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Fibroblast growth factor 18(FGF18) is a member of the fibroblast growth factor

family (FGFs). FGF18 is a class of bioactive substances that can conduct biological

signals, regulate cell growth, participate in tissue repair and other functions, and

can promote the occurrence and development of different types of malignant

tumors through various mechanisms. In this review, we focus on recent studies

of FGF18 in the diagnosis, treatment, and prognosis of tumors in digestive,

reproductive, urinary, respiratory, motor, and pediatric systems. These findings

suggest that FGF18 may play an increasingly important role in the clinical

evaluation of these malignancies. Overall, FGF18 can function as an important

oncogene at different gene and protein levels, and can be used as a potential new

therapeutic target and prognostic biomarker for these tumors.
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Introduction

Cancer is one of the biggest threats to human health, and how to prevent, screen and

treat cancer at an early stage is a major problem at present (1–5). Therefore, current

research focuses on the exploration of oncogenes, such as the activation of proto-oncogenes

and the inactivation of tumor suppressor genes (6–9), among which many cytokines,

including fibroblast growth factor 18, are believed to be involved in the occurrence and

development of tumors (10–13).

Fibroblast growth factor 18 is a member of the fibroblast growth factor family (FGFs).

FGFs is a class of bioactive substances that can promote fibroblast growth initially extracted

from tissue extracts of brain and pituitary (14). There are more FGF family members

classified according to different criteria, and 22 FGFs and 4 FGFR species have been

identified in mammals to date (15, 16). According to their molecular structure, 22 FGFs

species could be divided into 7 subgroups, among which, FGF8, FGF17 and FGF18

belonged to the FGF8 family subfamily (11, 14, 17). Fibroblast growth factors (FGF) and
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their receptors (FGFRs) drive key developmental signaling

pathways that are responsible for many functions, including cell

proliferation, survival, and migration (18–20). Thus, both FGFs and

FGFR frequently play a role in cancer cell progression and have

been shown to be carcinogenic in many cancers (19, 21–23).

In 1998, Japanese scientist Ohbayashi (24) isolated FGF18 from

mouse embryos for the first time. FGF18 is a pleiotropic growth

factor that stimulates the proliferation of interstitial and epithelial

cells and tissues in a variety of organs, such as lung, liver, stomach,

colorectum, brain, ovary, and embryo. It is also involved in cortical

neuronal activity, cartilage and osteogenic development, and hair

growth (25–28). FGF18 performs cell signal transduction by

binding to the FGF receptor, and the function of FGF18 depends

on the expression of FGFR in cell tissues (29, 30).

The function of FGF18 is not limited to the metabolism and

development of tissues and organs. FGF18 is a potent mitogen for a

variety of cells and plays an important role in directing cancers in

organs or systems such as digestion and reproduction (31). For

example, Shimokawa et al. (32) further emphasized the correlation

between FGF18 and digestive system balance, and proposed that

increased FGF18 expression may lead to the occurrence of colorectal

tumors. In 2013, Wei’s team predicted that overexpression of FGF18

was an independent marker for poor prognosis of ovarian cancer, and

determined that FGF18 was a serum biomarker of ovarian cancer,

which was significantly correlated with the prognosis and progression

of ovarian cancer (33). In addition, the continuous discovery of

FGF18 in different organs or systems is of great significance in

guiding tumor progression, which indicates that FGF18 can be

used as an oncogene reference for the progression of multiple

systemic tumors (10, 31–36).

Although only a few functions of FGF18 in tumors have been

reported, FGF18 has become an essential regulatory factor in tumor

progression and is involved in controlling various physiological

processes of tumors in multiple systems. To date, the exact

molecular mechanism of FGF18 in cancer remains unclear. Here,

we review the regulatory mechanisms of FGF18 in different tumors,

and further studies are expected to provide new therapeutic targets

for these diseases.
The role of FGF18 in cancer

Gastric cancer

Gastric cancer (GC) is the second most common cancer in the

world in terms of deaths and the fifth most common cancer in terms

of incidence (37). These are major risk factors for the development

of gastric cancer through dietary disorders, such as smoked or

preserved foods, and smoking and alcohol consumption (38, 39).

For most countries, the diagnosis is usually too late for radical

treatment due to the lack of a good system in terms of diagnostic

and screening methods (40–42). Although the same therapies can

effectively improve overall survival (OS) in these patients,

understanding the molecular mechanisms of their pathogenesis

and identifying new therapeutic targets are still urgently needed.
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In terms of its clinical relevance, FGF18 is a valid diagnostic

indicator in GC (43, 44). In 2019, Austrian scientist Gerd conducted

a preliminary analysis of FGF18 mRNA expression data of 87

patients with esophagogastric junction adenocarcinoma(AEG) in

the Cancer Genome Atlas (TCGA) database, predicting that

FGF18 has a high level of expression in AEG. The use of

immunohistochemistry(IHC) to detect FGF18 protein levels in

diagnostic biopsies and postoperative specimens from 155

patients was also studied, with high levels of FGF18 expression

detected in samples from 49 patients (31.6%). Moreover, the

established multivariate Cox proportional hazard regression

model showed that overexpression of FGF18 was significantly

associated with longer survival in AEG patients (45). In a cohort

study of 75 patients including GC and peptic ulcer (PU), the mean

value of FGF18 in GC was significantly higher than that of normal

people, and the level of FGF18 in GC patients was 2.4 times higher

than that in gastric ulcer (GU) or PU patients, potentially regulating

the progression of GU to GC (46, 47). In conclusion, FGF18 is a

promising key biomarker for GC or AEG prognostic factors, as well

as an important target for new anticancer therapies.

