma cells, with an acti-
vated mutation at Arg183 and Gly209 in GNAQ (encoding for Gαq) and GNA11 (encoding
for Gα11), respectively [85]. As a result, the findings provide novel explanations for the
alternations in actin dynamics induced by GPCR signals, which are somewhat different
from previous studies. Therefore, this warrants exploring the interplay between AMOT,
Lats1/2, and the actin cytoskeleton in GC, as the mechanic stress is context-dependent.

3.1.4. GPCR-Signaling Integration and Crosstalk with Other Pathways in GC

Besides the above signaling circuits, other pathways have also been linked to GPCR-
mediated oncogenicity in GC. These pathways involve the Notch pathway [162], hedgehog
(Hh) signaling [163], and the Wnt/β-catenin pathway [164]. The Hh pathway is crucial for
GC cell growth and cancer stem cell maintenance, and its activation has been highlighted
in diffuse-type GC [165,166]. Smoothened (Smo, a member of class F) and Gpr161 (an
orphan member) can function as positive and negative regulators in the Hh pathway,
respectively [167]. The Wnt/β-catenin pathway is involved in tissue homeostasis and em-
bryonic development. As Wnt (Wingless/Int1) stimulates the frizzled receptor (FZD, class F
GPCRs), both G-protein independent and dependent signaling can be established [164,168].

3.2. GPCRs-Driven Metastasis of GC

Metastasis is how cancer cells establish ‘bench-heads’ in other organs or anatomical
sites instead of the initial lesion, and it is responsible for more than 90% of cancer-related
mortality [169] (Figure 3A). The most prevalent sites for GC metastasis are the liver, lung,
bone, and lymph nodes [170]. Since Paget’s ‘seed and soil’ hypothesis laid the fundamental
basis for metastasis, many investigators have contributed to a better understanding of
the process. Several studies have identified the sequential multistep in GC metastasis:
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invasion into the surrounding tissue and the degradation of the basement membrane (BM),
intravasation into the blood vessels or lymphatic systems, survival and translocation to
distant tissues, extravasation into the foreign environment, and finally, colonization to
proliferate and form a macroscopic secondary neoplasm [170–172]. As the complexity and
relevance of metastasis have previously been widely reviewed, we will focus mainly on the
roles and mechanisms of GPCRs during the invasion, BM degradation, and angiogenesis
processes in GC.

Figure 3. GPCR-mediated metastasis and tumor microenvironment remodeling in GC. (A) The TME
of GC consists of blood vessels, lymph vessels, immune cells, stromal cells (including fibroblast,
pericytes, and adipocytes), extracellular matrix (ECM), and secreted soluble factors, such as proteins,
RNAs, and small organelles. (B) GPCRs control the process of angiogenesis and metastasis. GPCR
activation drives the production of stimulatory angiogenic factors like VEGF and EGF. These factors
promote the development of new blood vessels by modulating the mitogenesis, migration, and
sprouting of endothelial cells (ECs). Moreover, several GPCRs regulate the metastasis process by
influencing ECM, degrading the status of cancer cells (EMT, migration, and invasion), and colonizing
foreign sites. (C) Chemokine–chemokine receptors modulate immune responses. The chemokines are
secreted by tumor cells, immune cells, and stromal cells. The interaction of chemokine and specific
chemokine receptors recruits antitumor immune cells and immunosuppressive immune cells into the
tumor microenvironment.

3.2.1. Inducing Epithelial-Mesenchymal Transition (EMT), Migration, and Invasion

Epithelial-to-mesenchymal transition (EMT) is regarded as the initial step for invasion,
featuring a loss of cell polarity and integrity and the acquisition of motile mesenchymal
characteristics. The pathologic activation of the EMT program is primarily executed by
transcription factors (including SNAI1/2, TWIST1/2, and ZEB1/2) and microRNAs, ulti-
mately resulting in the accumulation of the genes associated with mesenchymal properties,
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such as vimentin, fibronectin, and N-cadherin [173]. Though the above-mentioned molec-
ular mechanisms are still lacking regarding GPCR-driven EMT in GC, GPCR signaling
dysregulation is still frequently connected to EMT, migration, and invasion processes via
dynamically regulating the downstream effectors and downstream cascades [174].

Although chemokines are tiny polypeptides (8-14kDa), they display pleiotropic effects
in cancers. The chemokine system comprises nearly 50 chemokines that bind to 20 different
chemokine receptors or four atypical chemokine receptors (ACKRs) [175]. This superfamily
is distinguished by a substantial degree of redundancy, inferring that these chemokines can
bind to different clusters of receptors and vice versa [176]. Intrinsic genetic or epigenetic
regulators governed their expression and environmental cues such as hypoxia, microbiota,
and metabolic [176]. For example, epigenetic regulator histone deacetylase 1 (HDAC1)
suppressed CXCL8 expression by antagonizing the active nuclear transcription factor
NF-κB [177]. Hypoxia has been revealed to induce the expression of CXCR4, CXCR7,
and CXCL12 in different cancer cells, with the binding sites of hypoxia-inducible factor 1
(HIF1) as the promoters of these genes [178–180]. In GC, the elevated CXCL8 concentration
was proved to be tightly correlated with the tumor stage instead of H. pylori infection,
as shown in previous studies [181–183]. Several clinical investigations have suggested
that the upregulation of chemokines and receptors was associated with GC pathogenesis,
indicating that the specific chemokines might serve as potential diagnostic and therapeutic
targets [184,185].

Chemokine receptors have attracted considerable attention due to their involvement
in GC metastasis. A notable correlation was found between CCR7 expression and gastric
carcinoma lymph node metastasis via stepwise regression analysis [186,187]. Strikingly,
about 67% of primary gastric tumors exhibited CXCR4-positive expression [188]. The
high concentration of the CXCR4 ligand CXCL12 has been validated in the malignant
ascitic fluids from peritoneal carcinomatosis, and elevated CXCL12 is tightly correlated
with the dissemination of GC cells to distant organs [188]. CXCL12-stimulated CXCR4
enhanced NF-κB and STAT3 signaling activation and, in turn, led to its transcriptional
upregulation, which formed a positive feedback loop. This loop is linked to EMT, migration,
and invasion in GC [189]. In response to CXCL12, CXCR4 also conferred the GC cell EMT
and metastasis process via stimulating mTOR and some well-known oncogenic kinases:
EGFR, SRC, or c-MET [190,191]. The crosstalk between TGF-β1 and the NF-κB pathway
was triggered by the CCL2-CCR2 axis, leading to EMT-related protein upregulation [192].
Besides, chemokine receptors also induced organ-specific metastasis. CXCR4 and CCR7 are
the primary receptors guiding the metastasizing cells, including GC cells [193]. Moreover,
the high levels of CCR9 in melanoma, breast, and ovarian cancer make them efficiently
translocate to the highly CCL25-expressing small intestine [194–196].

Many other GPCRs also govern the development of GC invasion. For example, GPER1
inhibition blocked EMT in GC cells by inhibiting the PI3K/AKT pathway [197]. Similar
regulation that is mediated by adenosine receptor 2 (A2aR) or GPR30 could also be observed
in GC [122,123]. In addition, the MAPK cascades were activated by the formyl peptide
receptor 2 (FP2R), S1P2R, muscarinic acetylcholine receptor 3 (M3R), P2Y receptors (P2YR),
and γ-Aminobutyric acid receptor A (GABAA), thus contributing to the invasion and
metastasis in GC [104,105,114,119,121,128]. Many other GPCRs have also been linked
to GC metastasis, while the underlying mechanisms are unknown. For instance, the
angiotensin II receptor type 1/2 (AT1R/AT2R) has been locally upregulated and indicated
to carry a much higher risk of nodal spread [101].

3.2.2. Degrading the Barriers to Invasion

BM, a specialized extracellular matrix (ECM), plays a critical role in normal epithelium
tissue architecture. BM disruption is a must for cancer cells leaving the primary location,
controlled by the balance between the expression of MMPs and their tissue inhibitors
(TIMPs) [198,199]. The expression of MMPs was upregulated by a histamine-H2 receptor
or Thrombin-PAR1 signaling [143]. H. pylori was reported to be crucial during the invasion
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by upregulating cyclooxygenase-2 (COX-2) through ATF2/MAPK stimulation. The COX-2
inhibitor or EP2 receptor antagonist repressed angiogenesis and tumor invasion via the
uPA system, which is a determinant factor in transforming the zymogen plasminogen into
plasmin for degrading the ECM constituents [200]. Furthermore, the bacterial pathogen
of H. pylori’s consistent infection manipulated a variety of extracellular proteases [201],
but the exact mechanisms need further exploration. The interactions between microbial
metabolites and GPCRs may provide new insights into the complicated process [202].

3.2.3. Driving Angiogenesis

Angiogenesis is the process of vessel splitting from pre-existing vessels and is essential
for tumorigenesis and progression, especially for those solid tumors exceeding 1–2 mm in
diameter, as it provides oxygen and nutrients [203,204]. Many GPCRs exerted pro-tumor
effects by promoting tumor-associated angiogenesis, notably Thrombin receptors, S1PRs,
lysophosphatidic acid receptors (LPARs), and Prostaglandin receptors (Figure 3B). PAR1
is necessary for physio-pathological angiogenesis since poor vasculature development
results in animal embryos dying after PAR1 deprivation. Thrombin-mediated PARs cleav-
age upregulates the transcription of many proangiogenic genes, such as VEGF and its
receptor VEGFR, MMP2, angiopoietin-2 (Ang-2), and others [99,100,205,206]. Moreover,
endothelial differentiation gene 1 (Edg1)/S1P1R is the first reported GPCR in blood vessel
formation. Furthermore, the intrauterine death of Edg1 ablation mice happened mainly
due to abnormal angiogenesis [207,208]. The Gα12/Gα13-coupled receptors LPA4 and
LPA6 synergistically regulate endothelial Dll4 expression through YAP/TAZ activation,
which mediates sprouting angiogenesis [209]. Moreover, H. pylori-induced VEGF upregula-
tion was activated through p38 MAPK COX2-PEG2-EP2/4 signaling [210]. Other orphan
receptors are also involved in tumor angiogenesis, such as KSHV-GPCR, GPR124, ELDT1,
and GPER [211].

3.3. Remodeling the Tumor Microenvironment (TME) to Promote Immune Escape

TME acts as a unique niche populated by multiple cell types (including cancer cells,
immune cells, and stromal cells), ECM, and diverse secreted factors (such as exosomes
and microRNAs) [212,213]. The altered TME landscape is related to tumor progression,
metastasis, and therapeutic responses [214]. Recently, the sophisticated TME infiltration
pattern of GC (termed as TMEscore) has been defined based on the assessment of 22
immune cell types and cancer-associated fibroblasts (CAFs), which were correlated with
genomic characteristics and pathologic features [212]. The biology and function of CAFs
have emerged as an area of active investigation and have been reviewed elsewhere [215,216].
The compositions of infiltrated immune cells within TME varied greatly, and one of the
most important mechanisms involved the chemokines and their receptors [176].

It is noteworthy that chemokines and chemokine receptors can be ubiquitously ex-
pressed in tumor cells, immune cells, and stromal cells [217]. Alternations in chemokines
and their receptors shaped the TME immune cell constitution and remodeled the immune
responses, some of which are hijacked by tumor cells to avoid immune surveillance and
elimination [218]. The antitumor immune responses were driven by the recruiting immune
cells, mainly including dendritic cells (DCs), CD8+ T cells, natural killer (NK) cells, and M1
macrophages. GC with a high CXCR3 expression level was shown to have increased DC
and T cell infiltration. The CXCR3/CXCL4 or CXCR3/CXCL4L1 axis is necessary to recruit
DCs as they elicit potent antitumor functions through substantially stimulating T cells and
activating the related humoral response [219,220]. Similarly, CXCR3 also plays a vital role
in CD8+ T cell infiltration that directly damages the tumor cells after being differentiated
into cytotoxic CD8+ T cells [221,222]. In addition, NK cells represent professional killer
cells, whose accumulation in the TME is the consequence of upregulated CXCL10 and
CXCL12 signaling through CCR7 or CXCR3 [223,224].
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On the other hand, chemokine signaling is also involved in the formation of immune-
suppressive TME, where tumors evolve to escape recognition and clearance. This process
has been largely linked to the infiltration of diverse protumor immune cell populations, such
as regulatory T (Treg) cells, the M2 macrophages, monocytic myeloid-derived suppressor
cells (M-MDSCs), and granulocytic (or PMN-) MDSCs [176,225]. CCL22, mainly produced
by tumor cells (or macrophage-mediated), causes an abundance of Treg cells in TME
via interacting with the receptor CCR4 on the surface of Treg. Another receptor, CCR10,
in Treg cells also facilitated their migration in response to CCL28 [226,227]. Moreover,
the nonpolarized macrophages (M0) originating from the recruited monocytes can be
differentiated into two main subtypes, M1 and M2 macrophages, exhibiting extremely
distinct functions toward cancers. These transitions depended on a large spectrum of
chemokine signals. Active monocyte recruitment required tumor-derived chemokine
releases, such as CCL2, CCL3, CCL4, CCL5, CCL20, and CCL18. Additionally, the blockade
of the CCL2-CCR2 circuit led to M2 macrophage accumulation, whereas CCL11 skewed
macrophages toward an M2 phenotype [228–233]. MDSCs were subdivided into two
major groups: polymorphonuclear MDSCs (PMN-MDSCs) and mononuclear MDSCs (M-
MDSCs). CXCR2 specifically mediated the migration of PMN-MDSCs to the tumor site by
binding with CXCL1/CXCL2/CXCL5, whereas the accumulation of M-MDSCs requires
CCL2-CCR2 interaction. Functionally, MDSCs employed diverse mechanisms to suppress
T cell functioning, mainly through releasing high levels of arginase 1 (Arg1), reactive
oxygen species (ROS), and nitric oxide (NO). Further research also suggested additional
mechanisms, including the upregulation of COX2 and PGE2 in these MDSCs [234,235]
(Figure 3C).

Other GPCRs are also involved in the regulations of immune responses. For example,
prostaglandin (PG) production can mediate inflammation through its cognate GPCR EP1-
EP4 (PTGER1-4). PGs, especially the PGE2, were produced by the cyclo-oxygenases COX-
1and COX-2, the inhibitors (nonsteroidal anti-inflammatory drugs (NSAIDs)) of which have
been utilized to comfort pains and reduce the incidence of a broad range of cancer types.
The role of PGE2 has been extensively studied for inducing inflammation by stimulating
other signaling pathways, including the Toll-like receptor (TLR)/MyD88 pathway [236],
Wnt, and EGFR signal [237]. PAR1-deficient mice infected with H. pylori may suffer from
severe gastritis due to lacking suppressing macrophage cytokine secretion and cellular
infiltration [238]. In addition, TGR5 antagonized gastric inflammation by inhibiting the
transcription activity of NF-κB signaling [239].

The involvement of GPCRs in immune remodeling is summarized in Table 2.

Table 2. Immune cell infiltration induced by chemokine and related receptors.

Cell Type Receptors Chemokines
Mechanisms Underlying

Recruitment
Effects on Tumor Cells after

Recruitment
References

Anti-tumoral immune cells

Dendritic
cell

CXCR3,
CXCR6

CXCL4,
CXCL1,

CXCL16,
CXCL17,
CCL20

IFN-γ-induced
chemokines production, H.

pylori involvement

The most potent professional
antigen-presenting cells,

activation of cellular immunity,
and T cell-dependent humoral

immunity

[219,220]

CD8 T cell CXCR3
CXCL9,

CXCL10,
CXCL11

CAFs-mediated IL6
secretion, tumor cell

chemokines secretion,
adhesion molecules
(ICAM-1, VCAM-1)

Differentiated into cytotoxic CD8+
T cells to destroy tumor cells or

memory CD8+ T cells to
recirculate in the blood

[221,222]
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Table 2. Cont.

Cell Type Receptors Chemokines
Mechanisms Underlying

Recruitment
Effects on Tumor Cells after

Recruitment
References

NK cell

CXCR1,
CXCR2,
CXCR4,

CX3CR1,
CCR5, CCR10

CXCL10,
CXCL12,
CCL21,

CX3CL1, CCL5,
CCL27

Chemokine signaling
regulated by HLA-G and

CD47; stromal barriers

Cytokine production and
cytotoxicity on tumor cells

through STAT3; regulating DC
maturation; modulating T cell

activity

[223,224]

M1
macrophage CCR2, CCR5 CCL2, CCL5

Disrupting NF-κB
signaling or interacting

with TNF-α;

High capacity to present antigens;
proinflammatory cytokines

(IL-1β, IL-1α, IL-12, TNF-α, and
GFAP) production; stimulation of

type-I T cell responses

[232,233]

Tumor-promoting immune cells

Treg CCR4, CCR10 CCL17, CCL22

Stimulation of JAK-STAT3
signaling pathway;

remodeling of gastric
microbiota by H.pylori.;

stimulation of DCs due to
H.pylori. infection

Suppressing CD4+ T cells, CD8+
cells, antigen-presenting cell

(APC), monocytes, and
macrophages; inhibitory

cytokines like IL10, IL35, and
TGF-β; inducing apoptosis by

perforin/ granzyme production

[226,227]

M2
macrophage

CCR2, CCR5,
CXCR3,
CXCR4

CCL2, CCL5,
CXCL9,
CXCR12

STAT3 activation;
PI3K/AKT/mTOR
signaling pathway

Growth factors (FGF, VEGF, and
IL-6) production; secreting

matrix-degrading enzymes and
cytokines

[230,231]

Monocytic
MDSC

CCR2, CXCR2,
CXCR4

CCL2, CXCL5,
CXCL12

IL-6 production,
JAK-STAT3 signaling,

High amounts of NO, Arg1, and
immune-suppressive cytokines;
suppression of nonspecific T cell

responses

[234]

Granulocytic
(or PMN-)

MDSC

CXCR1,
CXCR2

CXCL8,
CXCL1,

CXCL12,
CXCL5, CXCL6

HGF/TGF-β/MCP-1
production, JAK-STAT3
signaling, IRF-8, NF-κB

pathway, hypoxia

Large amounts of O2−, H2O2, and
PNT (ROS) production; blocking

T cell proliferation; depleting
entry of CD8+ T cells to tumors

[234,235]

4. Therapeutic Strategies for Targeting GPCRs in GC

Despite the improving clinical outcomes, advanced GC patients benefit little from tradi-
tional surgery or chemotherapy and suffer from painful lives [240]. Personalized medicine
and targeted therapy have been introduced to clinical applications for over two decades. For
instance, trastuzumab has been integrated into the treatment for HER2-expressing patients,
and ramucirumab has been utilized for VEGFR2-positive GC individuals [241]. Immune
checkpoint inhibitors (ICI) also have been investigated as a frontline treatment [242–245].
Meanwhile, biomarkers and novel targeted therapies have been intensely investigated for
advanced GC [246]. Substantial progress has been made by deciphering the functions of
GPCR members in GC progression. However, only a handful of drugs that target GPCRs
have been conducted in clinical trials for GC treatment (Table 3).
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Table 3. Drugs and antibodies against GPCRs in GC clinical trials [6,135,247].

Drug Name Targeted GPCRs Types of Drugs Tested Cancer Types Status NCT

Mogamulizumab CCR4 mAb
Cataneous/Peripheral T-cell

lymphoma; Adult T-cell
lymphoma

Phase I: complete NCT02946671

Vismodegib SMO small molecule Basal-cell carcinoma; Head
and neck cancer

Phase II: complete
Phase II: complete
Phase II: recruiting

NCT03052478
NCT00982592
NCT02465060

Sonidegib SMO small molecule Basal-cell carcinoma Phase I: recruiting
Phase I: complete

NCT04007744
NCT01576666

Lutathera
(Lutetium Lu 177

dotatate)
SSTR peptide

Gastroenteropancreatic
neuroendocrine tumors

(GEP-NETs)
Most on recruiting

NCT04949282
NCT04727723
NCT04609592
NCT04524442
NCT02736500
NCT02489604
NCT04614766
NCT01860742

Lanreotide SSTR peptide Advanced prostate cancer Phase III:
recruiting

NCT04852679
NCT03043664
NCT03017690
NCT02730104
NCT02736448

In order to accelerate the GPCR-targeted drug development for GC, many groups
have identified potent compounds to inhibit or enhance the activity of GPCRs. However,
the structures are only available for small partial GPCRs (~50 GPCRs), and 54% of GPCRs
are orphans that are under-exploited. Machine learning approaches may be employed for
predicting the interaction between immersed compounds and GPCRs based on established
high-quality structural models [248]. With the evolving knowledge of GPCR pathways,
we will be able to identify more effective drugs in formats, tissue-specific drug delivery
systems, and appropriate treatment periods. Small molecules are the most prevalent
GPCR modulators, while biologics are receiving more and more attention because of their
versatility and specificity [249]. Antibodies, including antibody fragments and variable
antibody domains, function with great penetration traits and are attracting considerable
interest in drug development. Downregulated targeted GPCRs via RNA interference
(RNAi) can represent potential approaches to gene therapy [250].

More efficient drug delivery systems with enhanced solubility and stability, lower
dosages, and less toxicity have been developed, such as nanomaterials, nanocarriers,
nanoconjugation, and nanoencapsulation techniques [251,252]. Furthermore, several solid
tumors have well-established patient-derived xenografts (PDX) and xenograft-derived
organoid models. These preclinical platforms recapitulated the genotypic and phenotypic
landscape, endowed with a high predictive value for high-throughput drug screening.
Nevertheless, they still have limitations, such as intratumor heterogeneity, compromised
immune systems, and diverse tumor environments in GC [253].

5. Summary and Future Perspectives

GPCRs govern multiple signaling pathways and regulate GC development in various
aspects. The heterogeneous and complicated characteristics of GPCRs contribute to GC
heterogeneity and result in the current untimely diagnosis and inefficiency of therapeutic
applications. Not only can GPCRs transduce the extracellular changes to the intracellular
signaling circuits, but the conformational changes of GPCRs can also continuously influence
intracellular events. Aberrant GPCR activation and mutated GPCRs/G proteins can fuel
cancer cell proliferation, migration, invasion, angiogenesis, and metastasis. In addition,
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the dysregulation of GPCRs affords advantages for immunosuppressive TME and drug
resistance to malignancies.

Although much progress has been made on novel biomarker identification and molec-
ular mechanism investigation, the current GPCR-based diagnosis and therapy in GC are far
from clinically available. It is urgent that GPCR signaling-targeted therapy be developed.
In future studies, several issues need to be addressed. First, as the mutation rates of GPCRs
and G proteins are prominent in some cancer types, the development of small molecules
that target the driver mutations is urgent. Second, because of the heterogeneity of the cancer
cells and tumor microenvironment, we need to comprehensively appraise the activation of
GPCR signaling and its crosstalk by using cutting-edge techniques such as scRNA-seq or
scDNA-seq. Last but not least, more preclinical models based on patient-derived samples,
such as organoids or xenografts, need to be developed to evaluate the efficacies and side
effects of the screened drugs. With the deep investigation of the molecular mechanisms
of GPCR signaling and the multicenter clinical trials, more therapeutic strategies will be
delivered for targeting GPCR signaling, which will benefit GC patients.
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Simple Summary: This study focused on understanding the potential use of Aloe secundiflora (AS)
extracts in managing colorectal cancer (CRC). As colon tumors present complex challenges, the
research aimed to assess how the AS methanolic extracts impacted the expression of specific genes
related to CRC, namely CASPS9, 5-LOX, Bcl2, Bcl-xL, and COX-2. The results demonstrated that the
AS extracts, when applied to CRC cell lines, effectively upregulated CASPS9 expression, promoting
apoptosis in a dose-dependent manner. Simultaneously, the extracts downregulated the expressions
of 5-LOX, Bcl2, and Bcl-xL, crucial in curbing cancer progression. The study suggests that using AS
extracts and methanol as an extraction solvent could be beneficial in managing CRC. Furthermore,
the researchers recommend exploring the specific metabolites in AS involved in these pathways to
better understand how they impede the development and spread of CRC. This research provides
promising insights into potential natural treatments for colorectal cancer, offering hope for improved
therapies in the future.

Abstract: Colon tumors have a very complicated and poorly understood pathogenesis. Plant-based
organic compounds might provide a novel source for cancer treatment with a sufficient novel mode
of action. The objective of this study was to analyze and evaluate the efficacy of Aloe secundiflora’s (AS)
methanolic extracts on the expression of CASPS9, 5-LOX, Bcl2, Bcl-xL, and COX-2 in colorectal cancer
(CRC) management. Caco-2 cell lines were used in the experimental study. In the serial exhaustive
extraction (SEE) method, methanol was utilized as the extraction solvent. Upon treatment of CASPS9
with the methanolic extracts, the expression of the genes was progressively upregulated, thus, dose-
dependently increasing the rate of apoptosis. On the other hand, the expressions of 5-LOX, Bcl2,
and Bcl-xL were variably downregulated in a dose-dependent manner. This is a unique novel study
that evaluated the effects of AS methanolic extracts in vitro on CRC cell lines using different dosage
concentrations. We, therefore, recommend the utilization of AS and the application of methanol as
the extraction solvent of choice for maximum modulatory benefits in CRC management. In addition,
we suggest research on the specific metabolites in AS involved in the modulatory pathways that
suppress the development of CRC and potential metastases.

Keywords: molecular mechanism; colorectal cancer; genome modulatory pathways; tumor microen-
vironment; phytotherapeutic effects

1. Introduction

1.1. Background Information on Colon Cancer and Prevention Approaches

In the developed world, colon cancer is currently the third leading cause of cancer-
related fatalities [1]. In general, cancer is the second leading cause of death, behind
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cardiovascular disorders [2]. The pathophysiology of colon tumors is very complex and
poorly understood. On the other hand, the process of its onset has been linked to the
interactions between risk factors such as lifestyle, inheritance, and environmental factors,
among other identified causes [3,4]. Understanding the processes that swiftly proliferating
malignant cells utilize to regulate their metabolism can help scientists create more effective
cancer treatments [5].

To investigate and identify efficient bioactive compounds that can destroy malignant
cells without harming or killing healthy cells has a huge impact in human medicine [6].
Due to this, management utilizing plant-based dietary supplements is beginning to re-
ceive attention as the most efficient way to lower the burden of colon-cancer-associated
mortality [7]. Organic components found in plants may offer a fresh source for cancer
treatment with a sufficiently revolutionary method of action [8]. Plant extracts have been
shown to exhibit astounding therapeutic activities to treat a variety of infectious diseases,
in contrast to synthetic pharmaceuticals, which are frequently observed as being associated
with serious drawbacks [9].

Because of Africa’s diversity and abundance of aloe species, these plants are commonly
used as a source of phytotherapeutic medication to improve human health and welfare.
There are 500 species of Aloe L. (Asphodeloideae), a genus of flowering succulents that
includes trees, shrubs, and perennials [10]. The largest genus in the Asphodelaceae family,
Aloe, has over 400 species that range in size from tiny shrubs to enormous trees and are
distributed throughout dry regions of Africa, India, and other places [11]. In South Africa,
there is the greatest variety of Aloe. The two primary ingredients are Aloe exudates and
Aloe leaf gel. Exudates come from the inner epidermal layers, while parenchymatous cells
are the source of the gel. The exudates are primarily a combination of phenolic chemicals,
whereas the gel is primarily composed of polysaccharides [12]. In nations such as Ethiopia,
Sudan, Kenya, and Tanzania, wide grasslands and bushlands are home to numerous AS
(Asphodelaceae) bushes. Aloe engleri, Aloe marsabitensis, and Aloe floramaculata are all
synonyms of AS [12]. In our previous research [10], we postulated the potential effects of
A. secundiflora’s active metabolites in colorectal cancer management. In the current study,
we substantiate the claims postulated using specific genes present in human cells.

1.2. Phytoconstituent Biomolecules Present in A. secundiflora

Studies on the phytochemical and pharmacological activities of Aloe species have
led to the discovery of various active compounds. In past decades, herbalists have used
them to treat a range of diseases [11]. Most of the biologically active substances found
in Aloe originate as anthraquinones naturally [13], as we have previously reported [10].
Terpenes, flavonoids, and tannins have been identified in the leaves (Table 1), according
to preliminary phytochemical analysis [14], while naphthoquinones have been identified
in the roots [15]. Anthraquinones, which are structurally related to anthracene [16], are
primarily composed of Anthracenedione (9,10-anthracenedione). They are sometimes
referred to as 9,10-dioxoanthracene. Anthraquinones typically occur in their glycosidic
state [10]. These elements constitute the pigmentation that gives plants their hue, and they
are commonly employed as natural dyes [16]. Aloin (AL) is employed in pharmacotherapy
for a variety of purposes, one of which is as a laxative [17]. In both in vivo and in vitro
experimental settings, AL was shown to be beneficial in lowering tumor angiogenesis and
development by blocking STAT3 activation in CRC cells [18].

In the current study, we demonstrate the activity of AS in regulating the expression of
CASPS9, 5-LOX, Bcl2, Bcl-xL, and COX-2 genes associated with colon carcinogenesis. In
addition, HPRT1 was employed as a housing keeping gene for internal control. CASPS9,
the primary enzyme in the mitochondrial caspase pathway, plays a critical role in medi-
ating apoptosis control [22,23]. The relationship between CASPS9 and CRC is currently
undetermined in a tangible and substantial manner. Its correlation with clinicopathological
characteristics and longevity may provide insightful data that can be used to estimate
survival and choose additional treatment options [24]. While the exact sequence of events
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relating cancer development to 5-LOX gene expression is equally unknown, it is clear
that 5-LOX expression is occasionally increased during neoplastic transformation [25].
LOX inhibitors decrease cancer cell proliferation in both in vivo and in vitro experiments
and cause death through mitochondrial induction [26,27]. Targeted modulatory strategies
call for knowledge of CASPS9, 5-LOX, Bcl2, Bcl-xL, and COX-2 for effective CRC medical
intervention. This is a unique novel study that evaluated the effects of AS methanolic
extracts in vitro on CRC cell lines at different dosage/concentration levels. We do, however,
support additional research into the specific AS metabolites implicated in the modulatory
pathways that prevent the growth of CRC and potential metastases.

Table 1. Phytoconstituent biomolecules present in A. secundiflora [10].

Plant
Phytoconstituents Present

in Roots
Phytoconstituents Present

in Leaves
Ref.

Aloe secundiflora

Anthraquinones
(Chrysophanol,

Helminthosporin,
Aloe-emodin,

Aloesaponarin II, and
Aloesaponarin I), laccaic
acid D, methyl ester, and

asphodelin.
Naphthoquinones

(5-hydroxy-3,6-dimethoxy-
2-methylnaphthalene-1,4-

dione and
5,8-dihydroxy-3-methoxy-
2-methylnaphthalene-1,4-

dione)

Phenols such as anthrones
(aloenin, aloenin B,

isobarbaloin, barbaloin,
and other aloin

derivatives), chromones
and phenylpyrones,
Alkaloids, Saponin,
Tannins, Flavonoids

(nthoxanthins, flavanones,
flavanols, flavans, and

anthocyanidin), Steroids,
Cardiac Glycosides,

Aloeresin,
Anthraquinones Aloin,

Hydro-xyaloins,
Polyphenols, and

Terpenoids

[14–16,19–21]

2. Materials and Methods

2.1. Colorectal Cancer Cell Lines (Caco-2 Cell Lines)

The Caco-2 cell lines were purchased from American Type Culture Collection (ATCC)
and directly delivered to our laboratory (Department of Public Health) by the University
of Pecs’ Department of Biochemistry and Medical Chemistry. This type of cell line is
ideally suited to be employed in studies on cancer and cytotoxicity and serves as a superb
transfection carrier. In conformance with the supplier’s guidelines, the Caco-2 cell lines
were preserved until use [28].

2.2. Plant Extract Extraction Using Methanol and Region of Acquisition

Shade-dried leaves were pulverized into a fine powder. Methanol was used in the
serial exhaustive extraction (SEE). One thousand grams of AS plant organs were placed in
a flask and extracted for 3 days with methanol with frequent shaking to adequately extract
phytoconstituents. The crude solvent extracts were dechlorophyllated after being filtered
via Whatman filter paper with varying pore diameters (Nos. 4 and 1). This technique was
performed three times until all soluble elements were extracted completely [29]. The filtrate
was concentrated using a rotavapor apparatus paired to a vacuum pump, a condenser
apparatus to recover the solvent, and a round-bottomed flask at a temperature of 50 ◦C. In
order to allow the samples to air dry, the concentrated solution was placed in small glass
universal bottles and covered with perforated aluminum foil [12]. The dried solvent-free
metabolites were stored in tightly sealed sample bottles with parafilm tape in a desiccator
at 4 ◦C in a fridge until use [30]. The identified plant organs were collected from Kampi ya
Moto in Rongai constituency, Nakuru County, Kenya and located at 0.1244◦ S, 35.9431◦ E,
GPS coordinates. The annual temperature in the district is 18.75 ◦C (65.75 ◦F), which is
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−3.75% lower than the national average for Kenya. Furthermore, 118.62 mm (4.67 inches)
of precipitation and 221.53 days of rain are typical yearly totals for Kampi Ya Moto.

2.3. Dissipation of Plant Extracts in DMSO

Dimethyl sulfoxide (DMSO) is a multipurpose solvent that is used in toxicology and
pharmacology to improve medication delivery, dissolve various pharmaceuticals, and
dissolve plant extracts [31]. It served as a suspending medium for water-insoluble crude
plant extracts, as well as an inert diluent. A stock solution of 30 mg/mL was created using
0.5% DMSO and double-distilled phosphate buffer saline (ddPBS) as the dissolving and
diluent solvents. The final Caco-2 cell line concentrations of 2 mg/mL, 1 mg/mL, and
0.5 mg/mL were then made using the stock solution.

2.4. Passaging Caco-2 Cell Lines for Bioassays

The lamina hood, which was kept sterile, was carefully placed over the petri dish or
flask holding the Caco-2 cells. The utilized medium was sucked out after the dish or flask
was opened. PBS was used twice to wash it. After pouring PBS-EDTA over the area, it
was set aside for a while. It was then cautiously and softly sucked. To separate and detach
the Caco-2 cells from clumps and the surface, respectively, 2 mL of trypsin was applied.
Trypsin was applied to the surface by gently swiping the dish side to side across it. For five
minutes, the dish was placed in the thermostat. The dish was removed after 5 min, and
following a successful visible detachment, the Caco-2 medium was carefully added to it.
The Caco-2 cells are adherent and have a propensity to stick to surfaces. The dish’s whole
contents were sucked into a tube and centrifuged for five minutes at 125 rpm. The Caco-2
cells stayed at the tube’s bottom as the supernatant was sucked away. A pipette was used
to gently disrupt the cells by sucking up and down while adding fresh media into the tube.
The suspension was divided into fresh dishes, the medium was added, and the thermostat
for growth was then turned on. The confluence was watched until it reached 70–80% so
that it could be treated.

2.5. Exposure of Caco-2 Cell Lines to Solvent Extracts

Various quantities of the extract solutions (0.5 mg/mL, 1 mg/mL, and 2 mg/mL) were
applied to 200 μL of passed Caco-2 cell lines that were refilled with new Caco-2 medium.
Following that, the treated cells were incubated at 37 ◦C for 36 h. The condition of the
cells was examined under a light microscope following the incubation period. The typical
cell-doubling time of cancer cell lines, which is between 36 and 48 h, was used for the
estimation of the duration of the exposure (36 h). Treatments were administered to the cells
at concentrations ranging from 0.5 mg/mL at the lowest point to 2 mg/mL at the highest
point to test the cells’ dose and time responsiveness. This allowed us to identify and analyze
the pharmacological modulatory effects of the treatments with the greatest accuracy. The
growth and potential biological impacts of exposure were assessed every 12 h.

2.6. Isolation of RNA

The media was removed from the cell cultures, trypsin-EDTA was applied, and they
were then washed twice with PBS. After centrifuging, the cell suspension was pipetted
into a 4 cm3 centrifuge tube. ExtraZol Tri-reagent solution diluted to 1 cm3 was added and
allowed to sit at room temperature for 5 min. Chloroform 0.2 cm3 was added. The sample
was centrifuged at 12,000× g for 10 min at 2–8 ◦C after a 2–3 min incubation period. A clean
tube was used to transfer the aqueous phase. Isopropyl alcohol (0.2 cm3) was added. The
sample was centrifuged once more at 12,000× g for 10 min at 2–8 ◦C after being incubated
for 10 min.

The RNA precipitate is frequently invisible prior to centrifugation but produces a
gel-like pellet at the tube’s bottom following centrifugation. The supernatant was removed
before washing the RNA pellet with 1 cm3 of 75% alcohol. The pellet was then centrifuged
at 7500× g for 5 min at 2–8 ◦C after vortexing. The pellet was dried after the supernatant
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was drained off. It was then dissolved in 50–100 L of DEPC water, which is RN-ase free.
After being vortexed, the sample was incubated for 10 min at 55 ◦C. Before usage, the
isolated total RNA was kept at −80 ◦C.

2.7. Protocol and Equipment Used for qRT-PCR (SYBR Green Protocol)

Nucleic acid quantification is sensitive, specific, and repeatable with real-time quantita-
tive PCR. According to the manufacturer’s instructions, one-step PCR was carried out using
the One-Step Detect SyGreen Lo-ROX one-step RT-PCR kit (Nucleotest Bio Ltd. PB25.11–12)
on a 96-well plate using a LightCycler 480 qPCR platform. The thermal program was set
up as follows: 45 cycles of 95 ◦C for 5 s, 56 ◦C for 15 s, and 72 ◦C for 5 s, with a fluorescence
readout being obtained at the conclusion of each cycle. The sample was incubated at 42 ◦C
for 5 min, followed by incubation at 95 ◦C for 3 min. A melting curve analysis (95 ◦C—5 s,
65 ◦C—60 s, 97 ◦C) was performed after each run to validate amplification specificity. The
reaction mixture was as follows: 10 l Master Mix, 0.4 l RT Mix, 0.4 l dUTP, 0.4 l primers,
and 5 l mRNA template added to a total volume of 20 l of sterile double-distilled water.
Integrated DNA Technologies (Bio-Sciences) created the primers, and Primer Express™
Software v3.0.1 was used to create the sequences (Table 2).

Table 2. Forward and reverse primer sequences adopted and applied in the experimental study.

Primer ID Forward Primer Reverse Primer

COX-2 CGGTGAAACTCTGGCTAGACAG GCAAACCGTAGATGCTCAGGGA

5-LOX GGAGAACCTGTTCATCAACCGC CAGGTCTTCCTGCCAGTGATTC

Bcl2 ATCGCCCTGTGGATGACTGAGT GCCAGGAGAAATCAAACAGAGGC

Bcl-xL GCCACTTACCTGAATGACCACC AACCAGCGGTTGAAGCGTTCCT

Casp9 GTTTGAGGACCTTCGACCAGCT CAACGTACCAGGAGCCACTCTT

HPRT1 TGCTTCTCCTCAGCTTCA CTCAGGAGGAGGAAGCC

2.8. qRT-PCR Result Analysis

The Cp numbers used to express the PCR findings represent the intersection of the
amplification curve and the threshold value. Using the 2-Cp (Livak method) and the Cp
values, the fold changes of the target genes from the control sample were calculated [32].

2.9. Data Analysis

IBM SPSS 26.0 (IBM Corp. Released 2019. IBM SPSS Statistics for Windows, Version
26.0. Armonk, NY, USA: IBM Corp) and MS Excel (Microsoft Corp., released in 2013,
Redmond, WA, USA) were used to calculate the statistical analysis. IBM SPSS Statistics for
Windows, version 26.0.3. From the collected data, the normality analysis was conducted
using the Kolmogorov–Smirnov test, and the means of the relevant variables were then
compared using the ANOVA test. If the results were significant at the 95% confidence level,
the p value was p ≤ 0.05.

3. Results

3.1. Upregulatory Effects of AS Extracts on CASPS9 Expression

When the CASPS9 genes were treated with AS’s leaf extracts, apoptosis was observed
to gradually occur upon exposure. Of interest, the increased optimal activity of apoptotic
expressions was observed at a dosage concentration of 1 mg/mL. However, the apoptotic
activity diminished and was at minimum in a concentration of 2 mg/mL. Observably, the
expressions of CASPS9 were progressively upregulated in a dose-dependent manner on
exposure to the treatment extracts. In addition, the effects were statistically significant
(p < 0.001), (Figure 1, Tables 3 and 4).
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Figure 1. Gradual upregulatory activities were observed in CASPS9 after treatment with AS leaf ex-
tracts, as clearly shown in sub-figures (a,b). The regulatory characteristics were statistically significant.

Table 3. Post hoc computed test analysis of multiple relationships showing the targeted gene
expressions at increasing concentrations (Tukey HSD, multiple comparisons a).

Dependent
Variable

(I) Conc (J) Conc
Mean

Difference (I–J) Std. Error Sig.
95% Confidence Interval

Lower Bound Upper Bound

COX2

0.00
0.50 −0.0011000 0.0050780 0.996 −0.017362 0.015162
1.00 −0.0030333 0.0050780 0.930 −0.019295 0.013228
2.00 −0.0018333 0.0050780 0.983 −0.018095 0.014428

0.50
0.00 0.0011000 0.0050780 0.996 −0.015162 0.017362
1.00 −0.0019333 0.0050780 0.980 −0.018195 0.014328
2.00 −0.0007333 0.0050780 0.999 −0.016995 0.015528

1.00
0.00 0.0030333 0.0050780 0.930 −0.013228 0.019295
0.50 0.0019333 0.0050780 0.980 −0.014328 0.018195
2.00 0.0012000 0.0050780 0.995 −0.015062 0.017462

2.00
0.00 0.0018333 0.0050780 0.983 −0.014428 0.018095
0.50 0.0007333 0.0050780 0.999 −0.015528 0.016995
1.00 −0.0012000 0.0050780 0.995 −0.017462 0.015062

Lox5

0.00
0.50 0.2052000 * 0.0596828 0.036 0.014075 0.396325
1.00 0.2887667 * 0.0596828 0.006 0.097641 0.479892
2.00 0.3763333 * 0.0596828 0.001 0.185208 0.567459

0.50
0.00 −0.2052000 * 0.0596828 0.036 −0.396325 −0.014075
1.00 0.0835667 0.0596828 0.533 −0.107559 0.274692
2.00 0.1711333 0.0596828 0.080 −0.019992 0.362259

1.00
0.00 −0.2887667 * 0.0596828 0.006 −0.479892 −0.097641
0.50 −0.0835667 0.0596828 0.533 −0.274692 0.107559
2.00 0.0875667 0.0596828 0.497 −0.103559 0.278692

2.00
0.00 −0.3763333 * 0.0596828 0.001 −0.567459 −0.185208
0.50 −0.1711333 0.0596828 0.080 −0.362259 0.019992
1.00 −0.0875667 0.0596828 0.497 −0.278692 0.103559

109



Cancers 2023, 15, 5002

Table 3. Cont.

Dependent
Variable

(I) Conc (J) Conc
Mean

Difference (I–J) Std. Error Sig.
95% Confidence Interval

Lower Bound Upper Bound

Bcl2

0.00
0.50 −0.0001333 0.0007605 0.998 −0.002569 0.002302
1.00 0.0003333 0.0007605 0.970 −0.002102 0.002769
2.00 0.0014333 0.0007605 0.306 −0.001002 0.003869

0.50
0.00 0.0001333 0.0007605 0.998 −0.002302 0.002569
1.00 0.0004667 0.0007605 0.925 −0.001969 0.002902
2.00 0.0015667 0.0007605 0.244 −0.000869 0.004002

1.00
0.00 −0.0003333 0.0007605 0.970 −0.002769 0.002102
0.50 −0.0004667 0.0007605 0.925 −0.002902 0.001969
2.00 0.0011000 0.0007605 0.508 −0.001335 0.003535

2.00
0.00 −0.0014333 0.0007605 0.306 −0.003869 0.001002
0.50 −0.0015667 0.0007605 0.244 −0.004002 0.000869
1.00 −0.0011000 0.0007605 0.508 −0.003535 0.001335

Bcl-xL

0.00
0.50 −0.7222000 0.4281958 0.389 −2.093434 0.649034
1.00 −0.2432333 0.4281958 0.939 −1.614467 1.128000
2.00 0.0371000 0.4281958 1.000 −1.334134 1.408334

0.50
0.00 0.7222000 0.4281958 0.389 −0.649034 2.093434
1.00 0.4789667 0.4281958 0.689 −0.892267 1.850200
2.00 0.7593000 0.4281958 0.351 −0.611934 2.130534

1.00
0.00 0.2432333 0.4281958 0.939 −1.128000 1.614467
0.50 −0.4789667 0.4281958 0.689 −1.850200 0.892267
2.00 0.2803333 0.4281958 0.911 −1.090900 1.651567

2.00
0.00 −0.0371000 0.4281958 1.000 −1.408334 1.334134
0.50 −0.7593000 0.4281958 0.351 −2.130534 0.611934
1.00 −0.2803333 0.4281958 0.911 −1.651567 1.090900

CASPS9

0.00
0.50 0.8094667 * 0.1002133 0.000 .488548 1.130385
1.00 0.7833000 * 0.1002133 0.000 .462382 1.104218
2.00 0.7052000 * 0.1002133 0.000 .384282 1.026118

0.50
0.00 −0.8094667 * 0.1002133 0.000 −1.130385 −0.488548
1.00 −0.0261667 0.1002133 0.993 −0.347085 0.294752
2.00 −0.1042667 0.1002133 0.732 −0.425185 0.216652

1.00
0.00 −0.7833000 * 0.1002133 0.000 −1.104218 −0.462382
0.50 0.0261667 0.1002133 0.993 −0.294752 0.347085
2.00 −0.0781000 0.1002133 0.862 −0.399018 0.242818

2.00
0.00 −0.7052000 * 0.1002133 0.000 −1.026118 −0.384282
0.50 0.1042667 0.1002133 0.732 −0.216652 0.425185
1.00 0.0781000 0.1002133 0.862 −0.242818 0.399018

* The mean difference is significant at the 0.05 level; a treatment = methanolic leaf extracts.

Table 4. Statistical analysis of the effects of methanolic leaf extracts on the targeted genes.

Target Genes Sum of
Squares

df
Mean

Square
F Sig.

COX2
Between Groups 0.000 3 0.000 0.126 0.942
Within Groups 0.000 8 0.000

Total 0.000 11

Lox5
Between Groups 0.233 3 0.078 14.554 0.001
Within Groups 0.043 8 0.005

Total 0.276 11

Bcl2
Between Groups 0.000 3 0.000 1.748 0.235
Within Groups 0.000 8 0.000

Total 0.000 11

Bcl-xL
Between Groups 1.100 3 0.367 1.333 0.330
Within Groups 2.200 8 0.275

Total 3.300 11

Caspase9
Between Groups 1.338 3 0.446 29.603 0.000
Within Groups 0.121 8 0.015

Total 1.458 11
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3.2. Downregulatory Effects of AS Extracts on 5-LOX Expression

After the 5-LOX genes were treated with AS extract, a characteristic decrease in
expression was gradually observed across the varying concentrations of exposure. An
optimal mechanism of action resulting in a high decrease in expression was seen to occur at
a concentration of 0.5 mg/mL. While the mechanism of action steadily increased at a dose
of 2 mg/mL, very little transcriptional activity was seen at a concentration of 1 mg/mL.
It is appropriate to state that the downregulatory effects in this investigation were dose
dependent. The analysis yielded statistically significant findings (Figure 2, Tables 3 and 4).

Figure 2. Downregulatory effects were observed in 5-LOX upon treatment with AS leaf extracts, as
clearly shown in sub-figures (a,b). The modulatory expressions were statistically significant. (a) Box
plot, (b) mean plot.

3.3. Downregulatory Effects of AS Extracts on Bcl2 Expressions

In all treatment concentrations, the decreased expression of Bcl2 was observed to
be dose-dependent. Even though the statistical output was not statistically significant
(p = 0.235), the extract treatments exhibited significant downregulatory effects required to
stimulate inhibitory cellular growth effects, as shown in Figure 3, Tables 3 and 4.

Figure 3. Downregulatory properties recorded in Bcl2 after treatment with AS leaf extracts. Sub-
figures (a,b) represent the box and mean lots, respectively.
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3.4. Downregulatory Effects of AS Extracts on Bcl-xL Gene Expressions

The downregulatory effects were progressively dose-dependent with optimal activities
observed at 0.50 mg/mL (Figure 4). The treatments exhibited significant modulatory and
beneficial properties as required to stimulate downregulation. The downregulatory effects
were sufficient to elicit beneficial inhibitive properties (Tables 3 and 4).

Figure 4. Downregulatory properties recorded in Bcl-xL after treatment with AS leaf extracts. Sub-
figures (a,b) represent the box and mean lots, respectively.

3.5. Downregulatory Effects of AS Extracts on COX-2 Expression at High Concentrations

When the Caco-2 cell lines were treated with methanolic leaf extracts, the COX-2 genes
were modulated variably with an increasing dosage across the concentration gradients.
Notably, at a low concentration, the extract products stimulated upregulation of COX-2
genome expression. However, downregulatory effects were observed at high concentrations
(2.0 mg/mL), indicating potential optimal benefits at a high dosage concentration, as
exhibited in (Figure 5). In summary, the concentration of AS extract treatment poses a direct
impact on molecular activities, resulting in relative changes in gene expression (Figure 6,
Tables 3 and 4).

Figure 5. Varied regulatory properties observed in COX-2 after treatment with AS leaf extracts.
Sub-figures (a,b) represent the box and mean lots, respectively.
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Figure 6. A summarized mechanistic schematic presentation of CASPS9, 5-LOX, Bcl2/Bcl-xL, and
COX-2 relative expressions with increasing AS extract concentration.

4. Discussion

4.1. Phytotherapeutic Effects of AS Leaf Extracts on CASPS9 Expression

An essential mediator in the regulation of apoptosis is CASPS9, the starter of the
mitochondrial caspase cascade. These enzymes (Caspases) are a component of a cascade
that is triggered by pro-apoptotic cues and causes the fragmentation of cells, as well
as the dissociation of many peptides. For the aim of medical treatment, it is essential to
selectively modulate apoptosis [22,23]. In a variety of biological events, apoptosis is a crucial
physiological process that involves the selective elimination of cells [33]. According to some
of the research, inhibiting spontaneous apoptosis raises the risk of developing cancer [34,35].
Similarly, it has been noted that a lower rate of apoptosis is strongly associated with a
higher frequency of colorectal adenoma [36]. Aloin was shown to significantly decrease
tumor sizes and weight in mice xenografts while inducing apoptosis and lowering tumor
cell viability in vitro [18]. It was demonstrated that natural plant-based constituents found
in AS, such as flavonoids [37], terpenoids, tannins [38], and saponins [39–41], can cause
and enhance apoptosis via a caspase-dependent cascade. In addition to their powerful
anti-inflammatory, anti-tumor, anti-mutagenic, and antioxidant characteristics, flavonoids
also have the capacity to regulate key cellular enzyme functions [42]. The findings of this
study showed that methanolic extracts demonstrated high efficacy with significant activity
in the upregulation of CASPS9 in a dose-dependent manner. The increased upregulation of
CASPS9 resulted in decreased tumor development and, thus, an important breakthrough in
CRC growth inhibition. The capacity to cause apoptosis in gastrointestinal epithelial cells
is one potential chemo-prevention technique [35]. Cancer incidence has been postulated
to increase when spontaneous apoptosis is suppressed [34,35]. Similar findings have been
made regarding the relationship between colorectal adenoma prevalence and apoptosis [36].
One of the prospective chemoprevention techniques is the ability to cause apoptosis in
epithelial cells with gastrointestinal origin [35]. For this reason, a promising direction for
colorectal cancer research is the study of the apoptotic process. Therefore, the level of
expression of the apoptosis-associated CASPS9 genes may be helpful in predicting the
prognosis for people with stage II colorectal cancer. From our findings, methanol is, thus,
highly recommended for use as an efficient extraction solvent for bioactive ingredients in AS
with demonstrated upregulatory effects of CASPS9 in CRC treatment. Of great significance,
the dose-dependent variation of these genes under the influence of AS leaf extracts has
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not been investigated in the previous literature. Thus, highlighting the importance of this
research, which evaluates and documents the activity of A. secundiflora’s active metabolites
in modulation of the CRC CASPS9 genes responsible for programmed cell death (apoptosis),
for deployment in CRC treatment.

4.2. Phytotherapeutic Effects of AS Leaf Extracts on 5-LOX Expression

Inhibiting the expression of 5-LOX, which is upregulated in colorectal cancer, could be
helpful in both the prevention and therapy of the disease [43]. It has been demonstrated
that when arachidonic acid, a polyunsaturated fatty acid, is metabolized by either the
COX pathway or the LOX mechanism, eicosanoids such as prostaglandins, thromboxanes,
and leukotrienes, among others, operate as potent autocrine and paracrine regulators
of cell biology. Only a few of the physiological and pathological responses that these
compounds are known to alter include the growth and invasiveness of tumor cells, as
well as the suppression of immune surveillance [44]. Targeting arachidonic acid pathways
may be useful in delaying the progression of CRC and other types of malignancies, since
LOXs enzymes produce metabolites in the arachidonic acid pathway that seem to promote
carcinogenesis.

The results of this study demonstrated that downregulatory properties were observed
to occur in a dose-dependent manner, with the expressions of 5-LOX being suppressed
with increasing concentration. Although prostaglandins (PGs) and other COX-derived
metabolites have received most of the attention, the new research indicates that leukotrienes
(LTs) and hydroxyeicosatetraenoic acids (HETEs), two products catalyzed by LOX enzymes,
also have a significant biological impact on the initiation and progression of human cancers.
In several human cancer cell lines and tissues, including those of the colon [43,45,46],
an increase in the expression of 5-LOX and their metabolites has been found. This over-
expression was reported to be significantly linked to tumor cell proliferation, resistance to
apoptosis, and angiogenesis [47,48]. Additionally, it was discovered that the direct suppres-
sion of 5-LOX or 12-LOX significantly reduced the development of tumor cells [44,47–49].

Our most important finding was the substantial correlation between extract dose con-
centration and 5-LOX expression level. This finding is consistent with other research, which
showed that gastric or colorectal [47] tumors with higher 5-LOX and COX-2 levels grew
deeper and larger. Additionally, it lends credence to the idea that 5-LOX and COX-2 share
features of expression and function that are proangiogenic and anti-apoptotic [50] as well
as substrate preference in human cancer. Like COX-2 and PGs, 5-LOX enzymes and their
products may operate on tumor cells by inhibiting apoptosis, increasing cell proliferation,
and stimulating angiogenesis, according to a number of experimental investigations [48,50].
The degree of 5-LOX expression and LTB4 synthesis in cancer cell lines was recently found
to be correlated with the dose- and time-dependent reduction in cell viability and induction
of apoptosis caused by 5-LOX inhibitors [48]. A key mechanism of 5-LOX activities on
proliferation and apoptosis was the release of endothelial growth factor (VEGF) and mRNA
levels by 5-LOX activity in malignant mesothelial cells [48].

The abundance of biomolecules found in AS, as we have previously described [10],
suggests the value of using this plant as a potential anti-CRC agent with the assurance
of phytotherapeutic effects. The overwhelming evidence is in congruent support of our
findings with regards to the benefits of suppressing the expression of 5-LOX. A. secundiflora
(AS) is a promising phytotherapeutic plant, and based on our thorough research, this is
among the first studies to assess the levels of expression and clinicopathologic significance
of the 5-LOX gene on human CRC using AS. AS leaf extracts are, therefore, unreservedly
perfect natural 5-LOX inhibitors whose exploitation for therapy is of paramount importance
in CRC management. Thus, our findings imply that 5-LOX overexpression may have a
significant impact on the emergence of CRC. Therefore, blocking this metabolic pathway
might be a timely and useful therapeutic strategy for both the prevention and treatment
of CRC.
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4.3. Phytotherapeutic Effects of AS Leaf Extracts on Bcl2 and Bcl-xL Expression

The best-defined protein family involved in the regulation of apoptotic cell death is the
Bcl-2 protein family, which comprises members that are both anti- and pro-apoptotic. The
anti-apoptotic members of this family include, among others, Bcl2 and Bcl-xL. In the present
study, it was exclusively demonstrated that in all treatments, the downregulatory effects
of the extracts on Bcl-xL and Bcl2 were progressively influenced dose-dependently. All of
the extract treatments exhibited significant downregulatory and beneficial properties as
required to stimulate inhibitory properties on genome expression. Other investigators have
also asserted that aloin is effective in lowering tumor angiogenesis and growth by blocking
STAT3 activation in CRC cells, which, in turn, controls the expression of the antiapoptotic
protein Bcl-xL gene [18].

One of the latent self-signaling transcription factors in the cytoplasm is STAT3
(e.g., VEGF), which is activated by cytokines (such as IL-6) and progenitor cells. The
stimulation of STAT3 homodimerization and nuclear translocation modulates the tran-
scription of responsive genes encoding apoptotic-cell-death inhibitors (e.g., Bcl-xL, Bcl2)
and inducers of angiogenesis (e.g., VEGF) [51]. These genes play roles in human defense
evasion, angiogenesis, metastatic spread, cell survival, differentiation, and programmed
cell death [52]. In recent years, there has been an abundance of research demonstrating that
blocking constitutive STAT3 signaling substantially inhibits tumor development and trig-
gers apoptosis [51,53]. By downregulating the biosynthesis of Bcl2 and Bcl-xL through the
p53 signaling pathway, a notable apoptotic target in many cancer types, flavonoids diminish
a significant dysregulated pathway in cancer [54]. Therefore, it is crucial to realize that Bcl2
and Bcl-xL suppression causes advantageous apoptotic effects, which subsequently reduce
CRC cancer growth. Pharmacological manipulation of the Bcl-2 family activities will be
limited until a deeper scientific knowledge of how Bcl-2 family proteins control apoptosis
in cells is established [55]. This is, therefore, the first study that has successfully evaluated
the downregulatory effects of A. secundiflora’s extracts on the expression of Bcl2 and Bcl-xL
in colorectal cancer cell lines. In line with these fundamental findings, the methanolic
leaf extracts of AS are recommended for considerable deployment for further in vivo and
subsequent clinical trials for therapeutic management of CRC in humans, with substantial
beneficial effects postulated.

4.4. Phytotherapeutic Effects of AS Leaf Extracts on COX-2 Expression

With regards to COX-2 expression, cancer risk is increased by persistent inflamma-
tion [56], while strong induction of COX-2 occurs during inflammation. This study demon-
strates that downregulatory effects were quite minimal across all doses applied but suffi-
cient to elicit beneficial properties. Of significance to note is that one of the crucial enzymes
involved in the manufacture of prostaglandins, which is linked to inflammatory processes,
is the COX-2 enzyme. Relief from these inflammatory conditions may result from inhibition
of the COX-2 enzyme, and consequently, of the prostaglandin biosynthetic pathway [57].
Tumor necrosis factor alpha (TNF-α), interleukin 6 (IL-6), inducible nitric oxide synthase
(iNOS), and cyclooxygenase-2 (COX-2) expression are all downregulated by aloin (highly
abundant in the Aloe species), which has been shown to suppress lipopolysaccharide-
induced pro-inflammatory cytokine secretion and nitric oxide production [58]. Phenols
such as anthrones that are also abundant in AS were reported to strongly inhibit the expres-
sion of COX-2 [59]. Aloin and aloe-emodin are said to limit the expression of iNOS and
COX-2 mRNA, hence, reducing inflammatory responses. The authors further assert that
aloe-emodin may be a crucial component behind aloe’s anti-inflammatory properties [60].
The phenolic components of the methanolic extract may have contributed to the downreg-
ulatory effects of the extracts. Therefore, it was presupposed that the radical scavenging
capabilities of naphthalene analogs and the inhibition of COX-2 by anthraquinones and
naphthalene derivatives were the mechanisms by which the inhibitory properties were
mediated. Remarkably, this is one of the first studies that has demonstrated an explicit link
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between AS leaf extracts and COX-2 downregulation in CRC cell lines, with prospective
application for CRC management.

5. Conclusions

In this remarkable study, CRC cell lines were exposed to various AS methanolic extract
doses in vitro. In our investigation, AS’s leaf extracts were arduously proven and listed as
being incredibly effective at modulating the activities of CASPS9, 5-LOX, Bcl2, Bcl-xL, and
COX-2 genes for pharmacotherapeutic beneficial effects. Methanol was also demonstrated
to be a promising extraction solvent for the effective metabolites responsible for the modu-
latory properties discussed in our study. Given the copious amounts of phytoconstituent
biomolecules present in AS, it is beneficial to use the plant as a prospective CRC inhibiting
agent with potent phytotherapeutic benefits. To treat CRC, targeted apoptotic modulation
necessitates an understanding of genome programming. The regulatory effects exhibited
in this research establish AS as an important plant of choice, one whose extracts have
demonstrated significant CRC inhibitory properties. This is one of the initial studies that
explicitly hyperlinks the positive effects of AS leaf extracts on the targeted genes in our
study for potential applications for therapeutic management of CRC. We, therefore, strongly
recommend the utilization of AS for further in vivo and subsequent clinical trials for CRC
management. In addition, we suggest the application of methanol as a promising AS
extraction solvent for maximum regulatory benefits towards CASPS9, 5-LOX, Bcl2, Bcl-xL,
and COX-2 expression. Finally, we also encourage further investigation into the particular
AS metabolites involved in the modulatory pathways that inhibit the development of CRC,
as well as potential metastases.

Author Contributions: Conceptualization, J.M.M.; data curation, R.W.M. and Z.K.; formal analysis,
J.M.M., N.R. and M.P.; funding acquisition, J.M.M. and B.L.R.; investigation, R.W.M., I.N.W. and
Z.K.; methodology, J.M.M., T.V. and M.P.; project administration, B.L.R.; supervision, Z.K. and B.L.R.;
validation, N.R., I.N.W. and B.L.R.; visualization, T.V., R.W.M., I.N.W. and M.P.; writing—original
draft, J.M.M., T.V. and M.P.; writing—review and editing, T.V., Z.K., N.R. and B.L.R. All authors have
read and agreed to the published version of the manuscript.