FGF18 is one of the representative inflammatory markers (48),

and in further exploration of the progression of Helicobacter pylori-

induced GU or PU to GC. RNAseq analysis and Medline database

showed that FGF18 was significantly increased in gastric epithelial

cells after H. pylori infection (49). Egyptian scientist Mona Schaalan

is exploring long non-coding RNA H19 (lncRNA H19) and related

microRNA (miRNA): When miRNA 200c/miRNA 139 and

miRNA-204/miRNA-182 were used as novel predictors of

therapeutic response in HP induced GU or PU progression to

GC, it was found that lncRNA H19 (50) levels were significantly

increased in GC patients compared with GU subjects. The

associated downstream targets miRNA 200c/miRNA 139 and

miRNA-204/miRNA-182 were significantly down-regulated, and

lncRNA H19 was also significantly correlated with FGF18, an

important mediator in its regulation.Therefore, to some extent,

FGF18 may be an important regulator in the process of potential

diagnostic biomarkers for early GC diagnosis (46, 47).

The carcinogenic activity of FGF18 is closely related to various

GC pathways and plays a prominent driving role in the occurrence

of GC, with functions such as gene amplification or somatic

mutation (44). In 2019, Zhang et al. explored the FGF mRNA

profile in 10 GC cell lines by microarray analysis and found that the

mRNA of FGF18 exhibited significantly high levels of expression.

Human recombinant FGF18 protein and FGF18 conditioned

medium were used to stimulate AGS and other gastric cancer cell

lines. Western blotting (WB) and immunofluorescence (IF)

experiments verified that FGF18 promoted cell growth by

activating SMAD2/3 and inhibiting ATM signaling in an

autocrine manner. In addition, ERK-MAPK signaling was also

activated and accelerated tumor tissue growth, ultimately

confirming FGF18 as a direct target of tumor suppressor miR-

590-5p in inhibiting GC cell growth (43). Therefore, in 2020, Zhang

et al. found that after overexpression of FGF18, FGFR2 expression

could be enhanced, and then the expression of F-actin and YAP1

target was also enhanced, and nuclear accumulation of YAP1

occurred. These effects were also confirmed with FGFR2
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depletion, knockdown, or the use of FGFR inhibitor AZD4547 (51,

52). In addition, with the inhibition of FGF18, the expression of c-

Jun (effector of MAPK signaling) was also decreased. Through

clinical data analysis and sample studies, the clinical prognosis of

GC was unfavorable with the activation of the FGF18-FGFR2-c-

Jun-YAP1 axis (53).

In conclusion, FGF18 affects the development of GC cells at

different levels, and can be used as a novel prognostic marker and

therapeutic target for GC. However, the molecular network

structure of FGF18 in gastric cancer still needs to be

further explored.
Colorectal cancer

Today colorectal cancer(CRC) is the third leading cause of

cancer mortality (54), and its incidence is age-related and increases

with age (55, 56). Unhealthy diet and lifestyle habits, collective

metabolic disorders, and genetics are all associated with the

development of CRC (57). Although the literature provides a

more systematic framework for the cancer characteristics of CRC,

the understanding of its effective therapeutic advances remains

much less well understood (58).

Expression of FGF18 in CRC and its effect on clinical prognosis.

Masuko, a Japanese scientist, used the Basic Local Alignment Search

Tool(BLAST) program to search for human EST(Expressed

Sequence Tag) derived from FGF 18 mRNA, Analysis revealed

that FGF18 mRNA can be expressed in CRC (11). The expression of

FGF18 gene in CRC was significantly increased by genome-wide

cDNA microarray analysis of CRC clinical samples (32). In 2020,

Xu et al. used univariate Cox regression analysis to assess the

prognostic risk of stage IV CRC patients and predicted that

FGF18 was a predictive gene in the risk score model built by the

authors to influence the survival difference of stage IV CRC patients

(59). In terms of clinical survival prognosis of CRC, multivariate

analysis of RNA-seq in 99 stage IV CRC patients predicted that

FGF18 in CRC patients had significant changes in mRNA level and

was significantly correlated with overall survival of CRC patients

(60). Therefore, the clinical prognosis of CRC is closely related to

the expression of FGF18.

In addition, obesity is established risk factors of CRC

(61, 62), through DNA methylation spectrum(Illumina

InfiniumHumanMethylation450 BeadChip) epigenetic changes,

estimate the FGF18 was associated with a significant CRC, May

be an important intermediate biomarker for obesity and CRC (63).

Effects of FGF18 on tissue and cell aspects of CRC. quantitative

reverse-transcriptase polymerase chain reaction(qRT-PCR) analysis

showed that FGF18 mRNA levels increased during the progression

of CRC in 34 out of 38 CRC tissue samples. By IHC, FGF18 protein

expression was increased in 20 CRC samples including mucosal,

adenocarcinoma, primary, and metastatic cancers compared with

normal non-cancerous mucosa. By endogeneously overexpressing

FGF18 in human epithelioid colorectal adenocarcinoma cell lines

Caco-2 and SW480, the number of cells was significantly increased.

The cell cycle details of SW480 cells were analyzed by fluorescence
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activated cell sorter. The proportion of S-phase number of cells

increased significantly with the stimulation of FGF18, and the

angiogenic activity of SW480 cells was increased. Thus, FGF18

demonstrates that CRC cells can stimulate the proliferation and

angiogenic activity of CRC cells by either paracrine or autocrine

means (64).

By the construction of pUCFGF18TK vector plasmid and b-Gal
enzyme linked immunosorbent assay(ELISA) assay, it was

confirmed that FGF18 promoter was involved in driving reporter

expression in CRC cell lines such as SW480 and HCT116 cells,

compared with control group pUCTK without promoter, and

cytotoxicity assay was performed. Apoptosis in both CRC cell

lines was induced by the expression of the FGF18TK construct

relative to the control construct (65). In conclusion, CRC

progression was dependent on FGF18 expression at both cellular

and tissue levels, in vivo and in vitro.

FGF18 is an important binding site in the oncogenic effects of

CRC and is closely related to multiple pathways. For example, in the

interaction of FGF18 with its receptor FGFR, in an in vitro

irinotecan(IRI) -induced apoptosis model of CRC cells such as

Caco2 and HCT116, FGF18 markedly enhanced cell viability as

measured by SRB assay through the FGFR3-IIIc pathway and

reversed IRI-induced cell cycle arrest as well as apoptosis in

SW480 cells (66). By overexpressing FGFR3-IIIc in SW480 cells,

FGF18 was found to increase the sensitivity of SW480 to migration

and proliferation signals through the FGFR3-IIIc pathway upon

stimulation with FGF18 (67).

In terms of cell surface receptors and classical signaling

pathways. Western blot analysis showed that the phosphorylation

of MAPK and PI3K/AKT in Caco-2 and LT97 cells was activated by

human recombinant FGF18, which stimulated the proliferation and

angiogenesis of CRC cells, and was also attenuated by the decreased

intracellular expression of FGF18 (64). In terms of cell surface

markers, the presence of CD44 markers on the surface of human

colorectal adenoma cell line LT97 was classified. CD44 positive

(CD44(+)) subpopulation had prolonged survival and growth ability

in LT97 cells, and qRT-PCR analysis showed that FGF18 expression

was increased in this subpopulation. Addition of artificial

recombinant FGF18 protein increased the phosphorylation levels

of ERK and GSK3b in LT97 cells and CD44-LT97 cells, and the

phosphorylation level was higher in CD44-LT97 cells relative to

LT97 cells.In addition, blocking Wnt pathway significantly

decreased the mRNA and protein expression levels of FGF18 and

affected the colony formation of CD44-LT97 cells (68). In

conclusion, the CD44 marker on the surface of human colorectal

adenoma cells as well as ERK can be mediated by FGF18 signaling,

and Wnt can mediate FGF18 signaling activity (32, 64, 68–70). In

terms of FGF18 gene transcription levels, beta-catenin (b-catenin)
in association with TCF/LEF activates FGF18 gene transcription,

and the FGF18 promoter contains a Tcf4 binding motif (32, 70).

Therefore, for effective prevention of colorectal cancer

progression, selective inhibition of FGFR3-IIIc, WNT or MAPK

and PI3K/AKT signaling pathways in CRC cells, as well as selective

targeted therapy of CD44-positive subsets of CRC cells can be used.

Further studies on more signaling pathways mediated by FGF18
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and cell surface CD44 will provide new ideas for the diagnosis,

treatment and prognosis of CRC.
Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the sixth most common

cancer in the world, but its prevalence is increasing year by year

(71). It is no less progressive and harmful than other cancers, yet

there are few available treatment options (72, 73). Major risk factors

for HCC include chronic viral hepatitis and alcoholic/non-alcoholic

steatohepatitis, among others (74, 75). Advanced HCC is often

diagnosed due to inadequate early screening, and the mortality rate

is extremely high (75). Therefore, it is very important to explore the

progression and mechanism of HCC to improve the prognosis

of HCC.

FGF18 at the level of cell and tissue expression in HCC. In 2011,

Christine’s team found by qRT-PCR that the mRNA level of FGF18

was significantly increased in HCC relative to normal liver tissue

(76). Similarly, in 2017, Li’s team found that the mRNA and protein

levels of FGF18 in tissue samples of HCC patients and human liver

cancer cell lines HepG2 and HuH7 were significantly higher than

those in normal liver tissue and human normal liver epithelial cell

line LO2 (34). In addition, Christine’s team showed that serum

starvation induced apoptosis in HepG2 or Hep3B human liver

cancer cells, which was reversed by the addition of human

recombinant FGF18 protein. These results suggest that FGF18

can improve the survival of HCC cells under hypoxia or nutrient

deprivation. Moreover, knockdown of FGF18 in HepG2 and Hep3B

cells resulted in a significant decrease in cell viability. It has also

been found that FGF18 stimulates the proliferation of HCV-derived

myofibroblasts (MF) through the production of vascular endothelial

growth factor (vEGF), which in turn promotes the formation of new

blood vessels in HCC (76). Taken together, FGF18 plays an

important role in promoting migration, proliferation, invasion,

apoptosis and angiogenesis in HCC tissues and cells.

In the process of exploring FGF18 and non-coding RNA

mediated HCC progression. In 2007, while investigating the role

of H19 non-coding RNA in HCC progression, Imad’s team found

that enhancing H19 expression under hypoxic conditions

significantly enhanced tumorigenic potential in Hep3B cell lines,

whereas knockdown of H19 attenuated the tumorigenic potential.

Interestingly, knockdown of H19 under hypoxic conditions

similarly reduced FGF18 by semi-quantitative RT-PCR analysis,

indicating that FGF18 is a downstream gene when H19 non-coding

RNA promotes HCC progression under hypoxic conditions (77).