Funding: Our work was funded by the Tempus Public Foundation, through the Doctoral School of
Health Sciences, University of Pecs. In addition, the APC was fully paid by the University of Pẻcs.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: We express our gratitude to Stipendium Hungaricum Programme/Tempus
Public Foundation for the study and research grant awarded to John M. Macharia, Doctoral School of
Health Sciences, University of Pecs, Hungary. We are also grateful to Ruth W. Mwangi, Hungarian
University of Agriculture and Life Sciences, Institute of Horticultural Sciences, Budapest, Hungary
for collection and identification of the plant species.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Arnold, C.N.; Goel, A.; Blum, H.E.; Boland, C.R. Molecular pathogenesis of colorectal cancer: Implications for molecular diagnosis.
Cancer 2005, 104, 2035–2047. [CrossRef] [PubMed]

2. Halder, S.; Modak, P.; Sarkar, B.K.; Das, A.; Sarkar, A.P.; Chowdhury, A.R.; Kundu, S.K. Traditionally Used Medicinal Plants with
Anticancer Effect: A Review. Int. J. Pharm. Sci. Rev. Res. 2020, 65, 1–13. [CrossRef]

3. Colussi, D.; Brandi, G.; Bazzoli, F.; Ricciardiello, L. Molecular Pathways Involved in Colorectal Cancer: Implications for Disease
Behavior and Prevention. Int. J. Mol. Sci. 2013, 14, 16365–16385. [CrossRef]

4. Carvalho, C.; Marinho, A.; Leal, B.; Bettencourt, A.; Boleixa, D.; Almeida, I.; Farinha, F.; Costa, P.P.; Vasconcelos, C.; Silva, B.M.
Association between vitamin D receptor (VDR) gene polymorphisms and systemic lupus erythematosus in Portuguese patients.
Lupus 2015, 24, 846–853. [CrossRef] [PubMed]

116



Cancers 2023, 15, 5002

5. Macharia, J.M.; Kaposztas, Z.; Varjas, T.; Budán, F.; Zand, A.; Bodnar, I.; Bence, R.L. Targeted lactate dehydrogenase genes
silencing in probiotic lactic acid bacteria: A possible paradigm shift in colorectal cancer treatment? Biomed. Pharmacother. 2023,
160, 114371. [CrossRef] [PubMed]

6. Hashemzaei, M.; Delarami Far, A.; Yari, A.; Heravi, R.E.; Tabrizian, K.; Taghdisi, S.M.; Sadegh, S.E.; Tsarouhas, K.; Kouretas, D.;
Tzanakakis, G.; et al. Anticancer and apoptosis-inducing effects of quercetin in vitro and in vivo. Oncol. Rep. 2017, 38, 819–828.
[CrossRef] [PubMed]

7. Macharia, J.M.; Mwangi, R.W.; Rozmann, N.; Zsolt, K.; Varjas, T.; Uchechukwu, P.O.; Wagara, I.N.; Raposa, B.L. Medicinal plants
with anti-colorectal cancer bioactive compounds: Potential game-changers in colorectal cancer management. Biomed. Pharmacother.
2022, 153, 113383. [CrossRef]

8. Macharia, J.M.; Káposztás, Z.; Bence, R.L. Medicinal Characteristics of Withania somnifera L. in Colorectal Cancer Management.
Pharmaceuticals 2023, 16, 915. [CrossRef]

9. Kaur, R.; Kaur, H. The Antimicrobial activity of essential oil and plant extracts of Woodfordia fruticosa. Arch. Appl. Sci. Res. 2011, 2,
373–383.
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Simple Summary: Progesterone (P4) via PGRMC1/NENF may stimulate the proliferation and
invasion of colorectal cancer DLD-1 and HT-29 cells. PGRMC1 inhibition abolishes the effect of P4,
suggesting that P4 in advanced colorectal cancer may act primarily through PGRMC1. Our data may
provide the novel insights into the action of P4, PGRMC1, and NENF in colorectal cancer. It seems
that PGRMC1 and NENF may interact as possible cofactors in non-classical P4 signaling. Targeting
the PGRMC1/NENF complex may open-up new therapeutic possibilities for patients with advanced
colorectal cancer. Therefore, future studies aimed at developing treatment strategies for colorectal
cancer could consider simultaneous PGRMC1 inhibition along with a blockage of NENF production
and secretion.

Abstract: The literature data regarding the risk of colorectal cancer (CRC) in the context of hormone
therapy (HT), including both estrogen–progestogen combinations and estrogen alone, are inconclu-
sive. The precise relationship underlying the action of progesterone (P4) and progesterone receptors
in CRC has yet to be determined. We characterized the expression profiles of both nuclear and
membrane progesterone receptors and their potential cofactors in CRC tissues. Additionally, we
analyzed the P4 and NENF treatment effects on the cell proliferation and invasion of DLD-1 and
HT-29 colorectal cancer cells. We observed a weak expression of the nuclear P4 receptor (PGR), but
an abundant expression of the P4 receptor membrane component 1 (PGRMC1) and neuron-derived
neurotrophic factor (NENF) in the CRC tissues. P4 treatment stimulated the proliferation of the DLD-1
and HT-29 CRC cells. The co-treatment of P4 and NENF significantly increased the invasiveness
of the DLD-1 and HT-29 cells. A functional analysis revealed that these effects were dependent on
PGRMC1. AN immunocytochemical analysis demonstrated a cytoplasmic co-localization of PGRMC1
and NENF in the CRC cells. Moreover, the concentration of serum NENF was significantly higher in
CRC patients, and P4 treatment significantly increased the release of NENF in the DLD-1 cells. P4 or
NENF treatment also significantly increased the IL-8 release in the DLD-1 cells. Our data may provide
novel insights into the action of P4 and PGRMC1/NENF in CRC progression, where NENF may act
as a potential PGRMC1 co-activator in non-classical P4 signaling. Furthermore, NENF, as a secreted
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protein, potentially could serve as a promising circulating biomarker candidate for distinguishing
between colorectal cancer patients and healthy individuals, although large-scale extensive studies are
needed to establish this.

Keywords: biomarkers; colorectal cancer; neudesin (NENF); progesterone (P4); progesterone receptor
membrane components 1 (PGRMC1)

1. Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide, at an advanced
stage with a 25% higher incidence rate in males than females [1–3]. Due to recurrence and
distant metastasis [2], the mortality rate for colorectal cancer patients is very high [2,3],
and tends to 30% and 40% in females and males, respectively [1]. Therefore, there is still
a need to better investigate potential biomarkers for CRC diagnosis, as well as for the
evaluation of the disease advancement, prognosis, and choice of rational therapeutic targets
for personalized cancer treatment [4].

Progesterone (P4), an endogenous 21-carbon steroid hormone synthesized from choles-
terol, is mainly produced by the corpus luteum and by the placenta during pregnancy. To
a lesser extent, progesterone is also produced by the adrenal cortex, Leydig cells of the
testes in men, adipose, and other tissues [5]. In addition to its reproductive importance
in females, progesterone acts through multiple pathways, regulating important processes,
e.g., brain development in fetuses, neuroprotection and myelin regeneration, immune
response, and the proliferation and migration of various cancer cells in both genders [3,6,7].
P4 signals may be mediated by classical genomic or non-genomic action [7]. The clas-
sical P4 effect is dependent on the P4 interaction with the specific nuclear progesterone
receptor (PGR) [8]. Rapid non-classical signaling is mediated by membrane P4 receptors
(mPRα, mPRβ, mPRγ, mPRδ, and mPRε) and membrane-associated P4 receptors (MAPR),
progesterone receptor membrane components 1 and 2 (PGRMC1 and PGRMC2) [9–11].
Among other MAPR proteins, important ones include neudesin (NENF, neuron-derived
neurotrophic factor) and neuferricin (CYB5D2) [12]. NENF expression has been demon-
strated in neurons and various peripheral tissues, such as the lungs, kidneys, and heart.
NENF potentially promotes neuronal survival and differentiation by activating the MAPK
(mitogen-activated protein kinase) and PI3K/AKT (phosphatidylinositol 3-kinase/protein
kinase) pathways [13]. However, the distinct role of NENF in peripheral tissues remains
unclear [14]. Recently, NENF has also been investigated as a molecule involved in the
tumorigenesis of primary breast tumors, as well as in other human carcinomas of the
uterine cervix, malignant lymphoma, colon, lung, skin, liver, and leukemia [15–17]. Our
previous study showed elevated concentrations of NENF in the cerebrospinal fluid of
patients with astrocytic brain tumors compared to non-tumoral controls, suggesting NENF
as a circulating biomarker for brain tumors [17].

It is widely known that P4 plays a pivotal role in the development of breast, ovarian,
and brain cancer [18]. Recent studies have suggested that steroid hormones may also
affect CRC development, prognosis, and treatment [2]. Due to the increased morbidity and
mortality rates for CRC and lack of specific CRC biomarkers [4], it seems crucial to identify
the molecular mechanisms that promote CRC growth and metastasis. In recent years,
targeted therapies for CRC seem to be promising treatment options [19]. Previous studies
have confirmed the effectiveness of anti-progesterone receptor drugs in the treatment of
breast, ovarian, lung, and head and neck cancers [20–22]. However, the mechanism of
P4 action on progesterone receptors in CRC has not been well studied [2,3,23–28]. In the
present study, we characterized the expression profiles of the nuclear and membrane P4
receptors and their cofactors in advanced colorectal cancers and investigated the potential
molecular mechanism underlying the P4 action on CRC cell tissues and cell lines. Moreover,
we evaluated NENF as a potential CRC biomarker.
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2. Materials and Methods

2.1. Human Samples

All the samples were obtained from patients with primary colorectal cancer, who
underwent surgical treatment at the 2nd Clinical Department of General and Gastroentero-
logical Surgery of the Medical Clinical Hospital in Bialystok, Poland. Tissue samples for
immunohistochemistry (IHC) were preserved in 4% formalin and, for a gene expression
analysis, were preserved in snap frozen and stored at −80 ◦C. Human CRC tissues (n = 20;
14 males, 6 females, median age 68) and normal mucosa tissues (n = 10; 6 males, 4 females,
median age 66) were histologically examined to prove the tumor grade at the Department
of Medical Pathomorphology of the Medical University of Bialystok, Bialystok, Poland.
Based on their symptoms, medical history, radiological, colonoscopy, and histological
examination results, the CRC patients were retrospectively included. Histologically, CRC
was classified as grade G2, intermediate grade (n = 8; 5 males, 3 females), and G3 high
grade (n = 12; 9 males, 3 females). Blood samples from the CRC patients (n = 41, 27 males,
14 females, median age 69) were collected 1 day before surgery. The control group was
composed of healthy volunteers, age- and sex-matched to the study group (n = 15; 11 males,
4 females, median age 67. The exclusion criteria encompassed other neoplasia and receiving
chemo- or radiotherapy before surgery.

2.2. Cell Cultures

Colorectal adenocarcinoma cell lines DLD-1 (CCL-221) and HT-29 (HTB-38), which
differ in their resistance to anticancer treatment, were purchased from American Type
Culture Collection, ATCC (Rockville, MD, USA). The DLD-1 cells were cultured in RPMI
medium (RPMI 1640 Medium, no phenol red, Gibco™, catalog #: 11835030, Life Technolo-
gies Corporation, Grand Island, NE, USA) and the HT-29 cells were cultured in McCoy
medium (McCoy’s 5A (Modified) Medium, GlutaMAX™ Supplement, Gibco™, catalog #:
36600021, Life Technologies Ltd., Paisley, UK), supplemented with 10% fetal bovine serum
(FBS; Biochrom, Berlin, Germany), 100 units/mL of penicillin, and 100 μg/mL of strepto-
mycin (P/S solution; Sigma-Aldrich) at 37 ◦C in a humidified atmosphere in the presence
of 5% CO2. The cells were treated with P4 (1 μM) and AG-205 (1 μM). The dose of AG-205
was determined based on our previous studies [29,30] and NENF (1 ng/mL) in stimulation
medium. Three independent experiments per cell line were run, and each performed cell
plating was performed in triplicates for RNA isolation and medium collection.

2.3. Drugs and Inhibitors

Progesterone (P4) and PGRMC1 inhibitor (AG-205) were obtained from Sigma-Aldrich
(Saint Louis, MO, USA; catalog #: P8783-25G and A1487, respectively). Recombinant
human Neudesin (NENF) was obtained from R&D Systems Europe Ltd., (Abingdon, UK;
catalog #: 6714-ND-050).

2.4. Immunohistochemical Staining

The human CRC tissues and NM tissues were fixed in paraformaldehyde and embed-
ded in paraffin. Immunohistochemical staining was carried out manually, as previously
described [29,30]. Histological assessments were performed on 5 μm thick hematoxylin-
eosin-stained sections. For immunohistochemistry, sections were deparaffinized, hydrated,
and boiled in 10 mM of citric acid buffer (pH 6.0) in a retriever for 2.5 h. Tissue sections
were incubated with blocking solutions (10% normal goat serum (NGS) with 3% bovine
serum albumin (BSA) or only 3% BSA in PBS) for 1 h at room temperature to reduce
non-specific background staining. Then, sections were incubated overnight at 4 ◦C with the
primary antibodies for PGR (MA5-12658, Thermo Fisher Scientific Inc., Waltham, MA, USA;
dilution 1:700), mPRα (ab75508, Abcam, Cambridge, UK; dilution 1:500), mPRβ (ab46534,
Abcam; dilution 1:500), mPRγ (ab79517, Abcam; Cambridge, UK; dilution 1:500), PGRMC1
(PAB20135, Abnova Corporation, Taipei, Taiwan; dilution 1:300), PGRMC2 (ab125122,
Abcam; Cambridge, UK; dilution 1:500), SERBP1 (ab28481, Abcam; Cambridge, UK; dilu-
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tion 1:700), NENF (MAB6714, R&D Systems Europe Ltd. Abingdon, UK; dilution 25 μg),
IgG (ab190475, Abcam; Cambridge, UK; dilution 1:700), and IgG2a (ab190463, Abcam;
Cambridge, UK; dilution 1:500). After endogenous peroxidase blocking (0.5% H2O2 in
PBS for 20 min in dark at room temperature), the primary antibodies were linked with
Envision® anti-mouse or anti-rabbit polymer + HRP (Dako, Glostrup, Denmark) for 30 min
at room temperature. The reaction product was visualized using 3′3-diaminobenzidine
tetrahydrochloride (DAB, Dako, Glostrup, Denmark). Each step was followed by three
washings using PBS with 0.05% Tween 20 (PBS-T). After staining with hematoxylin, the
sections were dehydrated through ascending ethanol concentrations and cleared using
xylene. They were then mounted with Pertex (Histolab Products AB, Spånga, Sweden).

2.5. ImageJ Analysis

The intensity of the staining was determined by measuring the optical density of the
reaction product, which was analyzed using Fiji Software 1.8.0_172 (Fiji Is Just ImageJ). Six
random areas from each section were quantified and the average optical density (OD) was
calculated for each of these areas.

2.6. Immunocytochemical Staining

To minimize autofluorescence in dual staining, tissues were treated with 100 mM of
NH4Cl for 10 min. The blocking solution, a mixture of 5% NGS and 1% BSA in PBST, was
then applied for 1 h at room temperature. After blocking unspecific binding sites with 3%
BSA in PBS with 0.05% Tween 20 for 30 min, the tissue slides were incubated with primary
antibodies for PGRMC1 (PAB20135 from Abnova Corporation, Taipei, Taiwan; dilution
1:300) and NENF (MAB6714 from R&D Systems Europe Ltd., Abingdon, UK; dilution
25 μg) diluted in the blocking solution for 1 h. Following the previous step, the tissue
slides were incubated in the dark with the secondary fluorescent antibodies Alexa Fluor
594 and 488 goat anti-mouse (ab150116 from Abcam, Cambridge, UK; dilution 1:500 and
ab150113 from Abcam, Cambridge, UK; dilution 1:500, respectively) for 1 h. Cell nuclei
were detected by incubating the tissue slides with DAPI.

2.7. RNA Isolation

The total RNA was isolated from the colorectal cancer and NM tissues, DLD-1, and
HT-29 cell lines using the TRIzol-based extraction method (Invitrogen, Carlsbad, CA, USA;
catalog #: 15596018). The quantity and quality of the extracted RNA were assessed by
measuring its absorbance using the Synergy HTX Multi-Mode Reader (Agilent, Santa
Clara, CA, USA). The integrity of the isolated RNA was confirmed by performing gel
electrophoresis.

2.8. Real-Time RT-PCR

Before the reverse transcription (RT) reaction, 1 μg of the total RNA was treated with
DNase I, Amplification Grade (Invitrogen, Carlsbad, CA, USA; catalog number 18068-
015) following the manufacturer’s instructions. The RT reaction was carried out with
the SensiFAST cDNA Synthesis Kit (Bioline Reagents Ltd., London, UK; catalog #: BIO-
65054), according to the manufacturer’s protocol. The expressions of the target genes
were quantified using the StepOnePlusTM Real-Time PCR System (Applied Biosystems™,
Thermo Fisher Scientific, Life Sciences Solutions Group, Carlsbad, CA, USA) and Power
SYBR™ Green PCR Master Mix (Applied Biosystems™, catalog #: 4368706, Thermo Fisher
Scientific Baltics UAB, Vilnius, Lithuania).

The reaction conditions were as follows: an initial denaturation step at 95 ◦C for 10 min,
followed by 40 cycles of amplification at 95 ◦C for 15 s, 56–60 ◦C for 45 s, and 70 ◦C for
45 s. A melting curve analysis was performed at the end of the PCR reaction to verify that
only a single product was amplified. The amplification products were separated on 1.5%
agarose gel and stained with ethidium bromide. The expression levels were normalized to
the housekeeping gene peptidylprolyl isomerase A (PPIA). The sequences of the primers
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and the expected product sizes are listed in Supplementary Table S2. Each reaction product
was verified using a sequencing analysis.

2.9. Cell Proliferation

The proliferation of the DLD-1 and HT-29 cell lines was assessed using two methods
after being treated for 24, 48, and 72 h. The first method was the CellTiter 96® AQueous
Non-Radioactive Cell Proliferation Assay (Promega, Madison, WI, USA, catalog #: G4000)
and the second was the BrdU Cell Proliferation Assay Kit (Cell Signaling Technology,
Danvers, MA, USA, catalog #: 6813). The medium containing the drugs was changed every
24 h, while the control groups were treated with a starvation medium (RPMI/McCoy’s
medium with 0.5% FBS and P/S solution). The metabolic activity of living cells was
measured using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay, which evaluates the conversion of a tetrazolium salt into a formazan product. The
cells were subjected to the tetrazolium salt for 4 h and the measurement was performed
using spectrophotometry. The BrdU assay evaluated the incorporation of 5-bromo-2′-
deoxyuridine (BrdU) into the DNA of the cells that were exposed to 10 μM of the substance
for 12 h. The cells were then fixed and treated with an anti-BrdU antibody, and the
magnitude of the absorbance was used to assess the incorporation of BrdU into the DNA.
The results were read using a plate reader Infinite M200 Pro (Tecan Trading AG, Männedorf,
Switzerland) and are presented as a percentage of the control group, which was set at 100%.
Each experiment was run three times with eight replicates.

2.10. Cell Invasion

The invasion intensity of the DLD-1 and HT-29 cells was determined using the
CultreCoat® 96 Well Medium BME Cell Invasion Assay from R&D Systems (catalog #:
3482-096-K). In brief, 2.5 × 104 cells were placed in each well of a 96-well plate, with the
top chamber coated in Medium Basement Membrane Extract (BME). The invasion of the
cells in response to P4 (1 μM) and AG-205 (1 μM) was measured using Calcein AM after
24 h of treatment. Free Calcein fluoresces brightly, and was used to quantify the number of
cells that invaded or migrated in comparison to a standard curve. The invasion intensity of
the treated groups was expressed as a percentage of the control group, which was set at
100%. The results were obtained from three separate experiments, each consisting of eight
replicates.

2.11. ELISA Evaluation

The levels of NENF and IL-8 were analyzed using sandwich enzyme-linked im-
munosorbent assay (ELISA) kits. No dilution was performed on the samples before anal-
ysis, and the experiments were performed according to the manufacturer’s guidelines.
The concentrations of NENF in the CRC patient serum were measured using the Human
Neudesin ELISA Kit from EIAB Science Inc, Wuhan, China (catalog #: E13396h), with
an intra-assay coefficient of variation (CV%) of ≤4.8% and an inter-assay CV% of ≤7.1%,
according to the manufacturer. The levels of IL-8 in the cell lines’ medium were measured
using the ELISA Quantikine® Human IL-8/CXCL8 Immunoassay kit (catalog #: D8000C)
from R&D Systems Europe Ltd., Abingdon, UK. The manufacturer reported an intra-assay
CV% of 5.6% at an IL-8 mean concentration of 168 pg/mL.

2.12. Statistical Analysis

The obtained results were analyzed with the STATISTICA 13.0 PL software (StatSoft
Inc., Tulsa, OK, USA) and the GraphPad Prism v.8.4.3 (GraphPad Software, Inc., San
Diego, CA, USA). The results are expressed as mean ± SEM. The Mann–Whitney test
was used to compare two independent samples. A receiver operator characteristic (ROC)
curve was generated to calculate the area under the ROC curve (AUC). To indicate the
optimal cut-off point (threshold value)m the Youden index was estimated. Differences

124



Cancers 2023, 15, 5074

were considered significant for a two-tailed p < 0.05 level and are denoted by an asterisk
(* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001).

3. Results

3.1. Nuclear and Membrane P4 Receptors Are Expressed in CRC Tissues and Cell Lines

We screened the CRC tissues and DLD-1 and HT-29 cells for the expression profiling
of all PR types (Figures 1–3, Supplementary Figure S1). The expression of PGR was signifi-
cantly down-regulated in the CRC compared to normal mucosa (NM) tissues (Figure 1a).
The IHC analysis showed a weak nuclear PGR signal in the CRC tissues compared to an
abundant expression in the glandular cells of the NM tissues (Figure 1b). Densitometric
quantification and an optical density (OD) evaluation showed significantly decreased PGR
protein expression in the CRC compared to NM tissues (Figure 1c). P4 or NENF treatment
did not have any effect on the PGR expression level in both the DLD-1 and HT-29 cell lines
(Figure 1d,e).

The expression of mPRα was unchanged in the CRC and NM tissues, whereas mPRβ
and mPRγ were significantly down-regulated in the colorectal cancer compared to NM
tissues (Figure 2a). The IHC analysis showed a weak mPRα signal in both the CRC and NM
tissues, and weak mPRβ and mPRγ cytoplasmic expressions in the CRC tissues (Figure 2b).
The OD evaluation revealed significantly decreased mPRβ and mPRγ protein expressions
in the CRC tissues compared to the NM tissues (Figure 2c). P4 or NENF treatment did not
affect the mPRs in the DLD-1 cells (Figure 2d), whereas P4 significantly up-regulated mPRα
and mPRγ expressions in the HT-29 cells (Figure 2e).

The expression of PGRMC1 and its potential cofactor SERPINE 1 mRNA binding
protein 1 (SERBP1) was similar in the CRC and NM tissues, whereas the gene expression of
PGRMC2 was significantly down-regulated in the CRC tissues (Figure 3a). Immunolocaliza-
tion studies detected PGRMC1, PGRMC2, and SERBP1 expression in the cytoplasm of both
the CRC and NM tissues. IHC showed abundant PGRMC1 and SERPINE expressions in the
CRC tissues (Figure 3b). The OD evaluation revealed a significantly decreased PGRMC2
protein expression in the CRC tissues compared to the NM tissues (Figure 3c). NENF
treatment significantly down-regulated the expressions of PGRMC1 and SERBP1 in the
DLD-1 cells (Figure 3d), while P4 or NENF treatment did not have any effect on PGRMC’s
expression in the HT-29 cells (Figure 3e).

3.2. NENF Level Is Upregulated in Colorectal Cancer

We assessed the NENF expression in colorectal cancer and its release in CRC tissues
and DLD-1 and HT-29 cell lines. The mRNA of the NENF expression level was similar
in the CRC and NM tissues (Figure 4a). IHC showed abundant NENF expression in the
CRC tissues (Figure 4b). The OD evaluation indicated that the protein expression in the
CRC tissues was comparable to that in the NM tissues (Figure 4c). However, the NENF
concentration was significantly higher in the serum of the CRC patients compared to
the healthy controls (Figure 4d). A receiver operator characteristic (ROC) curve analysis
showed that the serum NENF score significantly differentiated the colorectal cancer patients
from the healthy controls with a diagnostic sensitivity and positive predictive value of 83%
and 81%, respectively (Supplementary Table S3, Supplementary Figure S2). P4 treatment
did not affect the NENF in both the DLD-1 and HT-29 cells (Figure 4e,f), however, P4
treatment significantly increased the release of NENF in the DLD-1 cells (Figure 4g), but
not in the HT-29 cells (Figure 4h). Immunocytochemical staining colocalized both PGRMC1
and NENF in the cytoplasm of the CRC and NM tissues (Figure 4i).
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Figure 1. Characterization of PGR expression levels in colorectal cancer and DLD-1 and HT-29 cell
lines. PGR expression at gene, (a) and protein (b,c) levels in NM (n = 10) and colorectal cancer
(CRC) tissues (n = 20). Original magnification, 20×; scale bar, 20 μm. The columns represent the
mean ± SEM relative to PPIA. The Mann–Whitney test was used to compare NM vs. CRC results.
Statistical significance of NM vs. CRC: **** p ≤ 0.0001, ** p ≤ 0.01. PGR expression after treatment
with 1 μM of P4 and 1 μg/mL of NENF in DLD-1 cell line (d) and HT-29 cell line (e) (n = 3 independent
experiments). The Mann–Whitney test was used to compare C vs. P4 and C vs. NENF of DLD-1 and
HT-29 cells. The differences are statistically non-significant. Abbreviations: C, control/non-treated
group; CRC, colorectal cancer; NENF, neudesin; NM, normal mucosa; P4, progesterone; PGR, nuclear
progesterone receptor; PPIA, peptidylprolyl isomerase A; SEM, standard error of the mean; and
vs., versus.
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Figure 2. Characterization of mPRα, mPRβ, and mPRγ expression levels in colorectal cancer and
DLD-1 and HT-29 cell lines. mPRα, mPRβ, and mPRγ expression at gene (a) and protein (b,c) levels
in NM (n = 10) and colorectal cancer (CRC) tissues (n = 20). Original magnification, 20×; scale
bar, 20 μm. The columns represent the mean ± SEM relative to PPIA. The Mann–Whitney test was
used to compare NM vs. CRC results. Statistical significance of NM vs. CRC for mPRβ, mPRγ:
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001. mPRα, mPRβ, and mPRγ expression after
treatment with 1 μM of P4 and 1 μg/mL of NENF in DLD-1 cell line (d) and HT-29 cell line (e) (n = 3
independent experiments). The Mann–Whitney test was used to compare C vs. P4 and C vs. NENF.
Statistical significance of C vs. P4 for mPRα, mPRγ of HT-29 cells: * p ≤ 0.05. Other differences are
statistically non-significant. Abbreviations: C, control/non-treated group; CRC, colorectal cancer;
mPRα, membrane progesterone receptor alfa; mPRβ, membrane progesterone receptor beta; mPRγ,
membrane progesterone receptor gamma; NENF, neudesin; NM, normal mucosa; P4, progesterone;
PPIA, peptidylprolyl isomerase A; SEM, standard error of the mean; and vs., versus.
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Figure 3. Characterization of PGRMCs expression levels in colorectal cancer and DLD-1 and HT-29
cell lines. PGRMC1, PGRMC2, and SERBP1 expression at gene (a) and protein (b,c) levels in NM
(n = 10) and colorectal cancer (CRC) tissues (n = 20). Original magnification, 20×; scale bar, 20 μm.
The columns represent the mean ± SEM relative to PPIA. The Mann–Whitney test was used to
compare NM vs. CRC results. Statistical significance of NM vs. CRC for PGRMC2: * p ≤ 0.05,
** p ≤ 0.01. Other differences are statistically non-significant. PGRMC1, PGRMC2, and SERBP1
expression after treatment with 1 μM of P4 and 1 μg/mL of NENF in DLD-1 cell line (d) and HT-29
cell line (e) (n = 3 independent experiments. The Mann–Whitney test was used to compare C vs.
P4 and C vs. NENF. Statistical significance of C vs. NENF for PGRMC1 and SERBP1 of DLD-1
cells: ** p ≤ 0.01, *** p ≤ 0.001. Other differences are statistically non-significant. Abbreviations:
C, control/non-treated group; CRC, colorectal cancer; NENF, neudesin; NM, normal mucosa; P4,
progesterone; PGRMC1, progesterone receptor membrane component 1; PGRMC2, progesterone
receptor membrane component 2; PPIA, peptidylprolyl isomerase A; SEM, standard error of the
mean; SERBP1, SERPINE1 mRNA binding protein; and vs., versus.
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Figure 4. Characterization of NENF expression and release in colorectal cancer patients and DLD-1
and HT-29 cell lines. NENF expression at gene (a) and protein (b,c) levels in NM (n = 10) and colorectal
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cancer (CRC) tissues (n = 20). Original magnification, 20×; scale bar, 20 μm. The columns represent
the mean ± SEM relative to PPIA. The Mann–Whitney test was used to compare NM vs. CRC
results. The differences are statistically non-significant. Serum NENF concentration in colorectal
cancer patients (n = 41) compared to the control group (n = 15) (d). The Mann–Whitney test was
used to compare serum NENF concentration in C vs. CRC results. Statistical significance: * p ≤ 0.05.
NENF expression after treatment with 1 μM of P4 in DLD-1 cell line (e) and HT-29 cell line (f) (n = 3
independent experiments). The Mann–Whitney test was used to compare NENF expression in
C vs. CRC results in DLD-1 and HT-29 cells. The differences are statistically non-significant. NENF
concentration in the medium after treatment with 1 μM of P4 in DLD-1 cell line (g) (n = 6) and HT-29
cell line (h) (n = 6). The Mann–Whitney test was used to compare NENF concentration in the medium
C vs. P4 results of DLD-1 cells, statistical significance: ** p ≤ 0.01. Double staining for PGRMC1 and
NENF in NM tissues (n = 10) and colorectal cancer (n = 20) (i). PGRMC1-positive cells are in red,
NENF-positive cells are in green, nucleus localization in cells is in blue, and PGRMC1 and NENF
merged staining is in orange, scale bar, 20 μm. Abbreviations: C, control/non-treated group; CRC,
colorectal cancer; NENF, neudesin; NM, normal mucosa; P4, progesterone; PGRMC1, progesterone
receptor membrane component 1; PPIA, peptidylprolyl isomerase A; SD, standard deviation; SEM,
standard error of the mean; and vs., versus.

3.3. P4 Treatment Affects the DLD-1 and HT-29 Cell Proliferation, but in Combination with
NENF Also Promotes Cell Invasion

We examined the effects of P4 and NENF on the cell proliferation and invasion of
DLD-1 and HT-29 colorectal cancer. P4 significantly stimulated cell proliferation after
48 h and 72 h in the DLD-1 cell line, and after 24 h, 48 h, and 72 h in the HT-29 cell lines
(Figure 5a,b). PGRMC1 blockage with the PGRMC1 inhibitor AG-205 inhibited the P4
effect in both cell lines (Figure 5a,b). P4 or NENF treatment alone did not affect the cell
invasion of the DLD-1 and HT-29 cells (Figure 5c,d). However, P4 and NENF co-treatment
significantly increased the cell invasion of the DLD-1 and HT-29 cells, and this effect could
be abolished by AG-205 (Figure 5c,d).

3.4. P4 and NENF Up-Regulate IL-8 Expression and Its Release in DLD-1 and HT-29 Cells

We assessed the expression of IL-8 in the CRC tissues and checked the P4 and NENF
treatment effect on the expression and release of IL-8 and its receptor CXCR1 in the DLD-1
and HT-29 cell lines. The expression of IL-8 was significantly up-regulated in the CRC
compared to the NM tissues (Figure 6a). NENF treatment significantly up-regulated IL-8 in
the DLD-1 and HT-29 cells (Figure 6b,c). P4 or NENF treatment significantly increased the
IL-8 release in both the DLD-1 and HT-29 cells, whereas AG-205 significantly abolished
this effect (Figure 6d). The expression of the IL-8 receptor CXCR1 was unaffected in the
CRC and NM tissues (Figure 6e). P4 or NENF treatment did not have *any effect on the
CXCR1 expression in both cell lines (Figure 6f,g).
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Figure 5. P4 and NENF treatment effect on cell proliferation and invasion in DLD-1 and HT-29 cell
lines. Effects of 1 μM of P4 with or without 1 μM of PGRMC1 inhibitor (AG-205) on the proliferation
rate of DLD-1 (a) and HT-29 (b) cell lines after 24 h, 48 h, and 72 h treatments (n = 3 independent
experiments). The Mann–Whitney test was used to compare C vs. P4 results without or with 1 μM
of PGRMC1 inhibitor (AG-205), and compare P4 without AG-205 vs. P4 with AG-205 of DLD-1
and HT-29 cells, statistical significance: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001.
Other differences are statistically non-significant. Effects of 1 μM of P4 or/and 1 μg/mL of NENF
treatments without or with 1 μM of AG-205 on cell migration of DLD-1 (c) and HT-29 (d) cell lines
after 24 h treatment (n = 3 independent experiments). The Mann–Whitney test was HT-29 cells,
statistical significance: * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001. Other differences are statistically
non-significant. Cell proliferation and cell invasion rates of the treated and non-treated (control)
groups are presented as the percentage of the control, considered as 100%. Abbreviations: AG-205,
PGRMC1 inhibitor; C, control/non-treated group; NENF, neudesin; P4, progesterone; PGRMC1,
progesterone receptor membrane component 1; and vs., versus. Used to compare C vs. P4 + NENF
results without or with 1 μM of PGRMC1 inhibitor (AG-205); compare P4 vs. P4 + NENF without or
with AG-205; and compare NENF vs. P4 + NENF without or with AG-205 of DLD-1 and.
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Figure 6. Characterization of IL-8 and CXCR1 expression and release in colorectal cancer patients
and DLD-1 and HT-29 cell lines. IL-8 expression in NM (n = 10) and colorectal cancer (n = 20) tissues
(a). The columns represent the mean ± SEM relative to PPIA. The Mann–Whitney test was used to
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compare NM vs. CRC results, statistical significance of NM vs. CRC for IL-8: *** p ≤ 0.001. IL-8
expression after treatment with 1 μM of P4 or with 1 μg/mL of NENF in DLD-1 (b) and HT-29 (c)
cell lines (n = 3 independent experiments). The Mann–Whitney test was used to compare C vs. P4
and C vs. NENF results of DLD-1 and HT-29 cells, statistical significance of C vs. NENF: * p ≤ 0.05,
** p ≤ 0.01. IL-8 concentration in the medium of DLD-1 cell line after treatment with 1 μM of P4 or
1 ng/mL of NENF without or with 1 μM of AG-205 (d) (n = 6). The Mann–Whitney test was used to
compare C vs. P4 without or with 1 μM of AG-205, C vs. NENF without or with 1 μM of AG-205, and
also results of P4 without AG-205 vs. P4 with AG-205 of DLD-1 or NENF without AG-205 vs. NENF
with AG-205 of DLD-1 cells, statistical significance: ** p ≤ 0.01. CXCR1 expression in NM (n = 10)
and colorectal cancer (n = 20) tissues (e). The Mann–Whitney test was used to compare NM vs. CRC
results. The differences are statistically non-significant. CXCR1 expression after treatment with 1 μM
of P4 or with 1 μg/mL of NENF in DLD-1 (f) and HT-29 (g) cell lines (n = 3 independent experiments).
The Mann–Whitney test was used to compare C vs. P4 and C vs. NENF results of DLD-1 and HT-29
cells. The differences are statistically non-significant. Abbreviations: AG-205, PGRMC1 inhibitor;
C, control/non-treated group; CRC, colorectal cancer; CXCR1, C-X-C Motif Chemokine Receptor 1;
IL-8, interleukin 8; NENF, neudesin; NM, normal mucosa; P4, progesterone; PGRMC1, progesterone
receptor membrane component 1; PPIA, peptidylprolyl isomerase A; SEM, standard error of the
mean; and vs., versus.