Moreover, in addition to finding that FGF18 is highly expressed in

HCC tissues and cell lines, Li’s team also found that FGF18

mediates the regulation of miR-139 on HCC progression. These

results indicated that FGF18 could mediate H19 non-coding RNA

and miR-139 to promote the tumorigenic potential of HCC (34).

In terms of cell surface receptors and classical signaling

pathways. In 2018, Guo’s team analyzed mRNA related data in

the GSE 1898 database when studying the progression of ribosomal

protein s15a(RPS15A) (78) in HCC, and found that FGF18 was

significantly correlated in it. RPS15A can increase the expression of
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FGF18 in HCC cells through Wnt/b-catenin signaling pathway.

Further, by co-culturing HuH7 with human umbilical vein

endothelial cells(HUVEC), it was found that FGF18 promoted

HCC angiogenesis by enhancing the FGFR3 pathway as well as

the phosphorylation level of AKT/ERK proteins, and was regulated

upstream by Wnt/b-catenin signaling (69, 70, 79). In summary,

FGF18 can accelerate the progression of HCC in a variety of ways,

and these targets can provide us with new ideas for improving the

prognosis of HCC.
Ovarian cancer

Ovarian cancer (OC) is the fifth leading cause of high cancer

mortality among women in the United States (80), of which 90% are

epithelial cancers. Although the incidence and mortality of OC are

decreasing year by year (81), inadequate early screening often

results in advanced cancer at the time of diagnosis, making

treatment a major challenge. Moreover, the tumor heterogeneity

of different subtypes of OC is very high, which is also the reason that

the treatment work is very difficult, etc., so the prognosis is often

very poor (82–84). In summary, it is still very important to find new

therapeutic targets, optimize treatment regimens, and

improve prognosis.

FGF18 expression in OC tissues and cells. A search for human

EST computer expression analysis derived from FGF18 mRNA

using the BLAST program predicted FGF18 mRNA expression in

GC (11). From including Zhang database, SPD (secreted protein

database), GPRCDB (A Molecular-Specific Information System for

G Protein-Coupled Receptors), AmiGO (Gene Ontology database),

Uniprot secreted proteins and Signal Peptide Website (An

Information Platform for Signal Sequences and signals Peptide),

eight public databases and Affymetrix U133 Plus 2.0 probe

identifiers were used to establish the secretome, and then

transcriptome analysis showed that FGF18 expression was

significantly increased in OC tissues. A significant increase in

serum FGF18 expression in OC patients relative to matched

normal controls was verified by ELISA (85). In addition,

transcriptome sequencing analysis of a benign ovarian epithelial

tumor cell line MCV152 and an ovarian serous cancer cell line

SKOV-3 identified FGF18 as an up-regulated gene, which was

validated in WB (86). FGF18 was predicted to discriminate

benign or malignant epithelial ovarian cancer (EOC) at the

transcriptional level by differential gene expression analysis of

epithelial ovarian cancer (EOC) from the comprehensive gene

expression database, Cancer Science Institute of Singapore OC

Database (CSIOVDB) (87).

In terms of clinical relevance of FGF18, FGF18 is a valid

diagnostic marker in OC. In 103 OC patient samples, FGF18

expression was increased in serous and mucinous ovarian cancers

by IHC as well as analysis of clinicopathological variables and

patient outcomes, and was similarly significantly increased from

adenoma to borderline tumor to type I cancer and then from type I

to type II cancer (88). In 2013, Wei’s team predicted that

overexpressed FGF18 was an independent marker of poor
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prognosis in OC using high-throughput genomic technology. In OC

tissues and SKOV3 et al. ovarian cancer cells, FGF18 mRNA and

protein levels were increased in serous ovarian tumors relative to

normal ovarian epithelium as analyzed by qRT-PCR and

immunohistochemistry (IHC) (33). Therefore, it can be

determined that FGF18 is up-regulated in OC tissues or cells and

has a significant correlation with the prognosis and progression of

OC. Tagging single-nucleotide polymorphisms (SNPS) (89) were

extracted from genes encoding FGF or FGFR, the association of

each SNP with OC was determined in genetic models (dominant,

recessive, and additive), where SNP rs3806929 of FGF18 was

significantly associated with treatment response after platinum-

based chemotherapy (90).

To explore the correlation between the prognosis of OC after

the expression of FGF18 and tumor angiogenesis as well as the

infiltration and polarization of tumor-associated macrophages.

Tumor microvessel density (MVD) increased with FGF18

expression in serous ovarian cancer, and FGF18 and MVD

increased significantly in type I to type II cancer progression (88).

In addition, Wei’s team further found that FGF18 could enhance

the invasion of OC cells and regulate the tumor microenvironment

in vitro and in vivo experiments on OC designed SKOV3 cell line

and SCID mouse xenograft, especially enhance the angiogenesis of

OC and enhance the infiltration and M2 polarization of tumor-

associated macrophages. In turn, it promotes the progression of OC

(33). FGF18 is therefore identified as an important therapeutic

target in the control of OC progression.

In exploring the progression of the tumor-promoting

mechanism of FGF18 in epithelial ovarian cancer. gene set

enrichment analysis (GSEA) prediction and validation of SKOV3,

KURAMOCHI, OVTOKO, and HEY et al. ovarian cancer cells

showed that FGF18 could function through the PAX8-FGF18 axis

pathway. It promotes OC cell migration in an autocrine manner

(91). In addition, FGF18 can also regulate the migration, invasion

and tumorigenicity of OC cells A224 through the NF-kB pathway,

and increase the cytokines IL-1A, IL-6, IL-8 and chemokines

CXCL1 and CXCL2 (33). Aldehyde dehydrogenase 1 (ALDH1)

expression in human ovarian cancer cell line SKOV3 was divided

into ALDH1 (high) and ALDH1 (low) subgroups (92–95). ALDH1

(high) cells exhibit cancer stem cell (CSC) properties such as

phenotypic diversity and in vivo tumorigenicity (96–99), and by

ovarian CSC marker enrichment analysis and qPCR analysis,

FGF18-FGFR3 expression was increased in the ALDH (high)

subgroup (100). Therefore, FGF18 has a significant relevance in

OC cancer stem cell properties, and the pathways through which

FGF18 mediates OC progression are very rich, and there are many

more sites that still need to be explored.
Breast cancer

Breast cancer is by far the most common cancer in the world,

accounting for about 30% of all cancers in women (101, 102). Risk

factors include age, smoking, diet, pregnancy history, family history,

history of breast cancer, hormone therapy, and genetic mutations

(103–107). Surgery, radiotherapy, and chemotherapy are still the
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most basic options for breast cancer treatment (108, 109). However,

neoadjuvant combination therapy with targeted agents, such as

CDK6 and CDK4 inhibitors, has been gradually integrated into the

on-track treatment regimen, reflecting the complexity of breast

cancer treatment today (78, 101, 110, 111). Therefore, it is still

difficult to explore new target sites and treatment options and

improve the prognosis of breast cancer patients.

In terms of clinical relevance of FGF18, FGF18 is a valid

diagnostic marker in breast cancer. Obesity is one of the major

risk factors for breast cancer (101, 112, 113). In DNA methylation

spectrum epigenetic changes, predict FGF18 significantly associated

with breast cancer, breast cancer is likely to be obese and important

intermediate of biomarkers (63). Breast cancer-related genes were

screened in the GEO database and found that FGF18 was

statistically significant with the progression of breast cancer. By

Kaplan Meier analysis, defining the risk of breast cancer recurrence,

FGF18 was significantly correlated with disease-free survival (DFS)

of breast cancer.

FGF18 expression in OC tissues and cells. In qRT-PCR, an

evaluation based on FGF18 mRNA levels in 261 invasive breast

cancer patients validated the previous prediction (114). Analysis of

FGF18 gene and protein levels by Oncomine cancer Genome Atlas

database and Human Protein Atlas database showed that FGF18

expression was increased in breast cancer compared with normal

tissues. By IHC staining, FGF18 protein levels were significantly

increased in breast cancer tissues. Interestingly, the mRNA levels of

MCF-7, T47D, SK-BR-3, and MDA-MB-453 human breast cancer

cell lines were significantly increased under hypoxic conditions by

qPCR (115).

In terms of exploring the progress of FGF18 in breast cancer

cells. Stimulation of human breast cancer cell line MDA-MB-231

with FGF18 recombinant protein enhanced its proliferation ability

and increased the number of colonies formed. Regarding the cell

cycle, the percentage of G0/G1 phase was increased and the

percentage of S phase was decreased in MDA-MB-231 cells

relative to the control group without FGF18 recombinant protein.

The proliferation, migration and invasion of human breast cancer

cell line MDA-MB-231 with FGF18 knockdown or overexpression

were s ignificant ly affec ted by WB, qPCR and other

technologies (35).

In exploring the mechanism of FGF18 in breast cancer

progression. In the same human breast cancer cell lines MDA-

MB-453 and SK-BR-3, the mRNA levels of some proliferation-

related genes, such as CCND2, CDK2 and Ki67, were significantly

up-regulated when stimulated by recombinant FGF18 protein. In

addition, the mRNA levels of tumor migration factors TGF-b,
MMP-9 and MMP-2 as well as epithelial-mesenchymal transition

(EMT) markers N-cadherin, vimentin, Snail-1, Snail-2 and TIMP-1

were also significantly up-regulated by FGF18 stimulation. Western

blott ing showed that FGF18 treatment enhanced the

phosphorylation of Akt-Ser473, Akt-Thr308 and GSK3b-Ser9 in

MDA-MB-453 and SK-BR-3 cells. Therefore, FGF18 regulates

breast cancer cell growth and tissue progression through Akt-

GSK3b-mediated b-catenin signaling. In addition, by chromatin

immunoprecipitation assay (ChIP) and quantitative ChIP assay

analysis, b-catenin was associated with the promoter of
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proliferation-related genes (CCND2, CDK2, and Ki67) as well as

migration-related genes (TGF-b, MMP-9, and MMP-2) and EMT

markers (N-cadherin, vimentin, Snel-1, and Vimentin). Snail-2 and

TIMP1) can be bound in MDA-MB-453 cells (115). By WB, qPCR

and other techniques, we found that FGF18 could enhance the

proliferation, migration and invasion of human breast cancer cells

MDA-MB-231 through ERK phosphorylation and c-Myc signaling

pathway activation (35).