4. Discussion

The available data in the medical literature on the risk of colorectal cancer (CRC) in
the context of hormone therapy (HT) are still unconvincing. Recently, hormone therapy has
been linked to a decreased risk of colorectal cancer (CRC) [31–33]. Lin et al. suggested that
both estrogen–progestogen therapy (EPT) and estrogen therapy (ET), especially when used
currently, are associated with a reduced risk of colorectal cancer in peri- or postmenopausal
women. EPT demonstrates a more consistent association with the reduction in CRC risk,
regardless of the duration of its use [34]. The use of hormone replacement therapy (HRT)
has been connected to a significant reduction in the risk of both colorectal-cancer-specific
mortality and all-cause mortality in women with colorectal cancer. The authors emphasized
the hormone-dependent nature of CRC and its inverse association with tumor progression
concerning estrogen receptor β (ERβ) expression [35]. However, the available literature
also suggests that the use of HRT is not associated with an increased risk or even the
possibility of CRC [36]. Clinical studies of the Women’s Health Initiative (WHI) have
revealed an increased risk of breast cancer in women using HRT [37]. In the context of
breast cancer, progesterone plays a complex role by influencing cell growth and division,
regulating autocrine mechanisms, and interacting with other growth factors. It can impact
the development of both receptor-positive (estrogen/progesterone receptor-positive) and
receptor-negative tumors, making its role in carcinogenesis multifaceted [38,39]. The studies
describing the relationship between HT and ovarian cancer also are inconclusive [40]. They
have suggested both an increased risk of ovarian cancer with long-term use of HRT [41,42],
and no significant difference in ovarian cancer incidence between a HRT group and a
placebo group [43].

The expression of all P4 receptors in colorectal cancer has not been well-characterized,
and the existing data in the available literature have been conflicting and inconclusive
(Supplementary Table S1) [2,3,23–28]. This suggests that further research is needed to
fully understand the role of P4 receptors in colorectal cancer to determine whether they
could serve as potential therapeutic targets. In our study, we found that the mRNA and
protein levels of PGR, mPRβ, mPRγ, and PGRMC2 were significantly down-regulated in
the CRC compared to the normal tissues. A low expression of PGR has been associated
with a poor prognosis of CRC [28]. The abundant expression of PGRMC1 in advanced
stages of CRC suggests its potential role in cancer progression. Most studies have, to
date, focused on the expression and role of PGRMC1 in cancers other than colorectal
cancer, such as ovarian [44], breast [45], endometrial [46], lung [47], and hepatocellular
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carcinoma [48]. These studies have shown that PGRMC1 plays a role in promoting tumor
growth and cell proliferation [49], anchorage-independent growth, migration, invasion [50],
resistance to chemotherapy [44], tumor angiogenesis regulation, and cancer cell apoptosis
suppression [47]. Our present observations on the P4 receptor expression pattern in CRC
are consistent with the recently reported marginal expression of PGR, with low expression
levels of mPRβ, mPRγ, and PGRMC2, and abundant expression levels of PGRMC1 in high-
grade human ovarian cancer [29]. A significantly up-regulated expression of PGRMC1
in advanced human ovarian cancers has been suggested to indicate its important role in
disease progression [51]. Moreover, elevated PGRMC1 expression in breast cancer has been
linked to more advanced stages and a poor prognosis [52]. Our results also suggested that
PGRMC1 may play a pivotal role in CRC progression, however, the molecular mechanism
of PGRMC1 action in cancers is still not fully understood.

P4 treatment has been shown to inhibit the proliferation of various colorectal cancer cell
lines by stopping the G2/M phase of the cell cycle and inducing apoptosis [28]. However,
the P4 doses used in this study were supraphysiological and most likely clinically irrelevant,
due to the very rapid metabolism of P4 [28]. The inhibitory effect of P4 has also been shown
in vivo, but information on the dose used in the mice treatment is lacking [28]. However,
SW620 cells with a higher expression of the PGR were used for inoculation, suggesting
that P4 may have an inhibitory effect on CRC with a high expression of PGR [28]. In
our study, we chose cell lines with a very low/traceable PGR expression as a model to
study advanced cancer stages. We showed that P4 treatment at clinically relevant doses
stimulated cell proliferation in the DLD-1 and HT-29 cell lines, suggesting its potential role
in the progression of colorectal cancer. DLD-1 and HT-29 cell lines have been widely used
in various CRC studies [53,54]. The study by Tankiewicz-Kwedlo et al. demonstrated that
the effects of Epo therapy on tumor growth dynamics were more pronounced in HT-29 cell
xenografts compared to DLD-1 cell xenografts [55]. Sihong et al. suggested that HT-29 cells
may have a low metastatic potential [56]. These variations in the behavior and response
to treatment of DLD-1 and HT-29 cells may be attributed to their own distinct genetic
profiles, microsatellite stability, potential mutations, gene expression patterns, and genomic
alterations. This is of particular significance in cancer research, as it can aid in identifying
potential drug targets and treatment strategies.

Similarly, P4 stimulation increased the proliferation of ovarian cancer cells in vitro
and ovarian tumor growth in vivo through PGRMC1 [29]. In the present study, PGRMC1
inhibition abolished the effect of P4, suggesting that P4 in CRC may act primarily through
PGRMC1. However, it is still uncertain whether PGRMC1 is an independent P4 receptor or
requires additional P4-binding proteins for signaling. It has been suggested that PGRMC1
might act as a downstream mediator for other P4-binding proteins [10]. Possible binding
partners for PGRMC1 include SERBP1 [10], microsomal cytochrome P450 (CYP) monooxy-
genase systems, and NENF [17,57]. The structural similarities between PGRMC1 and
NENF have been demonstrated in previous studies [13]. Based on the fact that PGRMC1
is involved in the regulation of rapid non-genomic P4 actions, it has been hypothesized
that NENF may also play a role in this type of P4 regulation [58]. Our results showed
that PGRMC1 and NENF were co-expressed in the cytoplasm of the CRC cells, suggesting
NENF as a potential cofactor for PGRMC1. Co-treatment with P4 and NENF increased
the invasiveness of the CRC cells. This effect was abolished by a blockage of PGRMC1,
indicating an important interaction between NENF and PGRMC1 for P4-mediated cell
migration. Additionally, we showed that P4 increased the NENF secretion in the CRC cells,
which suggests a direct effect of P4 on NENF production in colorectal cancer.

The role of NENF in cancer biology, progression, or metastasis has not been extensively
investigated [16,17], but it has been proposed that it may play a significant role in the
development of liver, bladder, and breast cancers [16]. The depletion of NENF has been
shown to reduce cancer cell growth and invasiveness and impair the ability of liver cancer
cells to form tumors in mice [16]. NENF also increases the tumorigenicity and invasiveness
of MCF-7 breast cancer cells [15]. Recently, we found that the concentration of NENF in
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the cerebrospinal fluid of patients with astrocytic brain tumors was significantly higher
compared to that of non-tumoral individuals [17]. We also observed a strong correlation
between the serum NENF concentration and its levels in cerebrospinal fluid, and noted that
these levels were strongly gender-dependent [17]. Our present study showed an abundant
NENF expression in the CRC tissues and a significantly higher serum concentration of
NENF in patients with CRC compared to healthy controls. A diagnostic analysis revealed
the usefulness of serum NENF levels in identifying CRC patients from those without cancer,
suggesting its potential role as a circulating biomarker for colorectal cancer.

Cancer cell proliferation and survival may be promoted by the activation of MAPK and
PI3K/AKT signaling [13]. It has been shown that NENF and the pro-inflammatory cytokine
IL-8 may also regulate these pathways [13,59]. However, the specific mechanism of IL-8
regulation in colorectal cancer requires further investigation. IL-8 is a versatile cytokine
that has been shown to promote angiogenesis, attract immune cells, and stimulate tumor
growth, invasion, and migration through both autocrine and paracrine effects [60–62].
Previous research has also shown that IL-8 can serve as a biomarker associated with a
poor prognosis and chemoresistance for various types of cancer [63,64]. Additionally, IL-8
has been linked to adverse outcomes in brain tumors [65] and breast cancer [66]. In our
study, we found that IL-8 expression was significantly up-regulated in the CRC compared
to the NM tissues. Moreover, NENF treatment increased the IL-8 expression in both the
DLD-1 and HT-29 cells, as well as the IL-8 release into the medium of the DLD-1 cells after
P4 or NENF treatment without a PGRMC1 inhibitor (AG-205). This effect was abolished
by PGRMC1 inhibition, suggesting that P4 and NENF require PGRMC1 to regulate IL-8
in colorectal cancer. Conversely, Emmanouil et al. suggested that HT-29 cells exhibit an
increased metastatic potential and secrete angiogenic chemokines, notably IL-8 and VEGF,
fostering neoangiogenesis and tumor advancement [67].

To perform IL-8 knockdown, or even better, to knockout through CRISPR/CAS9
technology, experiments could elucidate the role of IL-8 in mediating the proliferation or
invasion effects of P4 on CRC cells. This should be conducted in the future to enhance
our knowledge on the mechanistic aspects of this. One limitation of our study was the
absence of in vivo experiments, which could have provided additional support for our
in vitro findings.

5. Conclusions

Taken together, our data provided novel insights into the actions of P4, PGRMC1,
and NENF in colorectal cancer, emphasizing new potential actions that may regulate CRC
biology (summarized in Figure 7). In this action, it seems that PGRMC1 and NENF may
interact as possible cofactors in non-classical P4 signaling. Targeting the PGRMC1/NENF
complex may open-up new therapeutic possibilities for patients with colorectal cancer.
Therefore, future studies aimed at developing treatment strategies for CRC could consider
not only PGRMC1 inhibition, but also a blockage of NENF production and secretion.
Moreover, NENF, as a secreted protein, could become a promising circulating biomarker
candidate to distinguish between colorectal cancer patients and healthy individuals.
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Figure 7. Schematic overview of the potential non-genomic P4 action in colorectal cancer. P4 may
initiate rapid non-classical signaling through the complex of PGRMC1 and NENF, leading to increased
proliferation and invasion of colorectal cancer cells. However, P4 cannot activate the classical genomic
signaling pathway due to weak PGR expression in colorectal cancer cells (arrow: ↓PGR—weak PGR
expression). P4 or NENF may significantly increase the release of IL-8 by colorectal cancer cells
(arrow: ↑IL-8—increased release of IL-8). P4 significantly up-regulates mPRα and mPRγ expression
in colorectal cancer cells (arrow: ↑mPR-α, ↑mPR-γ—increased expression of mPR-α and mPR-γ).
NENF, neuron-derived neurotrophic factor; P4, progesterone; PGR, nuclear progesterone receptor;
and PGRMC1, progesterone receptor membrane component 1.
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of progesterone receptors and NENF expression profiles in DLD-1 and HT-29 cell lines. Figure S2.
The area under the ROC curve (AUC) to distinguish between colorectal cancer patients and healthy
individuals based on serum NENF levels.
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Simple Summary: In the realm of colorectal cancer treatment, drug resistance is a formidable
obstacle. However, a ray of hope emerges in the form of ferroptosis, a unique iron-driven cell death
mechanism. This review delves into the role of ferroptosis in colorectal cancer and its implications for
drug resistance. Unlike conventional cell death pathways, such as apoptosis and necrosis, ferroptosis
offers distinct advantages. We explore current research breakthroughs, including innovative strategies
like ferroptosis inducers, iron metabolism and lipid peroxidation interventions, and combination
therapies. Additionally, we investigate the potential of immunotherapy in modulating ferroptosis.
While targeting ferroptosis presents notable strengths, it comes with challenges in specificity and drug
development. Looking ahead, this review underscores the promise of ferroptosis-based therapies in
colorectal cancer and emphasizes the need for ongoing research to unlock its full potential, offering
renewed hope for colorectal cancer patients.

Abstract: Drug resistance remains a significant challenge in the treatment of colorectal cancer (CRC).
In recent years, the emerging field of ferroptosis, a unique form of regulated cell death characterized
by iron-dependent lipid peroxidation, has offered new insights and potential therapeutic strategies
for overcoming drug resistance in CRC. This review examines the role of ferroptosis in CRC and
its impact on drug resistance. It highlights the distinctive features and advantages of ferroptosis
compared to other cell death pathways, such as apoptosis and necrosis. Furthermore, the review
discusses current research advances in the field, including novel treatment approaches that target fer-
roptosis. These approaches involve the use of ferroptosis inducers, interventions in iron metabolism
and lipid peroxidation, and combination therapies to enhance the efficacy of ferroptosis. The review
also explores the potential of immunotherapy in modulating ferroptosis as a therapeutic strategy. Ad-
ditionally, it evaluates the strengths and limitations of targeting ferroptosis, such as its selectivity, low
side effects, and potential to overcome resistance, as well as challenges related to treatment specificity
and drug development. Looking to the future, this review discusses the prospects of ferroptosis-based
therapies in CRC, emphasizing the importance of further research to elucidate the interaction between
ferroptosis and drug resistance. It proposes future directions for more effective treatment strategies,
including the development of new therapeutic approaches, combination therapies, and integration
with emerging fields such as precision medicine. In conclusion, harnessing ferroptosis represents a
promising avenue for overcoming drug resistance in CRC. Continued research efforts in this field are
crucial for optimizing therapeutic outcomes and providing hope for CRC patients.

Keywords: colorectal cancer (CRC); ferroptosis; drug resistance; treatment strategies; immunotherapy

1. Introduction

Drug resistance presents a pervasive challenge in colorectal cancer (CRC) treatment [1,2].
Despite significant advancements in chemotherapy and targeted therapies, the emergence
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of resistance to commonly used drugs remains a formidable obstacle [3]. Chemotherapeutic
agents such as 5-fluorouracil (5-FU) and oxaliplatin, as well as targeted therapies including
anti-epidermal growth factor receptor (EGFR) antibodies and anti-vascular endothelial
growth factor (VEGF) agents, are extensively employed in CRC treatment. However,
prolonged drug exposure can lead to the development of resistance, compromising patient
survival and treatment efficacy. The mechanisms underlying drug resistance in CRC
are complex and multifactorial, encompassing genetic alterations, activation of survival
signaling pathways, and disruptions in drug metabolism and efflux [4,5]. Addressing
drug resistance in CRC is crucial for improving patient outcomes and devising effective
therapeutic strategies.

The emergence of drug resistance poses a substantial challenge in the management
of metastatic colorectal cancer (mCRC). Despite advances in therapeutic approaches, the
five-year survival rate for mCRC remains relatively low, primarily due to the development
of drug resistance [6]. Approximately half of mCRC patients exhibit resistance to standard
chemotherapies like 5-FU [7]. While monoclonal antibodies targeting EGFR, such as
cetuximab and panitumumab, have demonstrated efficacy in a subset of patients, the
clinical benefit is often limited by the eventual onset of drug resistance. For instance,
responders to anti-EGFR monoclonal antibodies experience a relatively short duration
of clinical benefit, typically lasting only 8–10 months, with approximately 80% of initial
responders eventually developing drug resistance [8,9]. This resistance phenomenon not
only leads to treatment failures but also results in tumor relapse, profoundly affecting
patient outcomes. Venook et al. conducted a randomized clinical trial that highlighted the
adverse impact of drug resistance on overall survival and the quality of life in patients
with KRAS wild-type advanced or metastatic CRC [10]. In essence, the consequences
of drug resistance are profound, undermining the efficacy of therapeutic interventions
and significantly compromising patient prognosis and well-being. By elucidating the
underlying mechanisms of drug resistance and developing novel therapeutic strategies,
we can mitigate its adverse impact on CRC patients, offering more effective treatment
modalities and achieving superior clinical outcomes.

Ferroptosis, as a promising therapeutic approach, operates on distinct principles [11].
It involves a specific form of cell death regulated by iron ions. Ferroptosis differs from
conventional treatments by inducing cancer cell death through lipid peroxidation and
oxidative stress accumulation [12]. It relies on the intricate balance and regulation of
iron metabolism within cells [13]. This unique mechanism provides a potential avenue
for targeted intervention against drug-resistant CRC. Understanding and harnessing the
principles of ferroptosis can lead to the development of novel therapeutic strategies to
overcome drug resistance and improve treatment outcomes in CRC. Ferroptosis holds
promise for alternative and effective CRC management.

Elucidating the connection between ferroptosis and drug resistance in CRC is crucial.
Exploring the role of ferroptosis in the development and maintenance of drug resistance can
provide valuable insights. Ferroptosis, as a novel therapeutic approach, has the potential to
bypass drug resistance mechanisms and effectively target drug-resistant tumor cells [2]. The
interplay between ferroptosis and drug resistance involves intricate molecular pathways
and mechanisms [14]. Understanding the intersection of ferroptosis with drug resistance
pathways can inform the development of strategies to overcome resistance and improve
treatment outcomes in CRC. By harnessing the unique characteristics of ferroptosis, novel
therapeutic interventions can be designed to selectively induce cell death in drug-resistant
CRC cells, circumventing their resistance mechanisms and offering new avenues for more
effective treatments.

2. Mechanisms of Drug Resistance in CRC

2.1. Gene Mutations

In CRC, gene mutations have a substantial impact on the development of drug re-
sistance. Several prevalent gene mutations have been identified that contribute to re-
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sistance against key therapeutic targets. For example, mutations in the KRAS gene are
associated with resistance to anti-EGFR antibodies like cetuximab and panitumumab
in CRC patients [15–17]. Moreover, alterations in drug-metabolizing enzymes such as
UDP-glucuronosyltransferases (UGTs) and cytochrome P450 (CYP) enzymes can influence
the metabolism and efficacy of chemotherapeutic agents like irinotecan [18–21]. The ab-
normal expression or function of drug transport proteins, such as ATP-binding cassette
(ABC) transporters, can also lead to reduced intracellular drug accumulation and confer
resistance to various anticancer drugs [22,23]. Understanding the impact of gene mutations
on drug resistance mechanisms can facilitate the development of targeted therapies and
personalized treatment approaches for CRC patients.

2.2. Altered Cell Signaling Pathways

Altered cell signaling pathways play a critical role in the development of drug resis-
tance in CRC [24]. The activation of proliferative and survival signaling pathways within
cancer cells, such as the PI3K/AKT/mTOR and MAPK/ERK pathways, can promote cell
growth and impede apoptosis, contributing to drug resistance [25–27]. For instance, the
upregulation of the PI3K/AKT/mTOR pathway has been linked to resistance against
targeted therapies like cetuximab in CRC [28,29]. Additionally, changes in apoptotic escape
mechanisms, such as the increased expression of anti-apoptotic proteins (e.g., Bcl-2) or
decreased expression of pro-apoptotic proteins (e.g., Bax), can impede cancer cell death
and confer resistance to chemotherapy [30–33]. Moreover, abnormalities in DNA repair
pathways like mismatch repair (MMR) and homologous recombination (HR) can lead to
genomic instability and resistance to DNA-damaging agents [34–36].

The development of drug resistance in CRC is intricately linked to calcium signaling
pathways [37]. Studies have revealed the significant role of the TRPC5 channel, whose
overexpression has been associated with CRC cells’ resistance to 5-FU treatment [38,39].
This suggests TRPC5’s potential as a marker for 5-FU resistance in CRC, influencing the
expression of downstream drug resistance proteins like ATP-binding cassette subfamily B1
(ABCB1) and glucose transporter 1 (GLUT1) [40,41]. Sorcin, a mitochondrial isoform, plays
a role in anti-apoptosis and MDR across various cancer types by binding to calcium [42,43].
In CRC cells, both the 18-kDa and 22-kDa Sorcin isoforms have been found to modu-
late drug resistance by preventing endoplasmic reticulum (ER) stress [44]. The 22-kDa
Sorcin isoform, in particular, is upregulated under high calcium concentrations in the
ER, contributing to resistance against 5-FU, oxaliplatin, and irinotecan [44]. Furthermore,
calcium-sensing receptor (CaSR) activation has been linked to enhanced sensitivity of CRC
cells to chemotherapeutic agents like mitomycin C and fluorouracil. The level of CaSR
expression can impact the differentiation of colon cancer cells, influencing their sensitivity
to chemotherapy [45].

Understanding these changes can guide the development of targeted therapies that
counteract these signaling alterations, ultimately improving treatment outcomes in CRC patients.

2.3. Tumor Microenvironment

The tumor microenvironment (TME) plays a crucial role in the development of drug
resistance in CRC [46]. The TME consists of various stromal cell types, such as fibrob-
lasts, immune cells, and mesenchymal stem cells, which interact with tumor cells and
contribute to therapeutic resistance [46,47]. These stromal cells within the TME are genet-
ically stable, making them attractive therapeutic targets with reduced risk of resistance
and tumor recurrence [46]. One mechanism of drug resistance in CRC is the activation
of autophagy, a cellular process that promotes cell survival under stress conditions [48].
Autophagy has been highlighted as a potential therapeutic target to overcome chemother-
apy resistance [48]. Additionally, exosomal noncoding RNAs present in the TME have
been implicated in tumor drug resistance [49]. The TME also influences drug resistance
through its impact on tumor cell proliferation, survival, and signaling pathways [47].
Cancer-associated fibroblasts within the TME provide a supportive microenvironment for
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cancer cells, leading to therapeutic resistance [47]. Furthermore, the TME can elicit innate
resistance to targeted therapies [50]. Epithelial–mesenchymal transitions (EMTs), a process
associated with increased invasiveness and drug resistance, can be induced by changes in
the TME. The TME can also modulate the immune response, which can impact therapeutic
outcomes [51]. Additionally, interactions between cancer cells and their surrounding stro-
mal cells, such as cancer-associated fibroblasts (CAFs) or tumor-associated macrophages
(TAMs), create a supportive niche that enhances tumor cell survival and contributes to
therapy resistance [52,53]. Understanding these influences can guide the development of
strategies targeting the tumor microenvironment to overcome drug resistance and improve
treatment outcomes in CRC patients.

Drug resistance stands out as a pivotal factor contributing to treatment failure in
CRC. It is crucial to underscore that drug resistance significantly limits the effectiveness
of therapies, resulting in tumor recurrence and progression during treatment. Despite
advancements in therapeutic approaches, the emergence of drug-resistant cancer cells
impedes the ability of drugs to effectively eradicate tumors. This phenomenon not only
compromises the initial response to treatment but also poses long-term management
challenges. The presence of drug resistance underscores the need for a comprehensive
understanding of its underlying mechanisms and the development of innovative strategies
to overcome this obstacle. By addressing drug resistance as the primary factor contributing
to treatment failure in CRC, we can strive to improve patient outcomes and advance the
success of therapeutic interventions.

3. Mechanisms of Ferroptosis

Ferroptosis is a unique form of regulated cell death characterized by the iron-dependent
accumulation of lipid peroxides, leading to oxidative damage and cell membrane rupture [54].
It is distinct from other cell death modalities, such as apoptosis and necrosis, and is driven
by dysregulation in pathways involved in iron metabolism, lipid peroxidation, and antioxi-
dant defense. Key players in ferroptosis include glutathione peroxidase 4 (GPX4), which
protects cells from lipid peroxidation, and system Xc-, a cystine/glutamate antiporter in-
volved in maintaining intracellular redox balance [55]. Inclusion of a diagram depicting the
iron death pathway can be found in Figure 1. Understanding the mechanisms of ferroptosis
can provide insights into its role in various diseases and pave the way for the development
of novel therapeutic strategies targeting this form of cell death.

3.1. Canonical GPX4-Regulated Pathway

The canonical GPX4-regulated pathway plays a pivotal role in the induction of ferrop-
tosis, as revealed by the study conducted by Yang et al. [56]. Their findings demonstrated
that the direct or indirect inhibition of GPX4 through glutathione (GSH) depletion is es-
sential for triggering ferroptosis [56]. GPX4, functioning as a glutathione peroxidase, is
responsible for catalyzing the conversion of phospholipid hydroperoxides (PLOOHs) into
phospholipid alcohols, a critical process in maintaining cell membrane integrity. The
availability of intracellular GSH, which is regulated by the cystine/glutamate antiporter
(xCT) system and glutamate–cysteine ligase, influences GPX4 activity and determines
the susceptibility to ferroptosis [57]. Inactivation of GPX4 leads to the accumulation of
PLOOHs, resulting in cellular membrane damage and subsequent ferroptotic cell death [58].
Acetyl-CoA and the MEVALONATE pathway also play crucial roles in cells and influence
their sensitivity to ferroptosis [59,60]. Isopentenyl pyrophosphate (IPP) serves as a pivotal
intermediate in this process, participating in the biosynthesis of cell membranes, which is
directly related to the occurrence of ferroptosis [60]. Additionally, selenium (Sec) functions
as a cofactor for GPX4, a key protein in the ferroptosis pathway [61]. GPX4 maintains cell
membrane integrity by reducing lipid peroxides, thus inhibiting the onset of ferroptosis.
Targeting the canonical GPX4-regulated pathway shows great promise as a therapeutic
strategy for selectively inducing ferroptosis in cancer cells. Further research efforts are war-
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ranted to deepen our understanding of this pathway and develop innovative interventions
to exploit the therapeutic potential of ferroptosis in cancer treatment.

 
Figure 1. Classic signaling pathways of ferroptosis. Illustration depicting the fundamental signaling
pathways associated with ferroptosis. The figure outlines the canonical GPX4-regulated pathway,
focusing on the role of GPX4 in lipid peroxide reduction, the iron metabolism pathway elucidating
the iron-dependent aspects of ferroptosis, and the lipid metabolism pathway highlighting lipid per-
oxidation and its contribution to cell membrane rupture. These interconnected pathways underscore
the multifaceted nature of ferroptotic cell death. The figures were created using the Figdraw software
(https://www.figdraw.com, accessed on 13 August 2023).

3.2. Iron Metabolism Pathway

Iron, particularly in its Fe2+ form, is a central player in driving ferroptosis through
the generation of reactive oxygen species (ROS) via the Fenton reaction [62]. This reaction
involves the interaction of Fe2+ with hydrogen peroxide (H2O2), leading to the production
of highly reactive hydroxyl radicals (•OH). These hydroxyl radicals, in turn, initiate lipid
peroxidation, a hallmark of ferroptosis, by attacking polyunsaturated fatty acids (PUFAs)
in cell membranes [62]. Transferrin receptors (TFR) and ferritin, key components of the
iron metabolism pathway, play significant roles in regulating intracellular iron levels. TFR
facilitates the uptake of iron by binding to transferrin, which transports Fe3+ into the cell
via receptor-mediated endocytosis [63]. Ferritin, on the other hand, acts as an iron storage
protein, sequestering excess intracellular iron and preventing it from participating in the
Fenton reaction [64]. This delicate balance between iron uptake and storage is crucial for
determining a cell’s susceptibility to ferroptosis.
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Furthermore, the role of iron transporters, such as STEAP3 (six-transmembrane epithe-
lial antigen of prostate 3), in facilitating iron uptake and releasing Fe2+ into the labile iron
pool (LIP) cannot be overstated [65,66]. The LIP is a critical reservoir of Fe2+ that fuels the
Fenton reaction and subsequently drives lipid peroxidation, a key event in ferroptosis [67].
Understanding the complex interactions between iron metabolism, ROS generation, and
lipid peroxidation is critical for developing targeted interventions that exploit the vulnera-
bilities of cancer cells and enhance the effectiveness of ferroptosis-based therapies.

3.3. Lipid Metabolism Pathway

Ferroptosis is primarily driven by the peroxidation of membrane phospholipids,
resulting in the formation of PLOOHs, which further decompose into 4-hydroxynonenal
or malondialdehyde [68,69]. The accumulation of lipid peroxidation products induces
membrane instability and permeabilization, ultimately leading to cell death [70].

In nonenzymatic lipid peroxidation, the conversion of polyunsaturated fatty acids
(PUFAs) into acyl-CoA is facilitated by acyl-CoA synthetase long-chain family member
4 (ACSL4), which ligates PUFAs with coenzyme A (CoA) [59]. These acyl-CoA molecules
can then be re-esterified into phospholipids by lysophosphatidylcholine acyltransferases
(LPCATs), forming phospholipids. Therefore, the regulation of ACSL4 and LPCATs plays
a critical role in determining the sensitivity to ferroptosis [69]. Enzymatic lipid peroxida-
tion involves the activity of lipoxygenases (LOX) and cytochrome P450 oxidoreductase
(POR) [71]. LOX enzymes, which contain nonheme iron, directly catalyze the deoxygena-
tion of free and esterified PUFAs, resulting in the production of PLOOHs. Studies have
demonstrated that overexpression of specific LOX isoforms increases cellular susceptibility
to ferroptosis, while LOX inhibitors act as effective antioxidants, protecting cells from lipid
peroxidation [72]. In 2020, Zou et al. identified POR as a crucial mediator of ferroptotic cell
death in cancer cells through genome-wide CRISPR-Cas9 screens [73]. Previous research
has suggested that P450 enzymes can accept electrons from POR and catalyze the peroxi-
dation of PUFAs [74,75]. The pro-ferroptotic role of POR has been further supported by
genetic depletion experiments across different cell types and lineages.

Understanding the intricate dynamics of the lipid metabolism pathway is essential
for unraveling the mechanisms underlying ferroptosis. Further research in this field
will enhance our knowledge of the regulatory mechanisms of lipid peroxidation and
identify potential targets for therapeutic interventions aimed at promoting or inhibiting
ferroptosis. These insights offer new avenues for the development of innovative strategies
for cancer treatment.

4. Role of Ferroptosis in CRC and Its Impact on Drug Resistance

Ferroptosis has garnered significant attention in CRC research, offering novel insights
and strategies for CRC treatment and prognosis. The relationships between certain genes
and ferroptosis in CRC are illustrated in Figure 2. Elevated expression levels of several
ferroptosis-related factors have been observed in CRC tissues, including TIGAR, AADAC,
and a series of ferroptosis-related genes (FRGs) [76,77]. The dysregulated expression
of these factors is closely associated with clinical outcomes in CRC patients, providing
crucial prognostic and therapeutic predictive indicators [78,79]. Furthermore, researchers
have discovered that by modulating the ferroptosis pathway, it is possible to enhance
the sensitivity of CRC cells to specific drugs such as erastin and RSL3 [80,81]. These
drugs induce ferroptosis in CRC cells, presenting a novel approach to CRC therapy. Some
studies have identified gene signatures related to ferroptosis, including ACACA, GSS,
and NFS1, among others, which have been validated as independent prognostic factors
for CRC, outperforming the traditional TNM staging system in survival prediction [79].
The aberrant expression of these genes is closely correlated with CRC development and
treatment response, offering diversified therapeutic options for patients.
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Figure 2. Mechanisms of drug resistance reversal through ferroptosis targeting. This figure illustrates
diverse molecular interactions and sites of action for various agents aimed at reversing drug resistance
through ferroptosis modulation. In the diagram, red text denotes sites of action for agents targeting
ferroptosis reversal in chemotherapy, blue text represents sites of action for agents targeting ferroptosis
reversal specifically, and green text indicates sites of action for agents targeting ferroptosis reversal
in immunotherapy. The integrated approach to targeting these pathways highlights their potential
synergistic effects in overcoming drug resistance. The figures were created using the Figdraw software
(https://www.figdraw.com, accessed on 13 August 2023).

On a specific gene and protein level, certain studies emphasize the roles of particular
factors in CRC, such as KRAS mutations, Nodal, MT1G, SFRS9, and p53 [82–86]. The
dysregulated expression of these factors is intricately linked to CRC progression and drug
resistance, rendering them potential targets for future therapeutic interventions. Addi-
tionally, researchers have explored novel approaches to modulate the ferroptosis pathway,
including siRNA nanoparticles, GCH1 inhibitors, and the CUL9-HNRNPC-MATE1 nega-
tive feedback loop, with the potential to enhance the sensitivity of CRC cells to ferroptosis
inducers and overcome drug resistance [87–89]. Furthermore, miRNAs and circular RNAs
(circRNAs) play pivotal roles in CRC by influencing the development of the disease through
the regulation of ferroptosis-related pathways [90–92]. Collectively, these studies reveal the
diversity and complexity of ferroptosis in CRC, providing valuable clues and directions
for future research and treatment. In conclusion, research on ferroptosis in CRC has made
significant progress, spanning multiple levels, from molecular mechanisms to potential
therapeutic strategies, all contributing to a deeper understanding of CRC’s development
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and treatment. These studies offer substantial support for future personalized treatments
and the overcoming of treatment resistance.

5. Potential Therapeutic Approaches Targeting Ferroptosis

Ferroptosis stands as a promising frontier in CRC therapy, offering a new perspec-
tive on overcoming the hurdles of treatment resistance. As we delve into the intricate
mechanisms underlying these approaches, Figure 2 serves as a comprehensive visual
guide, shedding light on the potential synergies between targeted drug interventions, im-
munotherapy, and the induction of ferroptosis. In the following sections, we will elaborate
on the interplay between traditional chemotherapy drug resistance and ferroptosis, the
intriguing relationship between targeted drug resistance and the ferroptosis process, and
how the realm of immunotherapy intertwines with ferroptosis to shape the future of cancer
treatment paradigms.

5.1. Targeted Drug Therapy for Ferroptosis

Chemotherapy has remained an essential approach in cancer treatment, but drug
resistance remains a significant factor contributing to poor patient prognosis. Ferroptosis,
with its molecular mechanisms, plays a crucial role in reducing chemotherapeutic drug
resistance. Pathways involved in lipid metabolism, iron metabolism, and the classical
GPX4 pathway are implicated in drug resistance in CRC and other malignancies. In lipid
metabolism, ACSL4 participates in the lipid oxidation pathway by converting the AA and
AdA in PUFAs into coenzyme derivatives, leading to the production of oxidized lipid
molecules [93,94]. Another enzyme, LOX, mediates ferroptosis non-enzymatically by di-
rectly oxidizing PUFAs. ALOX15, a key player in gastric cancer, inhibits ferroptosis [95,96].
Decreasing miRNA-522 and increasing ALOX15 has emerged as a novel treatment strategy
to reverse drug resistance, particularly resistance to cisplatin/paclitaxel [95].

Iron metabolic pathways are also involved in reversing drug resistance. Dihydroartem-
isinin (DHA), a safe and promising therapeutic agent, selectively induces ferroptosis in
cancer cells. DHA intensifies the cytotoxicity of cisplatin by impairing mitochondrial home-
ostasis, increasing mitochondrial-derived ROS, and promoting ferroptosis through the
accumulation of free iron and lipid peroxidation [97,98]. Blocking lysosomal iron translo-
cation through the inhibition of DMT1 in CSC leads to iron accumulation in lysosomes,
ROS production, and ferroptosis-mediated cell death [99,100]. Furthermore, indirectly
triggering ferroptosis by blocking GSH synthesis or inhibiting system Xc- enhances the
reversal of drug resistance. Ent-kaurane diterpenoids overcome cisplatin resistance by
targeting peroxiredoxin I/II and consuming GSH to induce ferroptosis [101]. In head and
neck cancer, inhibiting system Xc- and the Nrf2/Keap1/system Xc- signaling pathway can
overcome cisplatin resistance [102,103].

In parallel, a series of studies has underscored the potential of targeted drug therapy
for ferroptosis in CRC. For instance, adipose-derived exosomes upregulate the microsomal
triglyceride transfer protein (MTTP), reducing ferroptosis susceptibility and contributing
to oxaliplatin resistance [104]. Aspirin enhances the sensitivity of CRC cells with onco-
genic PIK3CA activation to ferroptosis induction by inhibiting the AKT/mTOR pathway,
suppressing SREBP-1 expression, and reducing SCD1-mediated lipogenesis [105]. Loss of
the metabolic enzyme NFS1 in CRC cells heightens sensitivity to oxaliplatin and induces
PANoptosis [106]. KIF20A, associated with oxaliplatin resistance, becomes a potential
target for sensitizing CRC cells to this drug [107]. Moreover, Lipocalin 2 overexpression
in colon cancer cells has conferred resistance to 5-fluorouracil through ferroptosis inhi-
bition. FAM98A overexpression in CRC tissues has been linked to drug resistance, with
metformin demonstrating potential in reversing FAM98A-mediated 5-FU resistance [108].
The cyclin-dependent kinase 1 (CDK1) has been identified as a key contributor to ox-
aliplatin resistance in CRC, highlighting the prospect of CDK1 inhibitors for treating
oxaliplatin-resistant CRC patients [109]. Additionally, PYCR1, an oncogenic gene, has been
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associated with reducing the sensitivity of CRC cells to 5-fluorouracil and promoting tumor
growth [110].

In summary, targeted drug therapy for ferroptosis holds immense potential in over-
coming chemotherapy resistance in CRC. By addressing key molecular mechanisms and
therapeutic targets, researchers aim to sensitize CRC cells to ferroptosis-inducing agents,
ultimately improving treatment outcomes for CRC patients. These findings collectively
provide a multifaceted approach to combatting drug resistance and enhancing the efficacy
of CRC therapies.

5.2. Targeted Therapy for Ferroptosis

In contrast to chemotherapy, targeted therapy has emerged as an effective treatment
with fewer side effects on normal cells. For example, the presence of RAS mutations in
about half of metastatic CRC patients greatly limits the efficacy of cetuximab. β-elemene, a
natural product derived from turmeric, combined with cetuximab, exhibits high cytotoxicity
toward metastatic CRC cells with KRAS mutations [111]. This combination therapy induces
ferroptosis and inhibits the epithelial–mesenchymal transition. Olaparib, a well-known poly
(ADP-ribose) polymerase inhibitor, promotes ferroptosis by inhibiting SLC7A11-mediated
GSH synthesis [112]. Combined with FINs, it sensitizes BRCA-activated ovarian cancer
cells and xenografts [112]. In TNBC cells resistant to gefitinib, inhibiting and inducing
ferroptosis enhances sensitivity to gefitinib [113]. Sorafenib, the first approved systemic
medicine for advanced hepatocellular carcinoma, faces acquired resistance. Similarly,
like erastin, cisplatin resistance can be overcome by depleting GSH accompanied by GPx
inactivation. Combining erastin with cisplatin demonstrates enhanced antitumor activity
compared to cisplatin alone, as their mechanisms of action differ [95,114].

Metallothionein (MT) is a multifunctional protein that plays a pivotal role in various
aspects of ferroptosis regulation, drug resistance, ROS elimination, and Fe2+ metabolism.
In the context of CRC, MT1G has emerged as a significant factor influencing ferroptosis
susceptibility, contributing to drug resistance and disease progression. MT1G downreg-
ulation in clear cell renal cell carcinoma is associated with advanced stages and higher
malignancy, potentially due to its negative regulatory role in ferroptosis and its influence
on GSH metabolism [115]. Furthermore, in hepatocellular carcinoma, MT-1G is identified
as a key player in the regulation of ferroptosis and is associated with sorafenib resistance.
This highlights the importance of MTs in HCC treatment and potential strategies for over-
coming resistance [116]. Additionally, in leukemia, MTs, particularly the MT2A and MT1M
isoforms, are implicated in the modulation of ferroptosis induced by DHA [117]. Their role
in regulating iron metabolism and cellular antioxidant responses underscores their impact
on leukemic cell susceptibility to ferroptotic cell death. Moreover, metallothionein 1D
pseudogene (MT1DP) is shown to be a crucial regulator of ferroptosis in non-small cell lung
cancer (NSCLC), sensitizing cancer cells to erastin-induced ferroptosis by downregulating
NRF2 and enhancing oxidative stress. This novel therapeutic strategy holds promise for
the treatment of lung cancer [118]. Furthermore, MTs’ interaction with ferritin, a protein
involved in iron storage, is suggested to have a potential impact on iron release under
oxidative conditions. In the context of Parkinson’s disease (PD), where iron accumulation
is linked to ferroptosis and disease pathogenesis, understanding the interplay between
MTs and iron metabolism may offer insights into potential neuroprotective strategies [119].

Targeted therapy for ferroptosis offers innovative strategies for sensitizing cancer
cells to ferroptosis-inducing agents, with a focus on KRAS-mutant CRC. Combining cetux-
imab with RSL3 enhances ferroptosis in KRAS-mutant CRC cells, providing a strategy to
overcome drug resistance in this specific subgroup [120]. Additionally, apatinib has been
identified as a ferroptosis promoter in CRC cells by targeting the ELOVL6/ACSL4 pathway,
suggesting its potential as a valuable addition to CRC treatment strategies [121]. A novel
ferroptosis inducer, talaroconvolutin A (TalaA), has demonstrated remarkable efficacy in
suppressing CRC growth in mouse models, positioning it as a potent candidate for CRC
therapy via ferroptosis induction [122]. Lastly, co-treatment with 3-Bromopyruvate (3-BP)
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and cetuximab has emerged as a promising strategy to overcome cetuximab resistance in
CRC by inducing ferroptosis synergistically [123].

In summary, targeted therapy for ferroptosis offers an innovative and effective ap-
proach to combat drug resistance and enhance treatment outcomes in various cancer types,
including CRC. These strategies hold promise for improving the prognosis and quality of
life for cancer patients while minimizing the impact on healthy cells.

5.3. Immunotherapy Targeting Ferroptosis

Immunotherapy has emerged as a promising approach for cancer treatment, and
recent research has shown that it can also regulate ferroptosis. Wang et al. found that
CD8+ T cells activated by immunotherapy enhance ferroptosis-specific lipid peroxidation
in tumor cells, leading to increased tumor cell death and improved anti-tumor efficacy [124].
This suggests that targeting ferroptosis could enhance the effectiveness of immunotherapy
in cancer treatment. The mechanistic link between ferroptosis and cancer has been further
explored in recent studies. One paper reviewed the regulatory mechanisms of mTORC1
and ferroptosis and proposed co-targeting mTOR and ferroptosis as a potential strategy for
cancer treatment [125]. Another investigated ferroptosis as an autophagic cell death process
and highlighted its relevance in cancer and cancer treatment [126]. One study reviewed
the development of agents targeting molecules involved in ferroptosis, emphasizing the
potential of ferroptosis as a therapeutic strategy for cancer [127]. A further study discussed
the epigenetic regulators and metabolic changes associated with ferroptosis in cancer
progression, suggesting that targeting ferroptosis-associated metabolism could improve the
efficacy of cancer immunotherapy [128]. Others have demonstrated that immunotherapy
sensitizes tumors to radiotherapy by promoting tumor cell ferroptosis, further supporting
the potential synergy between immunotherapy and ferroptosis in cancer treatment [129].

The role of ferroptosis in cancer immunotherapy has also been recognized. One study
highlighted ferroptosis as an effector pathway for cancer immunotherapy [130]. Another
investigated the interaction between ferroptosis and immunotherapy in cancer cells and
found that ferroptosis enhances the anti-tumor efficacy of immunotherapy through in-
creased ferroptosis-specific lipid peroxidation and reduced cystine uptake induced by
immunotherapy-activated CD8+ T cells [131]. Combining radiotherapy with PARP in-
hibitors, such as Niraparib, activates the cGAS signaling pathway and enhances ferroptosis,
promoting an anti-tumor immune response [132]. Apolipoprotein L3 (APOL3) has been
identified as a key modulator, positively affecting sensitivity to ferroptosis and improving
CD8+ T cell-mediated anti-tumor responses in CRC [133]. Co-treatment with PR-619 and
anti-PD1 inhibits CRC growth, induces ferroptosis, and enhances CD8+ T cell-mediated
immunity [134]. Moreover, inhibiting CYP1B1, which contributes to ferroptosis resis-
tance, enhances the sensitivity of CRC cells to anti-PD-1 antibody therapy [135]. These
immunotherapy approaches can synergize with ferroptosis induction by enhancing the im-
mune system’s recognition and clearance of cancer cells undergoing ferroptotic cell death.

However, it is important to consider the limitations of immunotherapy targeting
ferroptosis. Some tumors employ immune evasion mechanisms, such as downregulation
of antigen presentation or upregulation of immunosuppressive factors, which can hinder
the immune response and limit the effectiveness of immunotherapy. Additionally, tumor
heterogeneity and individual variations in immune responses can impact the outcomes of
immunotherapeutic interventions. Further research is needed to better understand these
limitations and develop strategies to overcome them.

6. The Advantages and Limitations of Therapeutic Approaches Targeting Ferroptosis

Therapeutic strategies targeting ferroptosis offer several advantages compared to
traditional treatment methods. One significant advantage is their high selectivity towards
cancer cells, which can minimize damage to healthy tissues and reduce treatment-related
side effects [136]. Additionally, ferroptosis induction may hold potential for overcoming
drug resistance mechanisms, as it represents a distinct form of cell death that can bypass
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common resistance pathways. Moreover, targeting iron metabolism and lipid peroxidation,
the core processes of ferroptosis, provides a unique opportunity to exploit vulnerabilities
specific to cancer cells.

However, these therapeutic approaches targeting ferroptosis may also face certain
challenges. One challenge is achieving treatment specificity and ensuring that the interven-
tion selectively targets cancer cells without affecting normal cells. Another challenge lies in
the development of effective and safe drugs that can modulate ferroptosis. The complex
interplay of iron metabolism and lipid peroxidation pathways adds to the intricacy of drug
development and requires thorough understanding to maximize therapeutic efficacy [136].
Furthermore, the potential irreversibility of ferroptotic cell death raises concerns regarding
tissue damage and long-term effects.

7. Paving the Way for Future Developments in Therapeutic Approaches
Targeting Ferroptosis

To further improve treatment outcomes and overcome the existing limitations, future
research should focus on multiple fronts. Firstly, there is a need for continued exploration
and development of novel therapeutic strategies that can specifically target ferroptosis.
This includes the identification of new ferroptosis inducers and the refinement of existing
ones to enhance their efficacy and safety profiles. Secondly, combining ferroptosis-based
approaches with other treatment modalities, such as immunotherapy, targeted therapy, or
precision medicine, holds great potential in optimizing treatment outcomes [137]. These
synergistic combinations can exploit different pathways and vulnerabilities, leading to
enhanced therapeutic efficacy.

Additionally, future developments should encompass the integration of ferroptosis-
targeting strategies with emerging fields such as personalized medicine and precision
oncology. Understanding the interplay between ferroptosis and specific molecular sub-
types of cancer, as well as identifying predictive biomarkers, can enable the selection of
appropriate patients and tailored treatment regimens for maximum effectiveness. The
exploration of non-invasive imaging techniques to assess ferroptosis status in tumors and
the development of strategies to modulate ferroptosis in a controlled manner are also
promising directions for future research.

In conclusion, therapeutic approaches targeting ferroptosis offer distinct advantages,
including selectivity, low side effects, and potential for overcoming drug resistance. How-
ever, challenges related to treatment specificity, drug development, and potential irre-
versibility exist. Future directions should focus on refining therapeutic strategies, exploring
combination therapies, and integrating ferroptosis-based approaches with personalized
medicine to optimize treatment outcomes and overcome current limitations.

8. Conclusions and Perspectives

The potential of targeting ferroptosis as a therapeutic strategy to overcome drug resis-
tance in CRC is of significant importance. Ferroptosis, as a distinct form of cell death, offers
unique advantages in selectively eliminating cancer cells and bypassing common resistance
mechanisms. This detailed exploration of ferroptosis’s role in CRC, its mechanisms, and its
interplay with drug resistance mechanisms underscores the necessity for further research
in this field. Promising advances have been made in identifying ferroptosis inducers, eluci-
dating key regulators, and exploring combination therapies. However, there are challenges
to address, including treatment specificity and the development of safe and effective drugs.
Future directions should focus on refining therapeutic strategies, such as the development
of novel ferroptosis inducers and the integration of ferroptosis-based approaches with other
treatment modalities. Moreover, the incorporation of ferroptosis research into the realm
of personalized medicine holds great potential. By understanding the complex interplay
between ferroptosis and resistance mechanisms, identifying predictive biomarkers, and
refining treatment selection, we can optimize therapeutic outcomes and provide hope for
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CRC patients. Continued research efforts in this field will pave the way for more effective
treatment strategies and better outcomes in CRC management.
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PUFAs polyunsaturated fatty acids CRC colorectal cancer
CoA coenzyme A 5-FU 5-fluorouracil

LPCATs Lys phosphatidylcholine acyltransferases EGFR epidermal growth factor receptor
LOX lipoxygenases VEGF vascular endothelial growth factor
POR P450 oxidoreductase UGTs UDP-glucuronosyltransferases
FRGs ferroptosis-related genes CYP cytochrome P450
DHA Dihydroartemisinin ABC ATP-binding cassette
MTTP microsomal triglyceride transfer protein MMR mismatch repair
CDK1 cyclin-dependent kinase 1 HR homologous recombination

MT Metallothionein MHC major histocompatibility complex
MT1DP metallothionein 1D pseudogene CAFs cancer-associated fibroblasts
TalaA talaroconvolutin A TAMs tumor-associated macrophages
TME tumor microenvironment GPX4 glutathione peroxidase 4

TAMs tumor-associated macrophages GSH glutathione
APOL3 Apolipoprotein L3 PLOOHs phospholipid hydroperoxides
ABCB1 ATP-binding cassette subfamily B1 xCT cystine/glutamate antiporter
CaSR calcium-sensing receptor ROS reactive oxygen species
TME tumor microenvironment GLUT1 glucose transporter 1
EMT Epithelial–mesenchymal transition ACSL4 acyl-CoA synthetase long-chain family member 4
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Simple Summary: Colorectal cancer (CRC) is one major cause of cancer mortality worldwide.
Emerging evidence shows that synaptotagmin 1 (SYT1) takes roles in a variety of cancers. However,
the role of SYT1 in colorectal cancer remains an enigma. Here, we first assess SYT1 expression levels
and discover that its expression is downregulated in CRC tissues and CRC cell lines. We further
confirm that SYT1 overexpression suppresses CRC metastasis both in vivo and in vitro using mouse
CRC xenograft metastasis model and colon cancer cells. The inhibitory effect of SYT1 overexpression
on CRC metastasis is associated with reductions of CRC cell pseudopodial formation, migration,
and invasion. Mechanistically, SYT1 overexpression inhibits EMT via negatively regulating the
ERK/MAPK signaling, thereby resulting in suppression of CRC cell migration and invasion. Our
findings provide new insights into CRC development and indicate the potential of SYT1 as a bio
marker and potential therapeutic target for CRC.

Abstract: Although synaptotagmin 1 (SYT1) has been identified participating in a variety of cancers,
its role in colorectal cancer (CRC) remains an enigma. This study aimed to demonstrate the effect of
SYT1 on CRC metastasis and the underlying mechanism. We first found that SYT1 expressions in
CRC tissues were lower than in normal colorectal tissues from the CRC database and collected CRC
patients. In addition to this, SYT1 expression was also lower in CRC cell lines than in the normal
colorectal cell line. SYT1 expression was downregulated by TGF-β (an EMT mediator) in CRC cell
lines. In vitro, SYT1 overexpression repressed pseudopodial formation and reduced cell migration
and invasion of CRC cells. SYT1 overexpression also suppressed CRC metastasis in tumor-bearing
nude mice in vivo. Moreover, SYT1 overexpression promoted the dephosphorylation of ERK1/2
and downregulated the expressions of Slug and Vimentin, two proteins tightly associated with EMT
in tumor metastasis. In conclusion, SYT1 expression is downregulated in CRC. Overexpression of
SYT1 suppresses CRC cell migration, invasion, and metastasis by inhibiting ERK/MAPK signaling-
mediated CRC cell pseudopodial formation. The study suggests that SYT1 is a suppressor of CRC
and may have the potential to be a therapeutic target for CRC.

Keywords: synaptotagmin 1; pseudopodial formation; cell migration; metastasis; ERK/MAPK
signaling
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1. Introduction

Colorectal cancer (CRC) represents a significant health problem as the world’s third
most commonly diagnosed and second leading cause of malignancy-associated mortality
worldwide [1]. Approximately 9.4% of cancer-related deaths were due to CRC in 2020
and the prevalence of CRC is increasing in recent years [2]. Statistically, 20% of patients
diagnosed with CRC have metastasis [3]. Recent studies reported that many factors
may contribute to the incidence of CRC, including genetics, diet habits, colon polyp,
environment, etc. [3,4]. The carcinogenesis of CRC is a multi-step process which involves a
quantity of genomic alterations [5]. If the tumor suppressor gene mutates, the transition
from non-invasive to invasive disease may take place. Therefore, it is urgent to explore the
roles of these suppressor genes/oncogenes in colorectal cancer for cancer prevention, early
diagnosis, and therapeutic development.

Synaptotagmins (SYTs) are a family of structurally related proteins which are highly
conserved from invertebrates to human, and expressed in almost all tissues [6]. SYT1 was
initially found to work as a Ca2+ senser in neurotransmitter release [7]. SYT1 has also been
found expressed in non-neuronal cells and plays multiple functions in these cells. For
example, SYT1 is required for spindle stability and metaphase-to-anaphase transition in
mouse oocytes [6]; SYT1 is expressed in both intestinal epithelial cells and Caco-2BBe cell
lines, and is required in cAMP-mediated endocytosis of intestinal epithelial NHE3 cells [8,9],
suggesting that SYT1 plays a pivotal role in the physiological activity of the intestinal
system. In addition, SYT1 plays important roles in many malignancies. For example,
Nord et al. [10] reported that SYT1 is a new oncogene in glioblastoma. Liu et al. [11]
demonstrated that dysregulated SYT1 is associated with the survival of head and neck
squamous cell carcinoma. Yang et al. [12] found that SYT1 is significantly downregulated
in adamantinomatous craniopharyngioma. These studies suggest that SYT1 takes roles in a
variety of cancers. However, the potential role of SYT1 in CRC remains unclear.

Here, we comprehensively investigated the expression of SYT1 and its functional
roles in the progression of CRC both in vitro and in vivo. Interestingly, we found that
SYT1 was downregulated both in CRC tissues and CRC cell lines, and overexpression of
SYT1 could suppress CRC cell metastasis in tumor-bearing mice in vivo and migration
in vitro. We also demonstrated that SYT1 exerted the above effects through suppressing
ERK/MAPK signaling-mediated tumor cell pseudopodia formation. The study may help
in understanding the role of SYT1 in the development of CRC.

2. Materials and Methods

2.1. Public Dataset Acquisition

The gene expression and clinical information data in each tumor and normal sample
were obtained from the TCGA database (https://portal.gdc.cancer.gov/, accessed on
17 September 2023). The publicly available TCGA database included 538 tumor tissues,
excluding cases with insufficient or missing data on local invasion, lymph node metastasis,
distant metastasis, age, overall survival, and TNM staging.

2.2. Collection of Human CRC Tissues

CRC tissues and paired adjacent normal tissues were obtained from 15 patients during
tumor resection surgeries at the Shanxi Provincial Academy of Traditional Chinese Medicine
(Taiyuan, China), and were used to check the expression levels of SYT1. The study was
approved by the Medical Research Ethics Committee of the Shanxi Provincial Academy of
Traditional Chinese Medicine, Taiyuan, China (approval no.: 2019-06KY005).

2.3. Mouse Model of Xenograft CRC Metastasis

The CRC metastatic animal model was constructed by tail vein injection of
1.5 × 106 HCT116 cells in 5-week-old female BALB/C nude mice (Gempharmatech Co.,
Ltd., Nanjing, China). Mice were kept in a sterile environment during the whole experi-
ment. Eight weeks after tumor injection, the potential tumor metastasis to lung and liver
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of each mouse was scanned by a microPET-CT (Pingseng Healthcare Co., Ltd., Kunshan,
China) after injection of 200 μCi 18F-FDG. Maximum standardized uptake (SUVmax) of
regions of interest (ROI) were analyzed after manual definition. Mice were then sacrificed
and lung and liver tissues were harvested and fixed with 4% paraformaldehyde, embedded
in paraffin, and stained with hematoxylin and eosin (H&E). The expressions of Slug and
Vimentin were also stained using immunohistochemistry. The animal use protocol was
approved by the Animal Ethics Committee of the Shanxi Medical University (Taiyuan,
China) (approval no.: SYDL2023-085) and abided by the standards of the National Institute
of Health Guide for the Care and Use of Laboratory Animals.

2.4. Immunohistochemical and Immunofluorescent Staining

Five-μm tissue sections attached to slides were deparaffinized, blocked, and incubated
with primary antibody overnight at 4 ◦C. After washing with PBS, tissue sections were
incubated with HRP-conjugated secondary antibody for 1 h, and, then, the peroxidase
activity was visualized by reacting with 3,3-diaminobenzidine (DAB). Tissue sections were
washed in water, counterstained with hematoxylin, and cover-slipped. Positive signals
were observed and photographed under a microscope. To perform immunofluorescent
staining, tissue sections were stained with Alexa Fluor 488 and 594 goat anti-mouse or
anti-rabbit IgG (H + L) for 1 h at room temperature. Nuclei were stained with DAPI.
The sample was incubated with the primary antibodies SYT1 (1:100), Ki67 (1:400), PCNA
(1:400), Slug (1:200), Vimentin (1:200), and p-ERK (1:200). Antibody information is shown
in Table S2.

2.5. Cell Lines and Cell Culture

Human colonic carcinoma cell lines SW620, SW480, and HCT116, and the normal
colorectal cell line NCM460, were purchased from the Shanghai Institutes for Biological
Sciences, at the Chinese Academy of Sciences. SW620 and SW480 cells were maintained in
L15 medium (Hyclone, Logan, Utah) supplemented with 10% FBS (Gibco, Grand Island, NY,
USA). HCT116 and NCM460 cells were cultured in DMEM medium (BOSTER) containing
10% FBS. All cells were cultured at 37 ◦C with 5% CO2.

2.6. Western Blotting

Western blotting was carried out as we previously described [13]. In brief, cultured
cells were collected and washed with PBS, and then were lysed with RIPA protein lysate
buffer. The total protein concentration was determined by BCA protein assay kit (Beyotime,
Haimen, China). Equal amounts of proteins were separated by SDS-PAGE and transferred
onto a PVDF membrane (Bio-Rad, Hercules, CA, USA). Proteins were probed with specific
primary antibodies followed by detection with secondary antibodies conjugated with HRP.
Signals were detected on a gel imaging system by using ECL (Thermo Scientific, Waltham,
MA, USA). The primary antibodies include Slug (1:500), Vimentin (1:500), and GAPDH
antibody (1:1000).

2.7. RT-qPCR

Total RNA was extracted from SW480 cells and HCT116 cells by TRIZOL reagent
(Invitrogen, Carlsbad, CA, USA). RNA extraction and cDNA synthesis were performed
according to the manufacturer’s instructions. Then, cDNA amplification was performed
by qPCR using Premix Ex Taq™ kit (Takara, Osaka, Japan). qPCR procedures were run at
95 ◦C for 30 s, followed by 40 cycles at 95 ◦C for 5 s and, then, 60 ◦C for 30 s. The primers
used in qPCR were designed with Primer 5.0 software and were synthesized with the help
of Sangon Biotech (Shanghai, China). Primer sequences are shown in Table 1.
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Table 1. Primer sequences.

Gene Primer Sequence (5′-3′)

SYT1 Forward 5′-AAAGTCCACCGAAAAACCCTT-3′
Reverse 5′-CCACCCAATTCCGAGTATGGT-3′

GAPDH Forward 5′-GGAGCGAGATCCCTCCAAAAT-3′
Reverse 5′-GGCTGTTGTCATACTTCTCATGG-3′

2.8. Plasmids and Transfection

The complementary DNA (cDNA) of SYT1 was amplified by PCR and cloned into
pcDNA3.1(+) plasmid. The pcDNA3.1(+)-SYT1 (SYT1) and pcDNA3.1(+) (control) plasmids
were respectively amplified and purified, and, then, were transfected into SW480 and
HCT116 cells using LipoFit 3.0 (Hanbio, Shanghai, China) as per the manufacturer’s
protocol. After 48 h transfection, the cells were gathered and employed for further analyses.

2.9. Transwell Migration Assay

The transwell system with 24-well polycarbonate membranes and 8 μm pores (Corning
Costar, Corning, NY, USA) was used to perform migration assays. The volume of the upper
chamber was 200 μL serum-free medium containing 1 × 105 cells. And 600 μL medium
supplemented with 20% FBS was added to the lower chamber. The cells were cultured at
37 ◦C with 5% CO2 for 48 h. Then, the wells were removed and gently washed twice with
PBS. Subsequently, the wells were fixed with 4% paraformaldehyde for 30 min, and stained
with 0.1% crystal violet for 10 min, and, then, images were captured under a microscope.

2.10. Wound Healing Assay

Wound healing assay was performed to observe cell migration ability. SW480 and
HCT116 cells, which transiently overexpressed SYT1, were seeded in 6-well plates at
5 × 105/well. A single scratch was made across the center of the cell monolayer using a
micropipette tip. Then, the cells were washed with PBS to remove cell debris. Images were
captured under a microscope at 24 h, 48 h, and 72 h post wounding.

2.11. Statistical Analysis

GraphPad Prism 5.0 statistical software was used to perform statistical analysis. Data
were presented as mean ± standard deviation (SD) of at least three independent experi-
ments. The two-tailed t-test was used for comparison of two groups and one-way ANOVA
for multi-group comparison, and p < 0.05 was considered statistically significant.

3. Results

3.1. SYT1 Expression Is Downregulated in Human CRC Tissues and Cell Lines

We first searched the SYT1 expression levels in human CRC tissues and normal
colorectal tissues from the TCGA database. Results showed that the mRNA level of SYT1 in
CRC tissues were significantly lower than that in the normal colorectal tissues (Figure 1A,B).
Results of a Human Protein Atlas (HPA) search showed that the protein expression level of
SYT1 in CRC tissues was also lower than in the normal colorectal tissues (Figure 1C).