In the in vivo experiment, subcutaneous injection of FGF18

knockdown or overexpression MDA-MB-231 cells into nude mice

showed that the tumor size of FGF18 overexpression xenograft

model was significantly larger than that of the control or FGF18

knockdown group (35). In summary, FGF18 helps us to have a

more systematic understanding of the genetic and molecular

protein aspects in the prediction and treatment of breast

cancer progression.
Lung cancer

Lung cancer is currently the second most common cancer in the

world, and also the cancer with the highest mortality, and its incidence

is steadily increasing year by year (116). Among them, the most

important risk factor is smoking, and the incidence gradually

increases with age, and the prognosis gradually deteriorates (117–

119). Currently, the main treatment methods include surgery,

radiotherapy, chemotherapy, and immunotherapy (120–122).

Therefore, the adjustment of early lung cancer screening procedures

and methods (123), the implementation of practices to reduce the risk

of lung cancer, and the exploration of treatment processes to improve

the prognosis of lung cancer are our top priorities.

Regarding the prediction of differential expression and clinical

relevance of FGF18 in lung cancer and normal lung tissues. The

BLAST program searches for human EST computer expression

analysis derived from FGF18 mRNA and predicts that FGF18

mRNA is expressed in lung carcinoids (11). In 2022, Guo et al.

identified FGF18 as a differentially expressed gene that could be up-

regulated by overexpression of Histone deacetylases(HDACs) (124,

125) in human poorly differentiated lung adenocarcinoma SK-LU-1

cells by RNA-seq transcriptome analysis. Western blot was used to

verify that the protein expression level of FGF18 was increased in

lung cancer cells due to the overexpression of HDACs. By Kaplan-

Meier analysis of 319 patients, FGF18 was associated with poor

prognosis in NSCLC patients. The expression level of FGF18

protein in tumor tissues of 12 non-small cell lung cancer

(NSCLC) patients was significantly higher than that in adjacent

non-tumor tissues, and with the increase of FGF18 expression, the

prognosis, tumor differentiation and tumor-lymph node metastasis

(TNM) stage of NSCLC patients were all in the poor direction (126).

In terms of FGF18 on the progression of lung cancer cells and

tissues. Knockdown or overexpression of FGF18 in human non-

small cell lung cancer cell A549 significantly reversed the effects of

HDACs on the proliferation, migration and cell cycle of lung cancer

cells. In the xenograft model, FGF18 overexpression significantly

increased the weight of subcutaneous tumors in nude mice, while

FGF18 knockdown had the opposite effect. Injection of FGF18
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overexpression cells significantly increased the incidence of lung

metastasis and the number of pulmonary metastatic nodules in

nude mice, as measured by tail vein metastasis, with stronger

fluorescence imaging signals (126). In addition, stimulation of

human lung cancer cell line H460 with recombinant FGF18

protein significantly promoted the proliferation of H460 cells. In

terms of cell cycle, FGF18 increased the proportion of cells in G0/

G1 phase and decreased the proportion of cells in S phase or G2/M

phase. In A wound healing assay, the migration ability of H460 cells

was significantly enhanced after stimulation with recombinant

FGF18 protein. Western blotting and qPCR confirmed that

FGF18 increased the mRNA and protein expression levels of

MMP26 (127).

In terms of the mechanism and pathway of FGF18 on lung

cancer progression. As verified by WB technology, FGF18

promoted the proliferation and migration of H460 cells by

enhancing the phosphorylation levels of ERK and p38 signaling

pathways (127). FGF18 is known to be inextricably related to b-
catenin (10, 69, 70). Through IF, co-IP, and nucleocytoplasmic

protein separation assays, it was proved that HDAC7 promoted the

proliferation and migration of NSCLC by reducing the

phosphorylation of b-catenin at Ser45 and the acetylation of b-
catenin at Lys49 and promoting its nuclear translocation and

accumulation, then combined with TCF4 to regulate FGF18 to

promote the proliferation and migration of NSCLC (126).

The interaction between FGF18 and FGFR in lung cancer

progression was investigated. Fibroblast growth factor receptor 1

(FGFR1) Fc fusion protein (FP-1039) (128) inhibited the growth of

five lung cancer cell lines NCI-H1581, NCI-H520, DMS114, NCI-

H1703 and DMS53. It also suppressed tumor formation in

subcutaneous tumor models of five lung cancer cell lines.

Interestingly, the expression of FGF18 at mRNA level detected in

tumors of xenograft models by qRT-PCR was positively correlated

with the antitumor effect of FP-1039, and surface plasmon

resonance (SPR) spectroscopy showed that FP-1039 could be

bound to FGF18 with high affinity (129). suggesting that FGF18

may affect lung cancer progression through the FGFR1 pathway. In

conclusion, FGF18 plays an important role in promoting the growth

and tissue progression of lung cancer cells through FGFR1-ERK/

p38 pathway. FGF18 and b-catenin are closely related to regulate

the occurrence and development of NSCLC.
Endometrial cancer

Endometrial cancer (EC) is the most common gynecological

malignancy and the fifth most common malignancy in women

worldwide (5, 130, 131). Major risk factors for EC include obesity,

age, diabetes, early menarche, and estrogen exposure (132–136).

Ultrasonography and endometrial biopsy are the first choice for

diagnosis (137). Treatment options should be judged according to

the development of the disease, including surgery, lymph node

dissection, and adjuvant radiotherapy and chemotherapy (138–

141). Its pathogenesis and treatment options are complex.

Therefore, it is very important to further study its mechanism to

improve its diagnosis and prognosis.
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In terms of exploring the clinical relevance of FGF18 to EC.

Analysis of differential gene expression between normal

endometrial tissue and EC tissue by microarray showed that

FGF18 was upregulated in EC tissue, which was then verified by

RT-PCR that the mRNA level of FGF18 was increased by 10.8-fold

in EC (36, 142). Furthermore, By Agilent Whole Human Genome

Array GeneChip microarray analysis, FGF18 was significantly

upregulated in ESC cultures in response to estrogen stimulation.

FGF18 expression is higher in primary endometrial stromal cells

(escs) of endometrioid EC (EEC, type I EC) than in normal

endometrium (NE), escs of type II EC and endometrial atypical

hyperplasia (EAH) (143).

In exploring the progression of FGF18 in EC cells. By Agilent

Whole Human Genome Array GeneChip microarray analysis,

FGF18 was significantly upregulated in ESC cultures in response

to estrogen stimulation. With accelerated proliferation of

endometrial epithelial cells, FGF18 mRNA and protein expression

levels increase (144). After knockdown of FGF18, the proliferation

and invasion of EC cell lines ishikawa and Hec-1A were

significantly reduced (143). In summary, FGF18 promotes EC

cell progression.

In terms of exploring the mechanism of FGF18 progression

with FGFR as well as the classical pathway in EC. FGF18 can first

bind to FGFR2 and FGFR3, and then promote the viability of

ishikawa cells by enhancing the phosphorylation levels of AKT and

ERK downstream, and the activation of Survivin and CD44V6

expression is closely related to the FGFR/FGFR3 pathway of FGF18

(143). In addition, FGF18 expression levels can be inhibited by the

tissue selective estrogen receptor modulator bazedoxifene (BZA),

which in turn decreases the proliferative capacity of EC (36). In

summary, FGF18 may have multiple pathways to promote EC

progression at transcriptional and protein levels.
Renal carcinoma

The prevalence of renal cell carcinoma accounts for 2% of all

cancers in the world, but its incidence and mortality are increasing

year by year. Clear cell renal cell carcinoma (ccRCC) accounts for

75% of all renal cancers and is the most common subtype of renal

cancer (145, 146). In particular, the prognosis of metastatic ccRCC

is extremely poor, and the survival rate of patients with more than 5

years of disease age is less than 10%. So far, no better treatment

options have been found except surgery (147, 148). Therefore, it is

very important to explore the mechanism of renal cell carcinoma to

find new methods to improve the treatment and prognosis.

In terms of the expression of FGF18 in ccRCC, TCGA database

analysis showed that FGF18 was predicted to be down-regulated in

ccRCC tissues, and the high expression of FGF18 was associated with

a good prognosis of ccRCC. Protein and mRNA levels of 769-P and

A498 as well as human renal carcinoma tissues were validated (149).

In terms of the mechanism of ccRCC progression.

Overexpression of FGF18 in 786-O and 769-P cells significantly

attenuated the proliferation and invasion of ccRCC cells and

xenograft models in mice. Moreover, it can inhibit ccRCC cell

proliferation and epithelial-mesenchymal transition by reducing the
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phosphorylation level of PI3K/AKT and the protein expression of

EMT-related markers and transcription factors.Moreover, the

protein levels of E-cadherin were increased, while the protein

levels of Vimentin and N-cadherin were decreased by

overexpression of FGF18, which was verified in the xenograft

model in vivo (149). Thus, FGF18 can inhibit the progression

of ccRCC.
Synovial sarcoma

Synovial sarcoma (SS) is a soft tissue sarcoma (STS) (150) that

accounts for 5% of all STS and is the most common sarcoma subtype

(151, 152). In contrast to other STS, SS is very sensitive to

chemotherapy, and anthracyclines and ifosfamide are the

conventional first-line chemotherapy for SS (153). Its pathogenesis

and treatment are complex, and the prognosis becomes worse with

increasing age (154, 155). Therefore, it is important to further

investigate its mechanism to improve its diagnosis and prognosis.

In terms of FGF18 progression on SS cells as well as tissues. By

RT-PCR, FGF18 gene was detected in SS cell lines and SS tumor

tissues, and the expression level was significantly higher than that in

other types of soft tissue sarcomas such as pleomorphic liposarcoma

(PLS) and leiomyosarcoma (LMS). The expression of FGF18

protein was detected in the culture supernatant of SS cell lines as

verified by WB, although the protein level was not completely

consistent with the RNA expression level (156).

In terms of exploring the role and mechanism of FGF18 in SS.

Stimulation of human synovial sarcoma cell line HS-SY-II with

recombinant FGF18 protein increased the dependence of the cells

on FGF18 and enhanced the phosphorylation levels of ERK, P38 and

FGFR3 proteins in human synovial sarcoma cell line HS-SY-II. In

exploring growth inhibitory factors in SS, ERK phosphorylation was

completely inhibited after inhibition of FGFR autophosphorylation

using SU5402 (157, 158), whereas p38 phosphorylation was not

affected. Regarding the cell cycle, SU5402 induced G1 arrest. In

addition, injection of PD166866 (159, 160) significantly inhibited

ERKphosphorylation and tumor growth in a mouse model of SYO-1.

Thus, exogenous FGF18 promotes synovial sarcoma growth through

FGFR3 and ERK pathways in synovial sarcoma cell lines (156).
Other cancers

In the treatment of cervical cancer. By gene analysis of 14 cervical

cancer cell lines selected from the GDSC (Genomics of Cancer Drug

Sensitivity) database, FGF18 significantly reduced the resistance of

patients to cisplatin (161, 162). FGF18 may play an important role in

guiding platinum-based therapy of cervical cancer.