We then validated the above database search results of SYT1 expression in our collected
human CRC tissues and adjacent normal colorectal tissues by immunofluorescent staining.
Results showed that SYT1 protein expression was lower in the CRC tissues than in the
adjacent normal colorectal tissues (FigureS 1D and S1). This result was in concordance with
the results of database search.
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Figure 1. SYT1 was downregulated in human CRC issues and cell lines. (A) Relative mRNA levels of
SYT1 in CRC tissues and normal colorectal tissues derived from TCGA database; n = 51 for normal
colorectal tissues and n = 647 for CRC tissues. (B) Colonic SYT1 mRNA level in CRC patients with
distant metastasis (M); n = 51 for normal colorectal tissues and n = 564 for CRC tissues. N: normal
(blue); T: tumor (red). (C) Immunohistochemical stains of SYT1 protein in CRC tissues and normal
colorectal tissues obtained from HPA database. (D) Representative immunofluorescent stains of SYT1
protein in CRC tissues and paired adjacent normal colorectal tissues of the collected CRC cases. Scale
bar, 50 μm. (E) Western blots of SYT1 proteins in normal colonic cell line NCM460 and CRC cell lines
HCT116, SW480, and SW620. (F) Grey value statistics of western blots for E; * p < 0.05, ** p < 0.01,
and *** p < 0.001. The uncropped bolts are shown in Supplementary Materials Figure S2.

We further validated the above results of SYT1 expression in three human CRC cell
lines (HCT116, SW620, and SW480) and a normal colorectal cell line (NCM460) by Western
blotting. Results showed that SYT1 expression was significantly lower in CRC cells than in
normal colorectal cells (Figure 1E,F). This cell result was also in agreement with the tissue
result, indicating that SYT1 expression is really downregulated in CRC tissues and cells.

Univariate analysis using Cox regression revealed that several factors, including
tumor status, distant metastasis, lymph node status, gender, age, and SYT1 expression,
were significantly associated with the overall survival of CRC patients (Table S1).

Taken together, above results suggest that downregulation of SYT1 is closely associated
with the malignant progression of CRC; therefore, SYT1 may act as a suppressor gene
in CRC.
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3.2. SYT1 Overexpression Represses Pseudopodial Formation of CRC Cells

Actin cytoskeleton reorganization regulates cell morphological changes, namely, pseu-
dopodium formation, and results in the directional migration and invasion of cancer
cells [14,15]. Emerging evidence indicates that epithelial to mesenchymal transition (EMT)
is a key driver of CRC progression, and transforming growth factor β (TGF-β) is one of the
main mediators of EMT [16,17]. We have shown in Figure 1 that CRC tissues and CRC cells
showed a downregulated SYT1 expression compared with respective normal colorectal
tissues and cells. We further found that SYT1 expression was downregulated in HCT116
cells after TGF-β stimulation (Figure 2A–C), suggesting that SYT1 may have some effect
on EMT. To further explore the role of SYT1 in CRC, we chose SW480 cells and HCT116
cells which had lower SYT1 expression to perform further study. SYT1-overexpressing
plasmid was designed and synthesized, and plasmid transfection efficacy was checked
in CRC cell lines SW480 and HCT116. Transfection results showed that both the mRNA
levels (Figure 2D,E) and the protein levels (Figure 2F,G) of SYT1 in SW480 and HCT116
cells were significantly elevated upon SYT1 overexpression, indicating that the transfection
is successful and has high efficacy.

We then checked the effect of SYT1 overexpression on the pseudopodium formation
of CRC cells using the plasmid and actin tracker green microfilament green fluorescent
probe. The results showed that SYT1 overexpression significantly inhibited the formation
of pseudopodia in CRC cells (Figure 2H,I). Because pseudopodial formation is an early
sign of tumor cell movement, we speculated that SYT1 overexpression may inhibit CRC
cell migration, invasion, and metastasis. The following cellular and animal experiments
were performed to validate this speculation.

3.3. SYT1 Overexpression Suppresses CRC Cell Migration and Invasion In Vitro

CRC cell migration and invasion abilities were, respectively, examined by transwell
assay and wound healing assay. Overexpression of SYT1 substantially reduced the cell
motility of HCT116 cells and SW480 cells compared to the control as shown in the transwell
assay (Figure 3A,B). Overexpression of SYT1 also inhibited the migration of HCT116 cells
and SW480 cells as indicated by the wound closure rates after scratching in the wound
healing assay (Figure 3C–E). These results indicate that the expression levels of SYT1 might
be negatively correlated with the migration and invasion abilities of colon cancer cells.

3.4. SYT1 Overexpression Represses Metastasis of CRC Cells in Mice In Vivo

Above cellular experiments showed that SYT1 overexpression suppressed CRC cell
migration and invasion, suggesting that SYT1 may inhibit CRC metastasis in vivo. We thus
established a CRC xenograft metastasis nude mice model to examine whether SYT1 overex-
pression could suppress CRC metastasis at the integrative level. Eight weeks after CRC
cell injection into the nude mice, the general information of the mice (including survival)
was recorded, and microPET-CT images were taken after tail vein injection of 18F-FDG.
Results showed that the metastasis-free survival rate of the mice was higher in SYT1-
overexpressing mice than in the control mice without SYT1 overexpression (Figure 4A).
Consistently, high-metabolism lesions (concentration of 18F-FDG) indicative of metastatic
tumors were found in the lungs and livers of the control mice, whereas no obvious concen-
tration of 18F-FDG was found in the SYT1-overexpressing mice (Figure 4B,C). Histological
examination showed a large amount of white clump-like dense tissues (tumors) in the lungs
of the control mice, while no obvious clumps were observed in the SYT1-overexpressing
mice. In addition, the surface of livers was rough and the elasticity was worse in the con-
trol mice compared with the SYT1-overexpressing mice (Figure 4D), which suggest tumor
metastasis to the liver. H&E stains showed that the metastatic lesion area of livers and lungs
was, obviously, smaller in SYT1-overexpressing mice than in control mice (Figure 4E,F).
Immunohistochemical stains of the metastatic lesions in livers and lungs showed that Ki67
and PCNA protein levels were notably lower in the SYT1-overexpressing group than in the
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control mice (Figure 4G). These findings suggest that SYT1 overexpression weakens CRC
metastasis in mice in vivo.

Figure 2. SYT1 overexpression suppressed pseudopodium formation in CRC cells. (A) Immunoflu-
orescent stains of SYT1 in HCT116 cells with and without TGF-β treatment. (B,C) Western blots
of SYT1 protein and respective quantitative gray values in HCT116 cells with or without TGF-β
treatment. (D,E) RT-qPCR showing the mRNA levels of SYT1 in HCT116 cells (D) and SW480 cells
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(E) with or without pcDNA3.1-SYT1 transfection. (F,G) Western blots of SYT1 protein in HCT116
cells (F) and SW480 cells (G) with or without pcDNA3.1-SYT1 transfection. (H,I) Confocal images of
phalloidin (green) showing the pseudopodial formation in HCT116 cells (H) and SW480 cells (I) with
or without SYT1 overexpression. The framed areas were enlarged to better present the pseudopodial
protrusions. The white arrow indicates the cell pseudopodium. Scale bar, 25 μm. Quantifications
of the pseudopodial protrusions are represented on the right side. Mean ± SD; n > 50 cells from
three biological repeats; * p < 0.05, ** p < 0.01, and *** p < 0.001. The uncropped bolts are shown in
Supplementary Materials Figure S2.

Figure 3. SYT1 overexpression inhibited the migration and invasion abilities of CRC cells in vitro.
(A) Transwell migration assays of HCT116 cells and SW480 cells with or without SYT1 overexpression.
The assays were performed after culture for 48 h. Scale bar, 50 μm. (B) Quantitative analysis of
migrated cells across the transwell membrane. (C,D) Wound healing assays showing the invasion
abilities of HCT116 cells (C) and SW480 cells (D) with or without SYT1 overexpression. Scale bar,
50 μm. (E) Quantitative analysis of the wound healing rates; ** p < 0.01, and *** p < 0.001.
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Figure 4. SYT1 overexpression suppressed CRC metastasis in mice in vivo. (A) Statistical results of
metastasis-free survival rates in control and SYT1-overexpressing nude mice 8 weeks after CRC cell
injection. (B) PET-CT images of CRC metastasis nude mice model after tail vein injection of 18F-FDG.
(C) PET-CT images of liver and lung of the CRC metastasis nude mice model. (D) Gross anatomy of
representative lung or liver tissues. (E,F) H&E stains of lung and liver tissue sections. Framed areas
were enlarged to better show the metastases. The black arrowhead indicates the lesion site. Scale bar,
100 μm. (G) Immunohistochemical stains of Ki67 and PCNA proteins in the metastatic lesion and
precancerous tissue in lungs and livers. Scale bar, 50 μm. n = 8 biological replicates for each group;
*** p < 0.001.

167



Cancers 2023, 15, 5282

3.5. SYT1 Overexpression Downregulates EMT-Associated Slug and Vimentin

The spread of tumor cells is one of the typical behavioral characteristics of malignant
tumors. These invasive cells undergo a transformation from an epithelial to a mesenchymal
phenotype (epithelial–mesenchymal transition, EMT) [18,19], which plays a crucial role in
the initial stage of metastasis. EMT make cells losing their epithelial characteristics such as
motility limitation and strong cell-cell junction while obtaining mesenchymal characteris-
tics associated with motility enhancement, cell–cell junction weakening and polarized actin
cytoskeleton assembly, resulting in formation of protrusive and invasive pseudopodial
structures, so that cells can acquire migration ability and undergo actin cytoskeletal reorga-
nization [20]. Shankar et al. [15] reported that actin-dependent pseudopodial protrusion
and tumor cell migration are determinants of EMT. We showed in Figure 2 that SYT1 was
negatively associated with the formation of pseudopodia in HCT116 cells and SW480 cells.
This phenomenon suggests that SYT1 is potentially associated with the EMT process. We,
thus, detected the protein levels of Slug and Vimentin (these two EMT-related proteins) and
also SYT1 in the lung and liver tissues of mice. Immunohistochemical stains of lung and
liver showed that Slug and Vimentin were lower in SYT1-overexpressing mice than in the
control mice, while SYT1 expression level showed the opposite (Figure 5A,B). Western blots
of Slug and Vimentin (Figure 5C,D) showed the same trend as the immunohistochemical
stains. In line with this, Slug and Vimentin was also downregulated in tumors in situ of
SYT1 overexpression group mice (Figure 5E–G), suggesting that SYT1 suppressed the colon
cancer cells metastasis.

In addition to this, SYT1 overexpression induced EMT-like cellular morphology in
HCT116 and SW480 cells (Figure 6A,B). Furthermore, we detected a decrease in Slug and
Vimentin protein levels in HCT116 and SW480 cells of SYT1 overexpression, compared
with the control group (Figure 6C–F). Taken together, our results indicate SYT1 participates
in inhibiting invasion and metastasis via regulating the EMT process of CRC cell.

3.6. SYT1 Overexpression Inhibits EMT via Negatively Regulating the ERK/MAPK Signaling

Although the above results demonstrated that SYT1 overexpression inhibited CRC
metastasis both in vitro and in vivo, the underlying mechanism by which SYT1 overexpres-
sion suppressed CRC metastasis remained unclear. It is known that ERK/MAPK signaling
pathway plays a vital role in the occurrence and development of various malignant tu-
mors, and participates in the regulation of EMT process related to tumor migration [21–23].
Slug and Vimentin are two downstream components of the ERK/MAPK signaling path-
way [24–27]. U0126 is a highly selective inhibitor of ERK/MAPK signaling [28,29]. In the
present study, we first tested the effect of SYT1 overexpression on ERK1/2 phosphorylation.
The results showed that SYT1 overexpression had no effect on the total protein expression
of ERK1/2, but significantly decreased the p-ERK1/2 level in HCT116 and SW480 cells
(Figure 7A,B). Consistently, SYT1 overexpression decreased the p-ERK1/2 protein levels
both in the xenograft metastasis model and in the orthotopic transplantation tumor model
(Figure 7C–F). Given the above, we speculated that SYT1 might act as a tumor suppressor
via regulating the ERK/MAPK signaling. To test this speculation, we treated HCT116
and SW480 cells with SYT1 overexpression plasmid and the control plasmid plus U0126.
Results showed that the inhibitory effect of SYT1 overexpression on cell migration and
pseudopodium formation was further enhanced upon U0126 treatment, and this was fur-
ther supported by wound healing and immunostaining assays (Figure 8A–D). We further
confirmed that Slug, Vimentin, and p-ERK1/2 were downregulated in CRC cells under
SYT1 overexpression plus U0126 compared to SYT1 overexpression alone (Figure 8E–H).
Collectively, our results demonstrate that SYT1 suppresses EMT and CRC cell migration
and invasion by negative regulating the ERK/MAPK signaling.
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Figure 5. SYT1 overexpression downregulated the expressions of EMT-associated Slug and Vimentin
in CRC xenograft metastasis nude mice model in vivo. (A,B) Immunostaining for SYT1, Slug, and
Vimentin in lung (A) and liver (B) tissues of the control and SYT1 overexpression groups mice
metastasis model. Scale bar, 50 μm. (C,D) The protein levels of Slug and Vimentin in liver and lung
tissues of the control and SYT1 overexpression groups mice metastasis model detected by Western
blot assays. (E) Gross images of tumors in situ of the control and SYT1 overexpression groups mice.
(F) Immunostaining for Slug and Vimentin in tumors in situ of the control and SYT1 overexpression
groups mice. Scale bar, 50 μm. (G) The protein levels of Slug and Vimentin in tumors in situ of SYT1
overexpression and the control groups detected by western blot assays. Tubulin or GAPDH was used
as the loading control; * p < 0.05, ** p < 0.01, and *** p < 0.001. The uncropped bolts are shown in
Supplementary Materials Figure S2.
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Figure 6. SYT1 suppresses the epithelial–mesenchymal transition (EMT) process of CRC cells in vitro.
(A,B) Morphological changes of HCT116 (A) and SW480 (B) cells in the control and SYT1 overex-
pression groups. Scale bar, 50 μm. (C,D) Immunofluorescent stains of Slug and Vimentin in HCT116
(C) and SW480 (D) cells at control or SYT1 overexpression. Scale bar, 100 μm. (E,F) Western blots of
EMT markers in HCT116 (E) and SW480 (F) cells at control or SYT1 overexpression. GAPDH was the
loading control; * p < 0.05, ** p < 0.01. The uncropped bolts are shown in Supplementary Materials
Figure S2.
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Figure 7. SYT1 inhibited ERK/MAPK signaling. (A,B) Western blots of MAPK42/44 (ERK1/2) and
phosphorylated MAPK42/44 (p-ERK1/2) in HCT116 (A) and SW480 (B) cells at control or SYT1
overexpression. (C) Immunohistochemical stains of p-ERK1/2 in liver and lung tissues from control
and SYT1-overexpressing CRC metastasis mice model. Scale bar, 50 μm. (D) Immunohistochemical
stains of p-ERK1/2 in in situ tumor of control and SYT1-overexpressing mice. Scale bar, 50 μm.
(E) Western blots of p-ERK1/2 in liver and lung tissues of control and SYT1-overexpressing CRC
metastasis mice model. (F) Western blots of p-ERK1/2 in orthotopic transplantation tumor of control
and SYT1-overexpressing mice. Tubulin or GAPDH was used as the loading control; * p < 0.05,
** p < 0.01, and *** p < 0.001. The uncropped bolts are shown in Supplementary Materials Figure S2.
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Figure 8. Cont.
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Figure 8. U0126 enhances the inhibitory effect of SYT1 overexpression on EMT and cell mi-
gration and invasion. (A,B) Wound healing assays showing the migration abilities of HCT116
(A) and SW480 (B) cells in groups of control, SYT1 overexpression, control + U0126, and SYT1
overexpression + U0126. Scale bar, 100 μm. (C) Morphological changes of HCT116 and SW480 cells
in groups of control, SYT1 overexpression, control + U0126, and SYT1 overexpression + U0126. Scale
bar, 100 μm. (D) Confocal images of phalloidin (green) in HCT116 and SW480 cells in groups of
control, SYT1 overexpression, control + U0126 and SYT1 overexpression + U0126. Scale bar, 50 μm.
(E,F) Immunofluorescent stains of Slug and Vimentin in HCT116 (E) and SW480 (F) cells of control,
SYT1 overexpression, control + U0126 and SYT1 overexpression + U0126 groups. Scale bar, 100 μm.
(G,H) Western blots of SYT1, Slug, Vimentin, and p-ERK1/2 in HCT116 (G) and SW480 (H) cells
of the control, SYT1 overexpression, control + U0126, and SYT1 overexpression + U0126 groups.
GAPDH was used as the loading control; * p < 0.05, ** p < 0.01, and *** p < 0.001. The uncropped bolts
are shown in Supplementary Materials Figure S2.
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4. Discussion

CRC has become a familiar malignant tumor with a high incidence worldwide [30].
Many patients are diagnosed with advanced stage, and recurrence or metastasis may occur
after surgery [31]. About 20% of CRC patients suffer from metastatic disease at diagno-
sis [3]. In spite of recent advances in the management of CRC, metastatic disease remains
challenging, and patients are rarely cured. Metastasis is the main cause of death in CRC [32].
Although CRC treatments have been improved, the prognosis remains pessimistic. There-
fore, it is of great significance to further investigate the molecular mechanisms of CRC
occurrence and metastasis.

CRC is a polygenic disease and is caused by genetic and epigenetic changes in onco-
genes, tumor suppressor genes, mismatched repair genes, and cell cycle regulation genes
in colonic mucosal cells [33]. Gene mutation is a vital factor in the incidence and de-
velopment of CRC. For example, high expression and mutation of APC may provide
valuable prognostic information for the clinical outcomes of CRC [34]. Similarly, vascular
endothelial growth factor plays an important role in CRC and may be used as a prognostic
indicator [35]. Furthermore, various types of suppressor genes and oncogenes have been
identified related with the diagnosis and prognosis of CRC. Synaptotagmins (SYTs) are a
family of synaptic vesicle transport proteins that largely serve as Ca2+ sensors in vesicular
trafficking and exocytosis [36,37]. SYTs are highly conserved from invertebrates to human
and are present in almost all tissues [6]. For instance, SYT1-6 and 9-13 have been detected
in brain tissue, while SYT5, SYT9 and SYT13 are also found expressed in β-cells [33]. In
addition to this, SYT7, SYT8, and SYT15 are expressed in heart, kidney, and pancreas.
Nevertheless, the SYTs family has been gradually uncovered to be connected with human
diseases including cancers. SYT7 was demonstrated to play an essential role in non-small
cell lung carcinoma, head and neck squamous cell carcinoma (HNSCC), gastric cancer, and
CRC [38–41]. Fu et al. [42] reported that SYT8 promoted pancreatic cancer progression
via the TNNI2/ERRα/SIRT1 signaling pathway. Zhang et al. [43] indicated that SYT13
promoted the malignant phenotypes of breast cancer cells by activating the FAK/AKT
signaling pathway. These studies suggest a tight association of SYTs with cancers.

Although the roles of SYT1 have been demonstrated in a variety of malignancies,
such as glioblastoma and HNSCC [11], the potential role of SYT1 in CRC remains unclear.
Here, we comprehensively explored the expression of SYT1 and its functional role in the
progression of CRC both in vitro and in vivo. We demonstrated that the expression of SYT1
was significantly downregulated in human CRC tissues compared with the adjacent normal
colorectal tissues. We further found that SYT1 expression level was negatively correlated
with advanced tumor stage, cervical lymph node metastasis, and advanced clinical stage,
suggesting that SYT1 may exert a repressing effect on CRC occurrence and development.
Our results strongly suggest that downregulation of SYT1 promotes CRC progression.

Pseudopodial protrusion and the local reorganization of the actin cytoskeleton at the
leading edge are related to tumor metastasis [44,45]. A key finding of the present study
was that SYT1 could suppress CRC metastasis by inhibiting the pseudopodial formation
of tumor cells. We applied a variety of assays to assess the biological functions of SYT1 in
CRC metastasis, including pseudopodium formation assessment, wound healing assay,
and transwell assay in vitro. In addition, we used xenograft metastasis mice model to
evaluate the effect of SYT1 on CRC metastasis in vivo. Both in vitro and in vivo experiments
demonstrated that SYT1 repressed CRC metastasis most likely by inhibiting tumor cell
pseudopodial formation and migration.

EMT is the basis of tumor cell migration and invasion [18,46]. Vimentin is a mes-
enchymal marker and plays an vital role in promoting cell migration and is significantly
upregulated during tumor metastasis [47]. Slug is also an important factor in promoting tu-
mor cell migration by triggering EMT [48]. We observed that SYT1 expression level affected
Vimentin and Slug expressions, suggesting that SYT1 may inhibit CRC cell migration and
invasion by regulating EMT. As previously reported, ERK/MAPK signaling pathway is
essential for promoting cell proliferation and migration during the occurrence and devel-
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opment of various malignant tumors and participates in EMT regulation process related to
tumor cell migration [21,22,49–52]. Slug and Vimentin are regulated by the ERK/MAPK
signaling pathway [24–27]. Here, we further demonstrated that SYT1 promoted the de-
phosphorylation of ERK1/2 and decreased the expression of Slug and Vimentin, strongly
suggesting that SYT1 overexpression inhibits the migration and invasion of CRC cells by
regulating the ERK/MAPK signaling pathway. Taken together, the present study suggests
that SYT1 may be a tumor suppressor in CRC. Detailed mechanisms warrant future studies.

5. Conclusions

SYT1 expression is downregulated in CRC. SYT1 overexpression suppresses CRC
metastasis both in vivo and in vitro. The inhibitory effect of SYT1 overexpression on CRC
metastasis is associated with reductions of CRC cell pseudopodial formation, migration,
and invasion. SYT1 overexpression can induce ERK1/2 dephosphorylation and result in
inhibition of EMT, thereby resulting in suppression of CRC cell migration and invasion.
Figure 9 provides a schematic outlining the signaling by which SYT1 suppresses CRC
metastasis. Our findings provide new insights into CRC development and indicate the
potential of SYT1 as a biomarker and potential therapeutic target for CRC.

Figure 9. Schematic outlines the signaling by which SYT1 represses CRC cell metastasis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers15215282/s1, Table S1: Results of Cox regression analysis;
Table S2: Sources of antibodies used in this study. Figure S1: SYT1 suppressed the progression of
CRC; Figure S2: Original blots for Figures 1–8.
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Simple Summary: Gastrointestinal stromal tumors are the most common mesenchymal tumors
that can have a malignant character. Definitive diagnosis is obtained by pathohistological and
immunohistochemical analysis of the resected tumor. Preoperative stratification of metastatic risk
using non-invasive imaging methods would be of great importance in the selection of patients with
high-risk GIST and the application of neoadjuvant target therapy. This could enable tumor shrinkage,
avoiding multivisceral resections and reducing the risk of tumor rupture. It also could provide better
long-term outcomes, including increased overall survival rates, by optimizing surgical resection and
systemic control of the disease. Evaluation of the morphological characteristics of the tumor obtained
by computed tomography examination as well as the histogram parameters of the textural analysis of
tumor tissue may improve the preoperative prediction of the metastatic risk of GIST. Texture analysis
is part of the growing field of radiomics, with significant contributions to oncology so far.

Abstract: Background: The objective of this study is to determine the morphological computed
tomography features of the tumor and texture analysis parameters, which may be a useful diagnostic
tool for the preoperative prediction of high-risk gastrointestinal stromal tumors (HR GISTs). Methods:
This is a prospective cohort study that was carried out in the period from 2019 to 2022. The study
included 79 patients who underwent CT examination, texture analysis, surgical resection of a lesion
that was suspicious for GIST as well as pathohistological and immunohistochemical analysis. Results:
Textural analysis pointed out min norm (p = 0.032) as a histogram parameter that significantly differed
between HR and LR GISTs, while min norm (p = 0.007), skewness (p = 0.035) and kurtosis (p = 0.003)
showed significant differences between high-grade and low-grade tumors. Univariate regression
analysis identified tumor diameter, margin appearance, growth pattern, lesion shape, structure,
mucosal continuity, enlarged peri- and intra-tumoral feeding or draining vessel (EFDV) and max
norm as significant predictive factors for HR GISTs. Interrupted mucosa (p < 0.001) and presence
of EFDV (p < 0.001) were obtained by multivariate regression analysis as independent predictive
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factors of high-risk GISTs with an AUC of 0.878 (CI: 0.797–0.959), sensitivity of 94%, specificity of 77%
and accuracy of 88%. Conclusion: This result shows that morphological CT features of GIST are of
great importance in the prediction of non-invasive preoperative metastatic risk. The incorporation of
texture analysis into basic imaging protocols may further improve the preoperative assessment of
risk stratification.

Keywords: gastrointestinal stromal tumor (GIST); multidetector computed tomography (MDCT);
texture analysis; metastatic risk

1. Introduction

Gastrointestinal stromal tumors (GISTs) are relatively rare mesenchymal tumors with a
potentially malignant and aggressive behavior [1]. They can occur anywhere in the digestive
tract, but are most commonly localized in the stomach and small intestine [2]. These tumors
tend to spread and metastasize. As they are often detected at an advanced stage, they
can pose a serious challenge for management. Surgery is the only curative treatment, and
recently, the minimally invasive approach has proven to be feasible and safe [3].

Although these tumors do not have the same biological behavior, any GIST should be
considered potentially malignant [3]. The location and size of the tumor are important factors
that determine the modality of GIST treatment. Regardless of the size of the tumor, complete
removal in challenging locations sometimes requires extensive, risky and mutilating surgery
associated with functional disability or morbidity. In such cases, especially when the tumor
is small, clinical guidelines generally recommend only follow-up [4,5].

The fact that a GIST is small does not exclude the possibility that its proliferative
activity may be aggressive [6]. Tumor biopsy is the best way to obtain tissue samples for
subsequent pathological diagnosis. However, it is associated with possible complications
such as tumor rupture or bleeding, and the results are often inconclusive. Most GIST
guidelines for the surveillance of small lesions recommend initial follow-up by EUS. The
Japanese guidelines point out that GISTs may be potentially aggressive if the tumors show
growth features ulceration or irregular margins at follow-up [5]. The NCCN sarcoma guide-
lines also recommend that a small tumor that has high-risk features should be removed,
while others that do not have these features can be followed by EUS [7]. However, manu
studies have showen that extrinsic or exophytic tumor growth may be missed by these
examinations. In such situations, new or additional biomarkers would make an important
contribution to deciding on the optimal treatment modality.

Given the potential benefits of and research on neoadjuvant therapy for GIST, preop-
erative risk stratification may be of particular importance. Preoperative administration
of tyrosine kinase inhibitors could enable tumor shrinkage and reduce the risk of tumor
rupture [8]. It also could provide better long-term outcomes, including increased overall
survival rates, by optimizing the systemic control of the disease [9]. Two comparative sys-
tems are most commonly used in clinical practice: the Armed Forces Institute of Pathology
(Miettinen’s) criteria and the National Institutes of Health (NIH) classification [10,11]. Both
systems use the mitotic index as an important factor in the assessment of tumor aggressive-
ness. According to the Miettinen criteria, the risk of recurrence or metastasis in 2 to 5 cm
gastric GISTs mainly depends on their mitotic activity. Studies have shown that grading
based on mitotic count is not accurate in regular biopsy [12]. Considering the above facts,
the neoadjuvant strategy for GISTs may complicate the selection of suitable patients.

The most commonly used diagnostic modality for the diagnosis and staging of these
tumors is computed tomography (CT). Many studies have demonstrated a correlation
of certain morphologic CT features of GISTs with a high metastatic risk, especially the
diameter of the lesion [13–16]. CT texture analysis (CTTA) is a relatively new postprocessing
imaging tool used to assess the heterogeneity of tumor tissue [17]. It has proven to be
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very useful in differentiating diagnosis, stratifying the grade and risk of different tumors,
assessing prognosis and predicting the response to the implemented therapy [17–20].

The aim of this study is to evaluate the diagnostic value of the morphologic parameters
of conventional CT diagnostics and the histogram parameters of texture analysis in the
non-invasive, preoperative assessment of the metastatic potential of GISTs in correlation
with macropathological and pathohistological findings, especially with the mitotic index,
as a gold standard. Preoperative diagnosis of high-risk GISTs could facilitate decisions on
further treatment protocol in patients in whom tumor localization requires multivisceral
or extensive surgery. The use of neoadjuvant therapy with tyrosine kinase inhibitors
in patients with HR GISTs would lead to tumor dimension reduction, thus effectively
improving the resection rate of surgery. Further, it would also reduce the risk of tumor
recurrence and lead to better prognosis of the disease [9].

2. Materials and Methods

2.1. Patients

Seventy-nine patients who underwent a CT diagnostic protocol followed by surgery
during the period from 2019 to 2022 were included in this prospective research. Criteria for
inclusion in the study were as follows: (1) clinically suspected GIST as mainly submucosal
gastric lesion; (2) abdominal CT exam according to a dual-phase protocol; (3) no more than
20 days between CT examination and surgery. Criteria for exclusion from the study were
as follows: (1) extra-gastric localization of GIST, (2) histopathological findings suggestive of
other stomach tumors, (3) patients whose CT exam was of poor technical quality without
the possibility of further processing and (4) more than 20 days from the performed CT
examination to the surgical resection of the tumor. Gastric resections such as total and
subtotal gastrectomy or wedge resection or tumor enucleation were performed in all
patients with histopathological and immunohistochemical analysis of the resected tumor.
Further, the tumors were staged using the American Joint Committee on Tumor/Lymph
Node/Carcinoma Metastases (TNM) classification (8th edition) [21]. According to the TNM
supplemented with AFIP classification, patients were divided into two groups, low-risk
(LR) and high-risk (HR) [22].

Our research was permitted by the Ethical Committee of the Faculty of Medicine,
University of Belgrade, and written informed consent was obtained from all patients.

2.2. Abdominal CT Examination

CT diagnosis was performed on a multidetector CT (MDCT) machine with 64 rows of
detectors (Aquuilion One, Toshiba Medical Systems, Ottawa, Japan). Immediately before
the examination, the patients were given 250–500 mL of water “per os” (as a negative
contrast), in order to adequately distend the stomach.

Abdominal CT examination was performed as standard after iv. administration of
60–100 mL of iodinated contrast (1–1.5 mL/kg body weight), in the arterial and portal
venous phase.

2.3. Abdominal CT Scan Analysis

The following morphological characteristics of the tumor were analyzed:

1. Maximum diameter: the largest diameter of the tumor in mm (Figure 1);
2. Appearance of mucosa: intact/continuous and discontinuous (Figures 1 and 2);
3. Tumor structure: solid–necrotic and cystic changes (Figures 1–4);
4. Tumor shape: regular or irregular (Figure 1);
5. Tumor localization in relation to the region of the stomach: corpus, antrum and

pylorus (Figures 1, 2 and 5);
6. Growth mode: exophytic/mixed and endophytic (Figure 1);
7. Level of opacification of the solid part of the tumor: weak and intense (Figures 3 and 6);
8. The presence of visible enlarged vascular structures draining/feeding the tumor

(EFDV “enlarged feeding or draining vessel”) (Figure 6);
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9. Margin appearance: well-defined and ill-defined (Figures 1 and 7).

(a) (b) 

Figure 1. The lowest tumor diameter was 15 mm (LR GIST) in the pyloric stomach region (a) and
the largest lesion measured 340 mm (HR GIST) (b). LR GIST shows a predominantly round shape,
well-defined margins and a homogenous, solid appearance and intact mucosa (a). Notable difference
in tumor structure with massive cystic degeneration, irregular shape and exophytic growth pattern
in HR tumor (b).

 

Figure 2. Axial CT scan shows exophytic tumor growth into gastro-hepatic ligament (black arrows)
with presence of intralesional vascular structures (red arrow) and mucosal defect: umbilication (blue
arrow). Tumor involves corpus region of the stomach.

 

Figure 3. CT scan coronal view clearly depicts oval, clearly demarcated lesion (black arrow) covered
by intact mucosa (blue arrow) with partially necrotic structure (white arrow) and weak postcontrast
opacification of solid part of the lesion.
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Figure 4. Abdominal CT exam coronal view shows irregular tumor shape with presence of cystic
structural changes (white arrow). The tumor corresponds to HR GIST.

 

Figure 5. Endophytic growth of oval, solid GIST covered by intact mucosa (black arrow) in the antral
region of the stomach.

 

Figure 6. CT coronal view shows irregular, partially cystic tumor with hyperdense solid component
and presence of peri- and intra-tumoral vascular vessels (red arrows) (EFDV).
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Figure 7. CT scan demonstrates massive necrotic tumor with ill-defined margins and disrupted
mucosa with exulceration (HR GIST).

2.4. CT Texture Analysis

Texture analysis was performed with the software MaZda (Version 4.6 for Windows,
Institute of Electronics, Technical University of Lodz, Poland). The solid part of the tumor
was segmented into three consecutive sections in the portal venous phase. A healthy
structure was also marked; in our case, it was a normal gastric wall. The values of the
first-order texture, i.e., histogram parameters, were automatically obtained and were as
follows: the normalized frequency of pixels of the lowest intensity (“min norm”) and the
highest intensity (“max norm”), mean intensity (“mean intensity”) and standard deviation
(“variance”), as well as “skewness “, i.e., asymmetry, and “kurtosis”, i.e., the peak/flatness
of the histogram. The mentioned values were obtained for each of the three sections, while
their mean values for the GISTs and stomach wall were used for further statistical data
processing (Figures 8 and 9).

 

Figure 8. Segmented tumor (green ROI) with histogram.
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Figure 9. Segmented healthy stomach wall (green ROI) with histogram. Segmented tumor (purple ROI).

2.5. Pathological Analysis and Risk Stratification of Gastric GISTs

The main therapeutic option for localized GISTs is surgery. Wedge resection and
subtotal and total gastrectomy are the most frequently used surgical procedures. The
resected tumor needs a complete pathohistological evaluation according to established
protocols of fixation in 10% formaldehyde and incorporation in paraffin and hematoxylin
and eosin. The presence of spindle or epithelioid cells or both is necessary for GIST
definition as well as positive immunohistochemical staining for C-KIT or DOG-1. The TNM
classification is the standard for risk stratification [21]. Miettinen et al. have established
a classification system, AFIP classification, where tumor diameter, mitotic index and
localization are the most significant prognostic factors [10]. In addition to metastatic
risk, the grade of these tumors is determined by the value of the mitotic index, with
a cut-off of five or fewer mitoses visualized per 5 mm2 or per 50 HPF. Based on these
classifications, GISTs are further categorized into four different stages according to mitotic
index and the size and presence of metastases in the lymph nodes, liver and peritoneum.
We subclassified GIST patients into high-risk (HR GIST) (high-risk and intermediate-risk)
and LR GIST (low-risk) groups.

2.6. Statistical Analysis

Normality of distribution of numerical data was assessed by the Kolmogorov–Smirnov
test. Mean ± standard deviation (SD) or median value with range were presented depend-
ing on the distribution. The chi-square test or Fisher’s exact probability test were used
to assess differences in morphological features between HR and LR GISTs and, for quan-
titative parameters, t-test of independent samples or the Mann–Whitney test were used
depending on the normality of distribution. t-test for paired samples or Wilcoxon’s test
for equivalent pairs were used in testing the differences in histogram texture parameters
of gastric GISTs in comparison to the normal gastric wall. Univariate and multivariate
binary logistic regression analysis was used to identify the morphologic characteristics
and histogram texture parameters that are significant predictors of HR GISTs as well as to
build a preoperative predictive model suggesting HR GISTs that was further tested by ROC
analysis. The level of statistical significance was set at 0.05, while all statistical analyses
were performed using SPSS software (Version 17.0 for Windows; SPSS, Chicago, IL, USA).

3. Results

The study included 79 patients with gastric GISTs (45 male, 34 female, with mean age
65 ± 11). HR GISTs were confirmed in 36 patients and LR GISTs in 43. In terms of age,
there was no significant difference between the LR and HR groups (64 ± 12 vs. 62 ± 10,
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p = 0.772), nor was there a difference in terms of gender (26 vs. 19 men and 17 vs. 17 women,
p = 0.472).

3.1. Tumor Diameter in HR and LR Group

The smallest tumor diameter in the LR group was 15 mm and the largest was 150 mm
(mean 56 ± 25 mm), while the range in the HR group was from 40 mm to 340 mm (mean
131 ± 58 mm), p < 0.001 (Figure 10).

 
Figure 10. Box plot of tumor diameter (mm) in LR and HR group.

ROC analysis showed that a cut-off diameter of 95 mm most accurately predicted
HR GISTs (AUC 0.863; CI 0.772–0.954), with a sensitivity of 98% and specificity of 75%
(Figure 11).

Figure 11. ROC curve representing a diameter cut-off value of 95 mm between the LR and HR group
with an AUC of 0.863 (CI 0.772–0.954).
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Only one of forty-three LR GISTs was larger than 95 mm, but nine of thirty-six HR
GISTs (25%) were smaller than 95 mm in maximal diameter.

3.2. Classic CT Features in HR and LR Group

A comparison of classic CT features of gastric GISTs in the HR and LR groups is
presented in Table 1.

Table 1. Comparison of classic CT features of gastric GISTs in the HR and LR groups.

CT Characteristics of Gastric GISTs LR GISTs (n = 43) HR GISTs (n = 36) p Values

Localization
Body 13 21

0.014Antrum 23 8
Pylorus 7 7

Margins 1—well defined 42 28
0.0062—ill defined 1 8

Growth pattern 1—exophytic/mixed 32 35
0.0052—endophytic 11 1

Tumor enhancement
0—low 29 33

0.0091—high 14 3

Shape 1—regular (round) 38 11
<0.0012—irregular 5 25

Structure
1—solid/necrotic 34 10

<0.0012—cystic 9 26

Mucosa
1—continuous 36 13

<0.0012—discontinuous (rupture) 7 23

EFDV *
0—absent 37 10

<0.0011—present 6 26
* Enlarged feeding or draining vessels.

3.3. Histogram Parameters in HR and LR Group

The differences in textural parameters between HR and LR GISTs are shown in Table 2.

Table 2. Histogram parameters in the LR and HR groups. *: statistically significant parameter. Bold:
a significant result.

Histogram
Parameters

LR GISTs (n = 43) HR GISTs (n = 36) p

Min norm 32,866.776
(32,816.739–33,866.283)

32,851.065
(32,815.016–33,875.819) 0.032 *

Max norm 612.419
(230.676–1572.068)

524.927
(177.284–835.740) 0.052

Mean −0.058
(−3.570–0.213)

−0.001
(−0.428–0.304) 0.093

Variance −0.113
(−0.560–8.145)

−0.096
(−0.557–2.248) 0.806

Skewness 32,812.667
(32,709.333–33,815.667)

32,800.166
(32,764.000–33,813.667) 0.182

Kurtosis 32,837
(32,788.000–33,841.333)

32,822.166
(32,785.667–33,838.667) 0.058
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3.4. Histogram Parameters in HR and LR Group

The differences in textural parameters between HR and LR GISTs are shown in Table 3.

Table 3. Histogram parameters in the LR and HR GIST groups. *: statistically signifikant parameter;
**: highly statistically significant parameter.

Histogram
Parameters

LR GISTs (MI ≤ 5)
(n = 52)

HR GISTs (MI > 5)
(n = 27)

p

Min norm 32,867.360
(32,816.740–33,875.819)

32,845.770
(32,815.060–33,844.490) 0.007 **

Max norm 610.350
(230.700–1572.100)

516.245
(177.280–835.730) 0.051

Mean −0.051
(−3.570–0.304)

0.007
(−0.428–0.290) 0.089

Variance −0.106
(−0.560–8.145)

−0.113
(−0.557–2.248) 0.836

Skewness 32,815.160
(32,709.300–33,815.600)

32,797.000
(32,764.000–33,813.000) 0.035 *

Kurtosis 32,838.000
(32,788.000–33,841.000)

32,818.670
(32,785.660–33,827.330) 0.009 **

3.5. Univariate and Multivariate Predictive Models

Univariate regression analysis confirmed tumor diameter, margin appearance, growth
pattern, lesion shape, structure, mucosal continuity, presence of EFDV and the textural
parameter max norm as significant predictive factors for HR GISTs (Table 4) (Figure 12).

Table 4. Classical CT morphological and histogram predictive factors for HR GISTs obtained by
univariate regression analysis.

Variables in the Equation

B S.E. Wald df Sig. Exp (B)

Step 1

Diameter (mm) 0.013 0.013 0.936 1 0.333 1.013
Margins −0.120 1.502 0.006 1 0.936 0.887

Growth pattern −2.425 1.570 2.386 1 0.122 0.088
Shape 1.566 0.961 2.653 1 0.103 4.786

Structure 0.554 0.987 0.315 1 0.575 1.740
Mucosa 2.219 0.942 5.551 1 0.018 9.199
EFDV 2.067 0.961 4.628 1 0.031 7.903

Max norm −0.001 0.002 0.398 1 0.528 0.999
Constant −4.751 2.994 2.518 1 0.113 0.009

Multivariate regression analysis identified interrupted mucosa (p < 0.001) and presence
of EFDV (p < 0.001) as independent predictive CT features for HR GISTs (Table 5).

Table 5. Significant predictive parameters of HR GISTs by multivariate logistic regression analysis.

Model
Unstandardized Coefficients Standardized Coefficients

t Sig.
B Std. Error Beta

1

(Constant) −0.222 0.127 −1.742 0.086
Mucosa 1—continuous

2—ruptured 0.346 0.092 0.337 3.779 0.000

EFD 0—absent
1—present 0.493 0.091 0.486 5.445 0.000
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Figure 12. ROC curve shows the following linear regression model including diameter, margins,
growth, shape, structure, mucosa, EFDV and max norm predicts HR GISTs with an AUC of 0.897
(CI: 0.817–0.976) with a sensitivity of 83.3%, specificity of 90.7% and accuracy of 87.3%.

ROC analysis showed the multivariate linear regression model with extracted mucosa
appearance and presence of EFDV achieved an AUC of 0.878 (CI: 0.797–0.959) with a
sensitivity of 94%, specificity of 77% and accuracy of 88% in the prediction of HR GISTs
(Figure 13).

Figure 13. ROC curve of multivariate regression model with two independent predictors for HR
GISTs (P (0–1)) = 0.346 × mucosa (1—continuous/2—interrupted) + 0.493 × EFDV (1—present/0—
absent)–0.222). AUC = 0.878 (CI: 0.797–0.959), sensitivity 94%, specificity 77% and accuracy 88%.
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4. Discussion

Our study confirmed the great importance of morphological CT characteristics of
GISTs, which proved to be significant predictive factors in the risk stratification of these
tumors. Parameters such as diameter, localization, margins, growth pattern, structure,
intensity of postcontrast tumor opacification, shape, continuity of the mucosa and the
presence of EFDV showed statistical significance in the prediction of HR GISTs (Table 1).
In our research, risk assessment was based on the TNM and AFIP calcification systems,
where the diameter of the lesion is an important factor in predicting the metastatic risk of
these tumors. A cut-off value of 5 cm has been established within many classifications, and
lesions below 5 cm are considered benign variants of this tumor [23]. We also concluded
that tumor diameter is a very important predictive factor of high metastatic potential in
these tumors, with a cut-off value of 9.5 cm between the LR and HR groups. However, 25%
of HR tumors in our series were smaller than 95 mm.

According to our results, the most common localization of GISTs was the area of the
corpus and antrum, which coincides with the predominance of Cajal cells in the stomach
wall in this area, which is consistent with the results of other studies [24]. Ill-defined
tumor margins showed a high statistical significance in predicting HR GISTs in many
previous studies [14,16]. Similarly, in our study, univariate regression analysis revealed
that this parameter was a significant predictive factor in metastatic risk stratification. In the
current study, growth patterns were observed to be both exophytic and endophytic, but
also a combination of both variants. Thirty-five patients with proven HR GISTs showed
an exophytic and mixed growth pattern. This growth pattern was proven to be a highly
statistically significant parameter regarding HR GISTs, which was also shown in other
studies as well. Peng et al. used multivariate regression analysis and identified exophytic
growth, irregular shape and discontinuous gastric mucosa covering the tumor as signifi-
cant and independent predictors of HR GISTs [25]. In a series of 129 patients, Zhou et al.
analyzed the morphological characteristics of tumors and their regression model extracted
tumor diameter, mixed tumor growth and the presence of EFDV as independent predic-
tive factors of high-risk GISTs [19]. When the intensity of postcontrast opacification was
analyzed, the largest number of patients (62) showed lower postcontrast enhancement in
the portal venous phase of the examination. Among them, 33 patients had a HR GIST.
In the present study, regular tumor shape (oval and round shape) was found mostly in
LR GISTs, while an irregular, lobulated CT tumor presentation correlated with a higher
metastatic risk. An irregular tumor shape is certainly a very important and statistically
significant parameter in the prediction of HR GISTs. In our study, the linear regression
model included this morphological CT feature as a predictive factor for HR GISTs (AUC
0.897). In previous studies, irregular tumor shape was exclusively characteristic of HR
GISTs [18,26]. The structure of tumors can vary from homogeneous and predominantly
solid to heterogeneous due to the appearance of intralesional necrosis and cystic degen-
eration. CT examination clearly shows the mentioned structural differences. Solid and
partially necrotic lesions are predominant within the LR group, while cystically degraded
tumors were mostly high-risk. Contrary to our results, previous studies have shown that
necrotic tumors are associated with a higher mitotic index and metastatic risk. A high MI
reflects more intense tissue proliferation, which results in structural degradation and the
appearance of intratumor hemorrhage, necrosis and cystic degeneration. Therefore, it is
likely that the necrosis and heterogeneity of a tumor observed by visual inspection could
be associated with an increased number of mitoses. Larger lesions tend to have a heteroge-
neous structure and correspond to high-risk tumors. In a study by Grazzini et al., necrosis
was shown to be an independent predictive factor for HR GISTs [15]. GISTs are tumors of
submucosal localization. In smaller lesions (low-risk GISTs), the mucosa is usually smooth
and continuous. Interruption of the continuity of the mucosa leads to the formation of
ulcers or umbilications, which are often the source of bleeding. In our study, discontinuous
mucosa is a statistically significant factor in the prediction of HR GISTs, in line with the
results of previous studies [20]. The multivariate linear regression model in the present
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study included mucosa appearance and the presence of EFDV as significant predictive
parameters of HR GISTs (AUC 0.878). Presence of EFDV was an independent predictor of
HR GISTs. This parameter is a reliable index for evaluating the malignancy of these tumors,
which can be explained by the fact that accentuated neovascularization is crucial in tumor
proliferation and the occurrence of distant hematogenous metastases. This result is consis-
tent with the results of other studies underlining this parameter as an important predictor
of high-risk tumors [24,27]. CTTA of tumor heterogeneity showed a significant contribution
in the characterization of lesions, such as distinguishing benign from malignant tumors or
indicating more biologically aggressive lesions. This technique has also shown progress in
the initial evaluation of tumors before treatment and in evaluating the therapeutic response
for some types of tumors as well [19]. Although there are encouraging data suggesting
that CTTA is a promising imaging biomarker, one should not forget the significant vari-
ability in methods and examined parameters and in association with biological correlates.
Before this advanced CT diagnostic method can be considered for global clinical practice
implementation, the standardization of tumor segmentation and measurement techniques,
as well as postprocessing, is necessary to identify the most important textural parameters.
The continuation of research, external verification of histopathological correlates and a
specified, uniform formulation of reports are also of great importance for the further ap-
plication of this method [19]. Tumors are generally heterogeneous lesions not only at the
cellular level, but also genetically and phenotypically, with spatial heterogeneity of cell
density, angiogenesis and necrosis. This tissue heterogeneity is an important factor that
has an impact on prognosis and treatment, bearing in mind that more intense structural
degradation of the lesion and its heterogeneity can be associated with very malignant
and aggressive tumor behavior with increased resistance to treatment [25]. CTTA is only
one segment of the growing and very promising field of radiomics, which involves the
extraction, complex analysis and interpretation of quantitative parameters obtained from
diagnostic images. In our study, histogram parameters were analyzed in 79 patients and
max norm showed statistical significance in terms of predicting HR GISTs. In contrast, a
study by Choi et al. including 145 GIST patients showed that the main predictive factors
for HR GISTs were kurtosis and MPP (mean positive pixels) [17]. In the same study, in
the HR GIST group, lower mean, SD and MPP values were observed, while the kurtosis
parameter was significantly higher. Moreover, higher values of skewness and kurtosis were
characteristic of lesions with a high mitotic index. Based on subjective assessment, lesion
characteristics such as lower density, necrosis and mucosal ulceration were identified as
predictive factors for HR GISTs [17]. It should be kept in mind that histogram parameters
may have a different significance depending on the type of tumor, the type of imaging per-
formed as well as the analytical method. A high mitotic index in GISTs reflects rapid tissue
proliferation that leads to a heterogeneous structure and necrotic and cystic degradation of
lesions, so it can be concluded that visual confirmation of damaged tumor tissue may sug-
gest a higher mitotic index. Previous studies have shown a correlation of larger diameter
(>11 cm), tumor heterogeneity and presence of necrosis with a higher mitotic index and
metastatic risk [14,27]. In addition, necrotic lesions showed low mean and MPP values and
higher values for kurtosis, which is consistent with the results of our research. This can be
explained by the low attenuation caused by tissue necrosis and increased heterogeneity of
the tumor structure [28]. In a study by Liu et al., in terms of predicting the metastatic risk
of GISTs, it was shown that the peak value on the histogram (maximum frequency) has
the greatest superiority in comparison with other parameters of texture analysis, which
is in concordance with our results [29]. Another study by the same authors indicated a
correlation between CT texture parameters and immunohistochemical biomarkers such as
E-cadherin, Ki67, VEGFR2 and EGFR in 139 patients with gastric cancer [30].

Our study has several limitations. The sample of patients was relatively small and
our research did not include a follow-up of the included patients. Certainly, a prospective
study with a larger cohort is needed in further research to confirm the findings of this study
and to incorporate the analyzed diagnostic method into daily clinical practice.
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5. Conclusions

Our study resulted in a regression model that identified mucosal discontinuity and the
presence of EFDV features as independent and significant predictors of HR GISTs, which
leads us to the conclusion that morphological CT features have the greatest value in the non-
invasive, preoperative prediction of metastatic risk of gastric GISTs. A significant statistical
significance was shown regarding the functional parameter max norm within the textural
analysis of these tumors. The incorporation of advanced CT techniques into the basic
diagnostic protocol can further benefit the preoperative assessment of risk stratification
in GISTs. Preoperative risk stratification is of great significance to evaluate the risk of
tumor recurrence and guide treatment planning before and after surgery. This improves
the management of treatment, especially in terms of the application of neoadjuvant therapy,
which further enables tumor shrinkage, reduces tumor ruptures, increases overall survival
rates and optimizes surgical resection and systemic control of the disease. Our model
may serve as a diagnostic tool for the non-invasive prediction of HR GISTs to support
personalized treatment strategies.
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Simple Summary: Many clinical cases of gastrointestinal tumors exist that require the use of high-
precision technology for eradication due to their proximity to vital anatomical sites. These sites
within the gastrointestinal system are often inaccessible or unsafe for treatment by traditional surgical
procedures. Therefore, we reviewed the current literature on the potential of photodynamic therapy
(PDT) and associated immunological anti-tumor mechanisms in gastrointestinal tumors. Since its
discovery, PDT has emerged as a powerful method for the treatment of skin and esophageal cancers.
Traditionally, PDT uses intravenously injected photosensitizers to generate cytotoxic singlet oxygen
upon local illumination. Prodrug delivery strategies have shown promise, but the selectivity of the
photosensitizer drug in diseased tissue could be improved. Thus, there is a critical need for treatment
strategies that enable photodynamic action site-specifically for enhanced tumor destruction.

Abstract: Gastrointestinal cancers are a specific group of oncological diseases in which the location
and nature of growth are of key importance for clinical symptoms and prognosis. At the same time,
as research shows, they pose a serious threat to a patient’s life, especially at an advanced stage of
development. The type of therapy used depends on the anatomical location of the cancer, its type, and
the degree of progression. One of the modern forms of therapy used to treat gastrointestinal cancers
is PDT, which has been approved for the treatment of esophageal cancer in the United States. Despite
the increasingly rapid clinical use of this treatment method, the exact immunological mechanisms it
induces in cancer cells has not yet been fully elucidated. This article presents a review of the current
understanding of the mode of action of photodynamic therapy on cells of various gastrointestinal
cancers with an emphasis on colorectal cancer. The types of cell death induced by PDT include
apoptosis, necrosis, and pyroptosis. Anticancer effects are also a result of the destruction of tumor
vasculature and activation of the immune system. Many reports exist that concern the mechanism of
apoptosis induction, of which the mitochondrial pathway is most often emphasized. Photodynamic
therapy may also have a beneficial effect on such aspects of cancer as the ability to develop metastases
or contribute to reducing resistance to known pharmacological agents.

Keywords: gastrointestinal cancers; photodynamic therapy; anticancer effect
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1. Introduction

1.1. Gastric Cancers—Morbidity

Cancers are one of the leading causes of death worldwide. One of the more diverse
groups of cancers are those located in the gastrointestinal tract. Currently, there is a
significant increase in new cases of this disease [1]. An example of an aggressive cancer of
the gastrointestinal tract is esophageal cancer (EC), which is more often diagnosed in men,
and is a significant cause of cancer-related mortality worldwide, accounting for 16,910 new
cases and 15,910 deaths in the United States in 2016 [2,3]. Nonspecific symptoms can delay
a patient’s examination by a physician resulting in an inoperable tumor stage and the
presence of metastases in more than 50% of patients, giving EC a poor prognosis [3,4].
More than 95% of new cases of esophageal cancer are adenocarcinoma, which is more
common in developed countries, and squamous cell carcinoma which is prevalent in non-
industrialized countries. Smoking, obesity, and gastroesophageal reflux disease predispose
a person to the development of adenocarcinoma, while achalasia, alcohol consumption,
and smoking are risk factors for squamous cell carcinoma [3]. The third most common
cause of cancer deaths worldwide is gastric cancer (GC). Common societal risk factors
for this disease include high salt intake, a diet low in fruits and vegetables, and H. pylori
infection [5]. Gastric cancer should be treated in a multidisciplinary manner. Surgical
resection is the primary treatment method with demonstrated treatment efficacy and this
is being expanded with adjuvant and neoadjuvant therapies for the treatment of locally
advanced lesions. In patients found to have metastases, therapy has unsatisfactory results,
with a median survival of about 1 year [6]. Colorectal cancer (CRC), which is the third
most common cancer worldwide, is estimated to occur in more patients than cancers of
the upper gastrointestinal tract [7]. Its occurrence, mainly in developed Western countries
is increasing annually, and it is the fourth most common cause of death among cancer
patients [8]. Lifestyles, such as an unhealthy diet, smoking, and alcohol consumption,
as well as chronic diseases, age, and environmental factors, predispose a person to the
development of this cancer [8,9]. Two pathways lead to the development of colorectal cancer.
The first is the multi-step adenoma-carcinoma sequence of mutations of the APC gene, and
the second is the development of serrated adenoma to cancer, in which the genetic defect
responsible has not yet been determined. Early-stage pre-cancerous adenomatous polyps,
as well as advanced cancer, can be asymptomatic, worsening the prognosis, making early
diagnosis difficult, and warranting screening in people over 50. Localized colorectal cancer
should not be associated with a poor prognosis; however, most cancers are diagnosed at
a locally advanced tumor stage or with lymph node metastasis, which is responsible for
an unfavorable prognosis. Up to 20% of patients have metastases, most commonly in the
liver [10].

1.2. Photodynamic Therapy—One of the Treatment Methods

The significant increase in new cancer cases worldwide creates the need to discover
new and effective therapeutic methods. The search for innovative forms of therapy, in-
cluding photodynamic therapy (PDT), is ongoing. Photodynamic therapy exploits pho-
todynamic action initiated by the excitation of photosensitizers (PSs) with light and the
subsequent interaction of the excited PSs with oxygen to produce reactive oxygen species
(ROS) including singlet oxygen (1O2) [11,12]. Figure 1 presents the mechanism of 1O2
generation upon excitation of a PS.
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Figure 1. The mechanism of PDT. Most PDT therapies used in clinical settings are based on three
components: oxygen, PS, and light. After the application of these three elements, a number of
reactions are initiated in the tissue. PS in the ground state becomes excited to singlet state under the
influence of light of a specific wavelength. A photosensitizer in the excited singlet state may end up in
the excited triplet state as a result of intersystem crossing. A photosensitizer in the excited triplet state
can generate reactive oxygen species by electron transfer to an oxygen molecule (Type I). The main
components of ROS are superoxide anion, hydroxyl radical, and hydrogen peroxide. In turn, in type
(II), energy is transferred from the photosensitizer in the excited triplet state to oxygen in the triplet
state, generating singlet oxygen. Both processes have the ability to eliminate cancer cells. Molecular
biology describes three main and fundamental mechanisms of cell death: apoptosis, necrosis, and
autophagy. PS—photosensitizer, 3PS—photosensitizer in the ground state, 1PS*—excited singlet
state, hv—specific wavelength of light, 3PS*—excited triplet state, ISC—intersystem crossing, ROS—
reactive oxygen species, O2

−—superoxide anion, OH—hydroxyl radical, 3O2—triplet state oxygen,
1O2—singlet oxygen.

Cell signal transmission depends on the healthy amount of ROS, but when that
level is excessively increased, it can result in irreparable cellular damage. ROS produced
through PDT oxidizes biological macromolecules in tumor cells, including DNA/RNA
and protein, leading to tumor cell death which is known as apoptosis, necrosis, and
autophagy. Additionally, ROS in tumor tissue might harm microvascular structures and
result in immunogenic cell death. The main signs of apoptosis are shrinking cells and the
appearance of vesicles in the cell membrane. Typically, apoptotic cells are surrounded by
healthy-looking neighboring cells.

Apoptosis is characterized by several microscopically detectable changes, which in-
clude the most striking condensation of chromatin into well-defined granular masses along
the nuclear envelope, cell shrinkage, twisting of cell and nucleus contours, and fragmen-
tation of the nucleus. Eventually, the cell disintegrates into membrane-bound apoptotic
bodies that contain, among other things, nuclear debris and that are rapidly removed by
neighboring macrophages. During this process, the cell membrane and the membrane
surrounding the apoptotic fragments maintain their integrity. In addition, lysosomes re-
main intact, and therefore, lysosomal enzymes are not released into surrounding tissues.
Consequently, there is no accompanying inflammation in apoptosis.

Necrosis is a non-programmed process, defined as accidental cell death caused by
physical or chemical damage. It is characterized by pyknotic nuclei, cytoplasmic swelling,
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and progressive breakdown of cytoplasmic membranes, leading to cell fragmentation and
the release of material into the extracellular space.

Autophagy is a progressive course of degradation and restoration of cytoplasmic
parts. Moreover, it is important for maintaining cell homeostasis and development. It is
a physiological cycle in which the cytosol and whole organelles become surrounded by a
double layer of vacuoles, known as the autophagosome. As a result of the fusion of the
lysosome with the autophagosome, the autophagosome becomes damaged. Studies have
confirmed that PDT can induce pathways of apoptosis, autophagy, mitotic catastrophe,
and necrosis. The phototoxic effect of PDT leads to photodamage due to irreversible
degradation of cell membranes and organelles. Induction of multiple cell death pathways is
considered to be a useful feature of PDT because it enhances the photo-killing of cancer cells
resistant to a particular cell death pathway. At the level of molecular biology, PDT induces
concentration-dependent cell death mechanisms, physicochemical properties, subcellular
localization of PSs, oxygen concentration, and the appropriate wavelength and intensity of
light. Cell-type-specific properties can affect the mode and extent of cell death. Where the
PS enters the cell depends on the chemical properties of each compound. Hydrophobic
molecules can diffuse rapidly into plasma membranes, whereas more polar molecules
tend to be internalized by endocytosis or assisted transport by lipids and serum proteins.
Most PSs are found in organelle membranes, but in general, the cellular localization of
PSs includes the endoplasmic reticulum (ER), mitochondria, Golgi complex, lysosomes,
and cell membrane. Photogenerated ROS are very short-lived and have limited diffusion
distance in biological systems. Therefore, the subcellular location of a PS is often the site
where the generated ROS will cause more damage through the activation of cell death
mechanisms. Mitochondria, the main intracellular target of PDT, plays a critical role in
apoptosis by controlling the release of crucial factors involved in this process.

1.3. Overall Cellular Response to PDT

Numerous studies have demonstrated the effectiveness of PDT as a cancer therapy
and also in the treatment of many non-oncological diseases, e.g., dermatoses [13–16].
In the presence of oxygen, the reactions of photo-excited PSs in tumor tissue result in
direct cell death through various pathways, the induction of an inflammatory response,
and, especially in the case of vascular photosensitizers, the destruction of blood vessels
supplying the tumor [17–21]. The phenomenon of photon absorption is key to the excitation
of photosensitizers (PSs) to a higher energy level and the formation of a triplet state, which
is responsible for energy transfer or electron transfer leading to the production of ROS
including 1O2 [19]. Generating 1O2 in concentrations sufficient to destroy a hypoxic tumor
is a major technological challenge. Most of the clinical experience with gastrointestinal PDT
involves patients who are considered to be at risk of poor surgical outcomes, and follow-up
reports are limited [22]. Despite the demonstrated efficacy of PDT and knowledge of its
underlying mechanism of action, elucidation of the exact mechanisms by which it leads
to cell death is ongoing. The best documented cytotoxic effects of PDT on organelles are
associated with photodamage to mitochondria and lysosomes (Figure 2).

A type of non-apoptotic cell death is ferroptosis [23]. Its basic characteristic is the
gradual loss of mitochondria in response to the administered therapy [24]. In turn, inflam-
masomes are multi-proteins that contribute to the activation of the inflammatory process
and, consequently, to cell death, called pyroptosis [25]. PSs should not accumulate in cell
nuclei to prevent the formation of resistant cells [26]. It has been shown that at the cellular
level, PDT-induced cell death subroutines may or may not be random [27]. Accidental cell
death is an uncontrolled form of death characterized by the gradual loss of cell membrane
integrity and swelling of cell organelles [28]. Regulated cell death (RCD) is triggered by
the activation of one or more signal transduction modules, such that it can be modulated
in some sense pharmacologically or genetically. There are also PDT-associated RCD sub-
routines that involve apoptosis and various mechanisms of regulated necrosis, including
necroptosis and autophagy-dependent cell death [29].
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Figure 2. Diagram of activation of processes in cells as a result of PDT activity. Initially, PS penetrates
the cancer cells and accumulates in the mitochondria. Upon activation of PS with laser light of
a specific wavelength, ROS photogeneration and destruction of the apoptotic protein Bcl-2 occur,
which causes the permeabilization of the outer membrane of the mitochondria. As a consequence,
cytochrome c is released from the mitochondria into the cytosol, enhancing the apoptotic signal
by activating caspases. Most often, PS is found in the plasma membrane, endoplasmic reticulum,
mitochondrion, or lysosome. Depending on its location, when activated with light, it can directly
damage the plasma membrane causing unregulated necrosis or lead to one or more mechanisms of
regulated cell death. UPR: unfolded protein response; Fe: iron; ROS: reactive oxygen species; CHOP:
pro-apoptotic transcription factor.

1.4. Merits and Defects of PDT
1.4.1. Merits

For the treatment of gastrointestinal cancers, PDT has found application mainly in the
treatment of lesions located in the esophagus. In addition, it has been shown in studies that
PDT is indicated not only in the treatment of already-formed cancer but also in Barrett’s
esophagus [30]. The origins of PDT used to treat esophageal cancer include the palliative
treatment of patients with obstructive esophageal cancer [31]. Moreover, PDT is being used
to treat superficial esophageal cancers characterized by difficulty in endoscopic treatment,
and this indication has already been approved for treatment in Japan [32]. In patients in
whom local radiotherapy has not achieved the intended therapeutic goals, and in whom
treatment by other means may be insufficiently effective, PDT using second-generation
photosensitizers is indicated [33]. An example of the strength of PDT is that the cure of early
mucosal disease is possible after a single endoscopic procedure [34]. Photodynamic therapy
using the photosensitizer sodium porfimer (Photofrin®) was approved in the United
States in 1995 for use in patients with advanced esophageal cancer [32]. Photodynamic
therapy has a favorable side-effect profile, is less invasive, and minimizes systemic toxicity,
making it well tolerated by patients [35,36]. Moreover, PDT does not impair fertility and
does not affect pregnancy [37]. Enhancing the systemic immune response against cancer
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may increase the effectiveness of PDT as well as act synergistically with other forms of
therapy [38].

1.4.2. Defects

The use of PDT is limited to the treatment of flat superficial lesions that are usually
accessible endoscopically due to the limited tissue penetration depth of light [39]. At least
partially, this problem can be solved by implantable devices or lasers in the near-infrared
range, enabling tissue penetration up to 3 cm [40,41]. Another aspect is that the usefulness
of PDT is also limited by hypoxia which is typical of many tumors that limit photodynamic
action [42,43]. Additionally, reducing tumor oxygenation may promote proliferation and
metastasis [43]. Standard guidelines for PDT treatment protocols are still not available,
which makes the selection of parameters difficult and affects the quality of treatment [44].

Recent research has focused on improving the effectiveness of PDT. Zaigang Zhou et al.
synthesized nanoparticles capable of dually disrupting the PD-1/PD-L1 axis and reversing
tumor hypoxia [45]. In turn, Liao W. et al. described the synthesis of a nanogel with the
ability to increase the production of ROS in cancer cells [46]. Recent reports have also
demonstrated the potential of using PDT based on synthetic hypericin in the treatment of
early stages of early-stage cutaneous t-cell lymphoma (Mycosis Fungoides) [47]. It was also
found that 5-ALA PDT achieves high effectiveness in the treatment of low-grade squamous
intraepithelial lesions with high-risk HPV infection and that the effectiveness of 5-ALA PDT
in the treatment of actinic keratosis is increased by microneedling and cryotherapy [48,49].
The aim of this study is to review studies on the treatment of gastroenterological diseases
with PDT and its immunological effects.

2. Materials and Methods

The literature search, which focused on the immunological mechanisms induced
by PDT in the treatment of gastrointestinal cancers, was conducted using articles from
PubMed, ScienceDirect, Web of Science, and Google Scholar from 1990 to September 2023.
The authors of this review worked according to an agreed framework, selecting articles
based on their title, language, abstract, and access. Duplicate works have been removed.
The review included papers describing the immunological view of photodynamic therapy
in the treatment of gastrointestinal cancers, such as esophageal, stomach, and colon cancer.

3. Literature Review

3.1. Esophageal Cancer

The anti-tumor effect of PDT in esophageal cancer is due to a combination of direct cell
damage, destruction of tumor blood vessels, and activation of the immune response [50].
However, the exact mechanisms of action of PDT have not yet been precisely researched
and established. The mechanism of photosensitizer accumulation in cancer cells is also
insufficiently understood.

One study suggests that in the case of Photofrin-II, the mechanism responsible for the
accumulation of the photosensitizer in cancer cells is the direct uptake of this compound
by the cells, while others negate these conclusions [51,52]. It has been shown that after
administration of 5-alpha-aminolevulinic acid, porphyrins accumulate in greater amounts
in Barrett’s epithelium and esophageal adenocarcinoma, which results from an imbalance
between the activity of porphobilinogen deaminase and ferrochelatase enzymes [53].

Photodynamic therapy causes cell death by apoptosis and necrosis and induces au-
tophagy and pyroptosis of esophageal cancer cells [54–58]. In a study by Shi Y. et al.,
PDT using sinoporphyrin sodium (DVDMs-PDT) was shown to induce apoptosis and
autophagy of Eca-109 esophageal cancer cells [54]. By inducing the formation of reactive
oxygen species in Eca-109, PDT led to the activation of p38MAPK and JNK kinases and
HO-1 heme oxygenase proteins responsible for cellular responses to stress [54,59–61]. In
Eca-109 cells, apoptosis is also induced by ALA-PDT, stopping the cell cycle in the G0/G1
phase and increasing the level of the pro-apoptotic Bax protein while decreasing the anti-
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apoptotic Bcl-2 [62,63]. Despite the observed increased levels of apoptosis and caspase-3
activity in esophageal adenocarcinoma cells, PDT using Photofrin-II has not been shown to
be responsible for these differences [55].

Necrosis of Eca-109 esophageal cancer cells was induced by PDT with hematopor-
phyrin, while significantly increasing the level of malondialdehyde (a product of perox-
idation of omega-6 fatty acids) without an increase in the expression of caspase-3, a key
proenzyme in the apoptosis process [64,65].

By inhibiting the last enzyme involved in glycolysis, pyruvate kinase (PMK-2), and
consequently activating caspase-8 and caspase-9, ultimately leading to the release of gas-
dermin E (GSDME), PDT can induce pyroptosis of esophageal squamous cell carcinoma
cells [66]. A reduction in PKM-2 activity was also observed when examining the effect
of ALA-PDT on the Warburg effect. It was shown that in esophageal cancer cells, glu-
cose uptake was inhibited within 4 h after ALA-PDT; however, after 24 h, a significant
increase in the expression of this enzyme and glucose uptake was observed [67]. ALA-
PDT enhances the effect of the EGFR inhibitor AG1478 and the PI34 inhibitor LY294002,
significantly reducing the expression of EGFR/PI3K and PI3K/AKT proteins, leading to
a synergistic reduction in the growth and migration ability of Eca-109 esophageal cancer
cells in vitro [68].

Photodynamic therapy increased NF-κB activity and HIF-1α and VEGF gene expres-
sion in vitro and in vivo, which may maintain their proliferation, protect against apoptosis,
and promote tumor development. Dihydroartemisinin (DHA) may enhance the effect of
PDT on esophageal cancer cells [69–71]. Zhou et al. examined the mechanism of action of
DHA and showed that it was at least partially due to the deactivation of NF-kB [72].

3.2. Stomach Cancer

There are a very limited number of reports on the mechanism of action of PDT on
gastric cancer cells.

One study showed that the mechanism underlying gastric-cancer-specific porphyrin
accumulation is closely related to both nitric oxide (NO) and heme carrier protein-1 (HCP-1).
Moreover, NO has been found to inactivate ferrochelatase, and thus, intracellular porphyrin
levels in cells are increased following administration of a NO donor after 5-aminolevulinic
acid treatment, and HCP-1 transports not only heme but also other porphyrins. Since NO
stabilizes hypoxia-inducible factor (HIF)-1α, causing up-regulation of heme biosynthesis,
HCP-1 expression may be increased by stabilizing HIF-1α, which affects the efficiency of
porphyrin accumulation by cancer cells [73].

One study tested the dependence of the type of gastric cancer cell death induced by
PDT using the chlorin-based photosensitizer DH-II-24 on dose level. It was shown that
through intracellular free radical production and an increase in intracellular Ca2+ ion levels,
low-dose PDT (LDP) led to apoptosis, while high-dose PDT (HDP) induced a massive and
prolonged increase in intracellular Ca2+ ion levels and was thus responsible for inducing
necrosis. Moreover, LDP activated caspase-3 [74].

It was observed that 5-ALA-PDT applied to human gastric cancer xenografts in vivo
caused the apoptosis and necrosis of cells, and in histological examination, most of the
tumor blood vessels were hyperemic [75]. It has been shown that PDT via the photosensi-
tizer Photofrin in the MKN45 gastric cancer cell line within 15 min leads to an increase in
the activity of caspase-3 and caspase-9 and chromatin condensation. The reduction in rho-
damine 123 uptake begins after 30 min and induces mitochondrial damage and apoptosis
after 60 min [76]. Moreover, due to its ability to activate the immune system, PDT has a
specific effect on metastatic lesions [77]. The effect of PDT on gastric adenocarcinoma cells
was studied in patients receiving immune checkpoint inhibitors. Immune cell infiltration
increased in tumors after PDT, which is associated with the up-regulation of the B2M gene,
which is lost in tumor cells. TCR analysis revealed specific clonal expansion after PDT in
cytotoxic T cells but constriction in Treg cells [78,79].
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3.3. Colon Cancer

The largest number of reports on the effects of PDT on gastrointestinal cancer concern
colorectal cancer treatment. However, the exact sequence of reactions occurring after
PDT has not yet been fully explained [80]. It has been established that PDT leads to the
direct killing of cancer cells by 1O2 and the indirect killing of cells through damage to
blood vessels and the induced immune response [81]. The effectiveness of PDT itself
depends on the concentration of the photosensitizer in the cell, but it has been shown
that precise intracellular localization has an additional impact on the way in which the
therapy causes damage. Moreover, the degree of differentiation of cancer cells also affects
the effectiveness of therapy. It was shown that well-differentiated tumor cells had a
better response to PDT using protoporphyrin IX (PpIX) than less differentiated cells [82].
Research results indicate that the internalization of a photosensitizer may be the result
of partitioning, pinocytosis, and endocytosis, and the target place of its accumulation in
the cell is different for different photosensitizers [83,84]. In the case of PpIX, it was found
that the tumor-preferential accumulation of this compound is influenced by the difference
in activity between porphobilinogen deaminase and ferrochelatase [85]. Photodynamic
therapy causes the death of colorectal cancer cells by apoptosis and necrosis [86–105].

One of the most important mechanisms of apoptosis triggered by PDT appears to
be the mitochondrial pathway. PDT, using hexaminolevulinaine as a photosensitizer,
leads to the loss of mitochondrial membrane potential, the release of cytochrome c from
mitochondria into the cytosol, and the rapid activation of caspase-9 and caspase-3 and
consequently to the apoptosis of 320 DM colon cancer cells [97]. Identical observations
were made in the case of PDT with silicon (IV) phthalocyanine [91]. It has been shown
that the calcium signal plays an important role in the apoptosis of SW480 cells induced by
PDT with the pre-photosensitizer 5-ALA [78]. However, the role of this signal may also
contribute to the failure of PDT, as it induces the activation of the ERK pathway, which
plays a key role in the survival and development of cancer cells. Calcium ions released
from the endoplasmic reticulum were found to result in an increase in the expression level
of the chaperone protein GRP78, which in many cancer models, both in vitro and in vivo,
confers a growth advantage and drug resistance to solid tumors [87,88,91,92].

Another study highlighting the involvement of the mitochondrial apoptosis path-
way is the study by Guoqing Ouyang et al. who showed that PDT with PpIX led to an
increase in the expression of the pro-apoptotic protein bax and caspase-3 while decreasing
the expression of the anti-apoptotic bcl-2 [96]. It was shown that cell lines with cytoso-
lic or mitochondrial localization of PpIX were characterized by a loss of mitochondrial
transmembrane potential, which led to growth arrest [82]. In turn, in the case of PDT
with pyropheophorbide methylester (PPME) that accumulates in the endoplasmic reticu-
lum/Golgi apparatus and lysosomes, it was not demonstrated that transmitters such as
calcium ions, Bid proteins, Bap31, phosphorylated Bcl-2, and caspase-12 were involved in
triggering the release of cytochrome c from mitochondria when provoking apoptosis [75].
The loss of mitochondrial functionality and therefore apoptosis was also induced by PDT
using [Ir-b]Cl and [Rh-b]Cl complexes and PpIX attached to triphenylphosphonium (TPP),
which has the ability to target mitochondria [90,100]. Moreover, it is assumed that the
leakage of lysosomal protease into the cytosol may also be involved in the induction of
apoptosis [99].

The effect of PDT on gene expression, which can contribute to resistance, also appears
to be important. A study by H. Abrahamse et al. tested the effect of photodynamic therapy
on the expression of pro-apoptotic and anti-apoptotic genes in DLD-1 and Caco-2 colon
cancer cells. In the case of DLD-1 cells, with increased tumorigenicity, apoptosis was
observed with the up-regulation of 3 genes and down-regulation of 20 genes, and these
cells were found to have an increased risk of resistance. Caco-2 cells responded better
to PDT, and the up-regulation of 16 genes and down-regulation of 22 were observed in
these cells [94]. As mentioned earlier, PDT can also cause necrosis of colorectal cancer cells;
however, there are no precise reports on the specific mechanism by which this cell death
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occurs. One study on HT29 colon adenocarcinoma cells showed that the predominant
type of cell death provoked by PDT with Foscan® was not apoptosis but necrosis and that
changes in mitochondrial membrane potential and cytochrome c release were responsible
for cell photoinactivation. HT29 multicellular spheroids loaded with Foscan® showed
significantly higher anti-tumor activity at equivalent light doses and the lowest fluence
applied. At the lowest fluence rate, and at fluences of moderate levels, 65% cell death was
observed via apoptosis. It was also found that the level of caspase-3 activation was not
affected by the use of higher fluence values (at identical levels of photocytotoxicity) [106]. It
is known that membrane-bound PpIX induces loss of membrane integrity and subsequent
necrosis and that 21-selenaporphyrin probably induces necrosis through the endothelial
cells of newly formed tumor vessels [82,104]. Necrosis may also be induced by other
photosensitizers, e.g., Soranjidol and Rubiadin [103].

So far, it has been established that cellular interactions in the tumor microenvironment
also participate in the induction of cancer cell death. It has been shown that due to their plas-
ticity, macrophages residing in or recruited from the tumor can enhance tumor development
by promoting tumor cell migration and endothelial stimulation. The increased cytotoxicity
of PDT mediated by the production of nitric oxide, interleukin-6 (IL-6), and tumor necrosis
factor alpha was in turn achieved in the presence of non-resident macrophages with a
strong anti-tumor phenotype (TNF-α) [107]. In contrast, a study by A. Jalili et al. [102]
determined the anti-tumor efficacy of combining PDT with the administration of immature
dendritic cells. They found that inactivation of C-26 colon cancer cells after PDT was
followed by necrosis and apoptosis. Moreover, there was also an increase in the expression
of HSP72/73, HSP90, HSP27, HSP60, HO-1, and GRP78 proteins [101]. It was observed that
immature dendritic cells cultured with cancer cells after PDT exhibited the ability to engulf
dead cancer cells, acquired functional maturation characteristics, and produced significant
amounts of interleukin-12 (IL-12), thereby enhancing the activity of macrophages, NK cells,
and monocytes. Moreover, these cells also stimulated the cytotoxic activity of NK cells and
T lymphocytes and stimulated their influx into lymph nodes [101,102].

It has been shown that PDT can also lead to the systemic induction of anti-tumor
immune responses. In order to test the potential mechanism of this phenomenon, the effect
of vascular PDT on β-galactosidase antigen-expressing colon adenocarcinomas BALB/c,
CT26WT, and CT26. CL25 was studied. It was found that the efficacy of the therapy
depended on the level of β-galactosidase expression, as complete cure occurred only in
antigen-positive tumors. The destruction of distant metastases was also observed in 70%
of the mice tested. It was found that T cells in these mice were able to recognize the
epitope derived from the beta-galactosidase antigen and specifically destroy the cancerous
antigen-positive cells. In the remaining 30% of mice, the tumor antigen was lost and the
metastatic lesions were not cured [108]. The effect of PDT on the ability of cells to migrate
and metastasize seems to be significant. It is known that PDT using low concentrations
(5 μM) of hyperforin and aristophorin not only inhibits cell cycle progression and induces
apoptosis but also reduces the expression of metalloproteinases-2/-9 and cell adhesion
potential [89]. Similar observations were found in the case of PDT therapy using m-THPC,
which also reduces the colony formation and migration ability of SW480 and SW620
colorectal cancer cells [95].

The possible mechanisms of this effect were investigated during PDT involving the
photosensitizer chlorin-e6 (Ce6-PDT). It was shown that the therapy led to the inhibition of
proliferation, almost complete disappearance of pseudopodia, a decrease in the migration
ability of SW480 cells, and an increase in the expression of F-actin, α-tubulin, β-tubulin,
vimentin, and E-cadherin. It is assumed that the possible inhibition of cancer cell migration
was due to the increased expression of E-cadherin, the loss of which is often observed
during metastases, causing the disappearance of pseudopodia and destruction of the
cytoskeleton [109,110]. In another study, it was shown that under the influence of Ce6-PDT,
the healing and migration rate of SW620 cells was significantly reduced, the pseudopodia of
the cells were reduced or disappeared, the original microfilament structure was destroyed,
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and the expression of F-actin was significantly reduced. The Rac1/PAK1/LIMK1/cofilin
signaling pathway, which is one of the main pathways through which Rho GTPases regulate
microfilaments, was down-regulated by Ce6-PDT [111].

Another aspect of PDT’s action is the ability to reduce the resistance of colorectal
cancer cells. As shown by M. Luo et al., PDT with the photosensitizer chlorin-e6 can inhibit
oxaliplatin (L-OHP)-induced autophagy while promoting apoptosis and increasing the
expression of procaspase-3 protein, while the combination of Ce-6PDT with L-OHP led to
the same effects and an increase in the expression of proapoptotic Bcl-2 and reduced the
migration capacity of SW620 colorectal cancer cells [105].

An important aspect of PDT is the possibility of developing tumor resistance to this
type of therapy, resulting from cellular responses to stress, hypoxia, or the heterogeneity of
PS uptake by individual tumor cells [112–114]. It is known that in response to hypoxia, cells
can induce HIF-1α-mediated autophagy, leading to increased colon cancer cell survival
and reduced cell death after PDT. By binding to hypoxia-responsive elements in the VMP1
promoter, stabilization of HIF-1α has been shown to significantly increase the VMP1-
related autophagy process [115]. An important factor involved in tumorigenesis is hypoxia-
inducible factor-1 alpha (HIF-1α), which may also contribute to the development of PDT
resistance [116,117]. Investigating the effects of PDT using Me-ALA (a pro-drug of PS PpIX)
on human colon cancer spheroids, it was discovered that the PDT resistance phenotype was
due to the highly regulated transcriptional activity of hypoxia-inducible factor-1α (HIF-1α).
Abolishing the RNA interference (RNAi) of HIF-1α reduced the degree of resistance to PDT,
while inhibition of the MEK/ERK pathway and removal of ROS abolished the regulation
of HIF-1α by PDT [117]. It is known that elevated levels of Hsp27 may play an important
role in colorectal cancer cell resistance (Figure 3), as phosphorylation of this protein plays
an important role in cytoprotection.

Figure 3. Mechanisms of cell resistance. The basic mechanisms of cellular resistance are presence of
stem cells; reduced photosensitizer accumulation (P-gp, MRP1, BCRP); autophagy; elevated Hsp27
level; hypoxia-inducible factor-1α (HIF-1α) activity; Ym155 protein activity inhibiting apoptosis;
histone deacetylase (HDAC) activity.
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Studying the effects of Photofrin-PDT on HT29-P14 colon cancer cells, it was found
that pathways leading to Hsp27 phosphorylation may contribute to cell resistance to
photooxidative damage [118].

By examining the effect of YM155, a small molecule inhibitor of survivin expression in
HT-29 colorectal adenocarcinoma cells resistant to dynamic phototherapy with hypericin,
it was shown that proteins that inhibit apoptosis play a key role in cancer progression and
therapeutic resistance [119]. Further, the interaction of hypericin with the mechanisms
of elimination of anticancer drugs by cancer cells is unclear. It is known that they are
complex. In HT-29 colon cancer cells treated with hypericin, increased activity of mul-
tidrug resistance-related protein 1 (MRP1) and breast cancer resistance protein (BCRP)
was observed. In contrast, administration of cytochrome P450 enzyme inhibitors led to an
increased content of this photosensitizer. Hypericin content in these cells is also known
to decrease glycoprotein-p [120]. On the other hand, examining the contribution of the
mechanism of export by p-glycoprotein, it was shown that the use of verapamil, a p-
glycoprotein antagonist, can reverse the resistance of HRT-18 colorectal cancer cells to
PDT with hematoporphyrin, which suggests a significant role of p-glycoprotein in reduc-
ing sensitivity to treatment [121]. One study examined the effect of histone deacetylase
(HDAC) inhibitors on the development of resistance to PDT with hypericin by colorectal
cancer cells. Two chemical classes of histone deacetylase (HDAC) inhibitors have been
studied in combination with HY-PDT: the hydroxamic acids Saha and Trichostatin A, and
the short-chain fatty acids valproic acid and sodium phenylbutyrate (NaPB). Combining
HDAC inhibitors with HY-PDT significantly attenuated the renewed resistance of cancer
cells to treatment. The manner, selectivity, and potency of HDAC inhibition depended
on the specific inhibitor. To sum up, histone deacetylase may be one of the causes of cell
resistance to PDT (Figure 3) [122].

Another study showed that a total of 1096 long noncoding lncRNAs were present in
HCT116 colon cancer cells treated with PDT. Resistance to PDT was determined by the
interaction between Long Noncoding RNA LIFR-AS1, the miR-29a gene, and the TNF
Alpha Induced Protein 3 (TNFAIP3) gene. The resistance of HCT116 cells to PDT was
due to the role of LIFR-AS1, as it serves as a competitive endogenous RNA for miR-29a,
inhibiting its expression and increasing TNFAIP3 expression [123]. Epigenetic changes
are known to account for drug resistance in colorectal cancer [124]. At the same time,
they are reversible. The regulation of polycomb proteins (PcG), which have the ability to
epigenetically silence genes, polycomb group RING finger protein 4 (BMI1) and Enhancer
of zeste homolog 2 (EZH2), and the associated cancer progression are potential therapeutic
targets. A study of resistance to PDT with hypericin by M. N. Sardoiwala et al. showed
that Protein phosphatase 2 mediated the degradation of BMI1 and that inhibition of HMI1
and EZH2 contributed to improved treatment outcomes [125].

Stem cells are believed to be resistant to PDT, which may be another reason for the lack
of therapeutic efficacy. Through their ability to self-renew cyclically with a long duration of
one cycle, they increase resistance to treatment, which contributes to PDT failure and an
increased risk of recurrence [126]. A major concern is the ability of cancer cells to acquire
resistance to drug treatment. The sensitivity of colorectal cancer cells to treatment may be
enhanced by PDT. It was shown that PDT increased the efficacy of L-oxaliplatin (L-OHP)
treatment. A multilevel mechanism for this phenomenon has been established, involving
the decreased efflux of L-OHP (dependent on multidrug resistance-associated protein
1 (MRP-2)), inhibition of glutathione S-transferase activity and intracellular glutathione,
increased DNA double-strand breaks, and decreased expression of DNA excision repair
protein (ERCC-1) along with DNA repair endonuclease XPF, involved in the nucleotide
excision repair pathway [127]. Photodynamic therapy works synergistically with drugs
that block Programmed death-ligand 1 (PD-L1), which may increase the effectiveness of
treatment. A study by Z. Yuan et al. showed that the combination can inhibit primary and
distant tumor growth, as well as contribute to long-term host immune memory, which
prevents cancer recurrence. The mechanism of this interaction has been shown to induce
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cell death and stimulate a systemic immune response, which can be further promoted by
PD-L1 blockade [128]. It is known that the efficacy of PDT of HT-29 colon cancer cells can be
enhanced by stimulating apoptosis by administering the specific 5-lipoxygenase inhibitor
MK-886. Further analysis of individual ROS groups revealed the effect of increasing MK-
886 concentration on peroxide accumulation, which was accompanied by a decrease in
the level of hydrogen peroxide in cells. A clonogenicity test revealed impaired colony
formation when both agents were combined compared to MK-886 or PDT alone [129].
Figure 3 shows the mechanisms of cell resistance.

Photodynamic therapy does not always lead to complete cure [39]. This phenomenon
involves mutations related to the inhibition of apoptosis, drug–drug interactions, increased
drug efflux, reduced photosensitizer concentration and light exposure, and local hy-
poxia [39,130–134]. Much research has been undertaken to develop a new generation
of nanomaterial-based photosensitizers that could address this problem [39]. Emerging
evidence indicates that overcoming the resistance of cancer cells can be achieved by using
photosensitizers with the regulation of ROS production, targeting organelles, nanosub-
stituted photoactive drugs, and PS delivery nanosystems and combining different types
of therapies [131]. Pramual et al. created a new hybrid molecule and demonstrated that
it had the potential to deliver a photosensitizer or chemotherapeutic drug for the treat-
ment of multidrug-resistant lung cancer cells [134]. In turn, Qian-Li Ma et al. found
that the combination of an ATM inhibitor with PDT has the ability to inhibit the DNA
damage response and increase the effectiveness of therapy against PDT-resistant lung
cancer cells [110]. Moreover, Deken et al. showed that nanoparticles can induce the re-
gression of tumors overexpressing HER2 during one treatment session, which may be
used in the treatment of trastuzumab-resistant cancers [135]. Zhijian Luo et al. created
molecules that bind to annexin 1, which improved the cellular uptake of drugs and, con-
sequently, increased cytotoxicity against multidrug-resistant breast cancer cells [136]. As
shown by Zhong et al., a properly constructed nanoparticle with palitaxel intended for
combined chemo-photodynamic therapy can break the resistance of lung cancer cells to
this drug [137].

3.4. Interaction of PDT with Gastrointestinal Tumor Cells

Modern research methods and advanced drug complexes are being developed to
observe and understand the immunological processes occurring in tumor metabolism.
One of the main aspects of the analysis is the characterization of the immune response
(Table 1), mainly the process of programmed cell death. An example of advanced research
assessing the immune response of a tumor is the research conducted by Liu et al. The thera-
peutic method involving an increase in the infiltration of T lymphocytes has completely
revolutionized the therapeutic technique of cancer. Although many metabolic processes
are known and investigated, the mechanisms of the tumor’s immune response to PDT
remain undiscovered. Additionally, there is still uncertainty about the safety of applied
photosensitizers, drugs that target selected cell organelles (i.e., mitochondria). Work by Liu
et al. describes an innovatively designed drug that is safe and effective both in vivo and
in vitro. Drug-assisted PDT has the ability to inhibit tumor growth. Additionally, it allevi-
ates the phenomenon of hypoxia, i.e., tumor hypoxia, by generating a higher number of
ROS. The designed multifunctional drug and PDT enable it to influence tumor metabolism
and its immune system [138]. Table 1 shows the mechanisms of interaction of PDT with
gastrointestinal tumor cells (from the type of accumulation of photosensitizer through the
mechanism of destruction to the type of response).
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Table 1. Mechanisms of interaction of PDT with gastrointestinal tumor cells.

Mechanism of Interaction of PDT with Gastrointestinal Tumor Cells

Esophageal cancer

Accumulation
of photosensitizer

Imbalance between
the activity of porphobilinogen
deaminase and ferrochelatase

enzymes (5-ALA)

Mechanism of cell damage

Direct cell damage

Destruction of tumor
blood vessels

Activation of the
immune response

Type of response and
cell death

Apoptosis

Necrosis

Pyroptosis

Autophagy

Gastric cancer

Accumulation
of photosensitizer

Dependent on nitric oxide (NO)
and heme carrier protein-1

(HCP-1)

Mechanism of cell damage

Direct cell damage

Activation of the
immune response

Type of response and
cell death

Apoptosis

Necrosis

Colorectal cancer

Accumulation
of photosensitizer

Partitioning

Pinocytosis

Endocytosis

Difference in activity between
porphobilinogen deaminase and

ferrochelatase (PPIX)

Mechanism of cell damage

Direct cell damage

Destruction of tumor
blood vessels

Activation of the
immune response

Type of response and
cell death

Apoptosis

Necrosis

3.5. Clinical Challenges

In the field of PDT in cancer treatment, valuable insights are provided by the dual
perspective of photosensitizers undergoing clinical trials and those already in clinical use.
Clinical trials are a source of innovation, presenting a diverse range of photosensitizers of
different generations. These trials highlight ongoing efforts to improve and expand the
potential of PDT. In particular, third-generation photosensitizers demonstrate increased
tumor specificity, improved tissue penetration, and reduced side effects, representing
significant progress. Challenges such as poor water solubility and aggregation remain,
highlighting the complexity of developing effective photosensitizers.

Certainly, one of the main limitations and challenges of conducting PDT in a clinical
setting is the difficult process of monitoring the entire treatment process.
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Additionally, uneven and varied distribution of therapy components (such as light
and oxygen) may result in numerous side effects. Currently, various types of simulations
are practiced to improve PDT in clinical conditions at every stage of treatment (from the
application of a photosensitizer to the exposure process and follow-up observations) [139].

Currently, interstitial PDT supported by chemotherapy and immunotherapy is also
practiced, introducing a number of combination options in the treatment of gastroentero-
logical diseases. More often, pilot studies are carried out as initial verification and the
initial stage of clinical trials.

Despite the high effectiveness of first- and second-generation photosensitizers, new
solutions are still being sought. An example of improving treatment results is the use
of nanotechnology, i.e., third-generation photosensitizers (Table 2). Currently, ongoing
research and the latest literature reports on the use of PDT in gastroenterological diseases
give hope for improving the effectiveness, sensitivity, and specificity of treatment. Table 2
shows a review of third-generation photosensitizers in gastroenterological cancers.

Table 2. A review of third-generation photosensitizers in gastroenterological cancers.

Type of Disease
A Type of

Third-generation
Photosensitizer

Wavelength of Laser Light
(nm)

Immunological Effect References

Colon cancer porphyrin grafted lipid
(PGL) nanoparticles 650

The results confirmed that the
designed nanoplatform

effectively eliminates
differences in oxygen content,
which positively affects the

process of generating singlet
oxygen and the process of

weakening COX-2 expression.

[140]

Colon cancer

liposome encapsulating
phosphoinositide 3-kinase
gamma (PI3Kγ) inhibitor

IPI-549 and chlorin e6

660

The proposed therapy
significantly limited the

development and growth of
the tumor by positively

affecting the physiology of
dendritic cells and

T lymphocytes.

[141]

Colorectal cancer CD133-Pyro 670

The study showed that the
designed composite increases
ROS production and induces

cell death.

[142]

Colorectal cancer Sinoporphyrin sodium
(DVDMS) 635

The therapy induced
programmed cell death,

among others, by generating
the caspase pathway in

CX-1 cells.

[143]

Third-generation photosensitizers (Table 2) and their effectiveness are another chal-
lenge in transforming laboratory and preclinical research into clinical trials. The combi-
nation of nanotechnology and the process of developing various types of nanoparticles
supporting PDT is a promising tool but not free from obstacles and challenges. Many
nanocomplexes being developed are in the process of improvement to be safely used in
clinical trials. The nanomaterials used are not always free of toxicity, which is why they are
subject to control and testing. Due to the fact that some of the research is conducted at an
early stage, we can look forward to the future with hope for the development of the PDT
technique in the treatment of gastroenterological cancers. We hope that the results of future
studies will allow us to improve the effectiveness of clinical trials using PDT as much as
possible [144].
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4. Conclusions

Cancer treatment using PDT poses many challenges. One of them is the possibility
of cancer cells becoming resistant to this type of therapy. This article presents evidence
that mechanisms such as the removal of photosensitizer from cancer cells, induction of
autophagy in response to damage, natural increased resistance of tumor stem cells, and,
finally, increased presence of various cytoprotective proteins are involved in this process.
Interactions between tumor cells and other cells are also an important aspect, as they may
contribute to weakening the effect of PDT and even to accelerating tumor development.
Further research is necessary to determine the exact mechanisms of action of dynamic pho-
totherapy on gastrointestinal cancer cells, taking into account the type of photosensitizers,
the classification of cancers, and their stage of advancement. Understanding the precise
impact of PDT on the treatment of this disease may help discover new photosensitizers
and their transport mechanism or determine the appropriate, most effective therapeutic
regimens. It also seems promising to investigate the mechanisms by which PDT can lead
to the activation of the immune system and, as a result, to the treatment of metastases.
Moreover, based on this review, it can be concluded that a thorough examination of the
mechanisms responsible for cellular resistance to PDT may contribute to the discovery of
new therapeutic agents that can inhibit this resistance. In summary, the immunological
mechanisms of the action of PDT on gastrointestinal cancer cells are still insufficiently un-
derstood, and their detailed examination may contribute to increasing the effectiveness of
this therapy. Solutions to certain challenges and application problems emerging in clinical
trials are still being sought. The solution turns out to be not only nanotechnology and its
possibilities but also designed drugs targeting selected cell organelles. The therapeutic
process of cancer is very complex, and the biological and immunological mechanisms
initiated as a result of PDT are still not clear and understandable. It is satisfactory that such
a difficult and important topic as the immunological aspects of PDT is constantly being
explored and addressed.
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