In the progression of testicular tumors. Microarray analysis of

MA-10 mouse Leydig tumor cells (163, 164) showed that

cordycepin(3′-deoxyadenosine) (165, 166) downregulated FGF18

mRNA levels in testicular Leydig tumor cells. In addition, the IPA-

MAP pathway prediction analysis showed that cordycepin inhibited

the proliferation of MA-10 cells by inhibiting the FGFs/FGFRs
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pathway (167). In conclusion, FGF18 plays an important role in

promoting the proliferation of Leydig tumor cells.

In the progression of bladder cancer. In genome-wide

expression analysis of bladder cancer cells treated with

demethylating agents 5-aza-2’-cytidine and zebularine (168–170),

FGF18 expression was downregulated in eight bladder cancer cell

lines. Thus, FGF18 expression status in bladder cancer cell lines is

downregulated by methylation of CpG residues located near the

gene promoter region, with consequent impact on bladder cancer

progression (171).

In the diagnosis of pheochromocytoma (PCC) and

paraganglioma (PGL) (172–174). By TCGA database analysis,

actin cytoskeleton regulated genes were significantly upregulated

in PCC/PGL with metastasis compared with PCC and PGL without

metastasis, including FGF18. Thus, FGF18 may play an important

role in the progression of tumor metastasis in PCC or PGL (175).

In the progression of malignant pleural mesothelioma (MPM).

By genome-wide gene expression microarray analysis, 12 MPM cell

lines showed increased expression of FGF18 compared with non-

malignant mesothelial cells. FGF18, FGFR1 and FGFR2 mRNA and

protein levels were significantly increased, as validated by qPCR and

IF. FGF18 and FGFR1 protein levels were increased. Interestingly, the

clonogenicity, proliferation, spheroid growth and migration ability of

MPM cells were significantly decreased by FGFR1 inhibition.

Moreover, FGFR1 inhibition induced MPM cell apoptosis through

PI3K/AKT and MAPK/ERK pathways and inhibited MPM

progression in vivo. Inhibition of FGFR1 enhances the sensitivity of

MPM to cisplatin and radiation (176–178). However, whether

FGFR1 is a direct target of FGF18 in MPM remains to be explored.

In the progression of melanoma (179, 180). Expression of FGF18 and

four FGFR genes was detected in 12 normal melanoma cell lines (NM)

and melanoma cell lines by RT-PCR. Interestingly, the expression of

FGF18 in different melanoma cell lines was different. The expression of

FGF18 in VM7, VM10, VM21, VM24 and other melanoma cell lines was

less than that in NM, but the expression of FGF18 in VM23 and VM31

was more than that in NM. FGF18 protein expression was significantly

lower in VM21 and VM24 than in NM (181). Therefore, the role of

FGF18 and FGFR in melanoma progression remains to be explored.

In the progression of human teratomas (182). Survival and cell

viability of the human embryonal carcinoma derived cell line Tera 2

were increased by FGF18 stimulation in vitro (183). In addition, in

juvenile nasopharyngeal angiofibroma (JNA) (184, 185), FGF18

expression in endothelial cells of JNA was positively correlated with

its expression in stromal cells (186), as verified by qPCR by gene

expression analysis. In pediatric ependymoma studies, FGF18 was

predicted to be an ependymoma-associated gene and associated with

cell cycle bymethylation and expressionmicroarray data analysis (187).

However, how FGF18 specifically directs tumor progression in

embryonic and infantile tumors remains to be explored.
Molecular structure and homology
of FGF18

The human FGF18 gene encodes a protein sequence consisting of

207 amino acids with a molecular mass of approximately 23kDa (188,
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189). FGF18 homologues are members of the FGF family with N-

terminal signal peptides. The homologous region of FGF18 in the

human genome is located at FBXW11 (bTRCP2 or BTRC2) -FGF18-
NPM1 on human chromosome 5q35.1. The total amino acids of

human and rat FGF18 were also confirmed to be identical (11).

In addition, FGF18 promoter has double TCF/LEF binding

sites, and it is worth noting that, FGF18 promoter can bind to the

complex formed by Runx2 and Lef1/TCF4 to form a complex

binding site, which in turn enhances FGF18 expression by

normalizing Wnt signaling (11, 190). Thus, FGF18 orthologs are

evolutionarily conserved targets of the canonical Wnt/b-catenin
signaling pathway based on comparative genomics of the 5’

-promoter region of FGF family genes, FGF18 and WNT

signaling pathways are networked together during carcinogenesis

and embryogenesis (10, 11, 69, 70, 191).
Interaction of FGF18 with its receptor

Importance of FGFR for tumor progression

FGFR is a group of receptors that span the cell surface

membrane by a single channel encoded by a special independent

gene. This receptor is a polypeptide structure, which is linked

together by dehydration and condensation of several amino acid

molecules. So far, five members of the FGFR family have been found

(FGFR1-5), and their genes have homology in terms of coding

sequence, which also lays the foundation for the similarity of their

functions and expression (192). With the in-depth study of the

relationship between the structure, function and disease of FGFR, it

can provide new treatment methods for a variety of neoplastic

diseases and make it possible to conquer cancer.
Structural basis for the interaction of
FGF18 with FGFR

Regarding the mechanism of action of FGF18 with FGFR. Fgfr1-4

has a similar structure with three basic domains: extracellular,

membrane and intracellular. The ligand binding sites containing

three immunoglobulin-like structures (IgI,IgII, and IgIII) are located

outside the cell, the one-way transmembrane structure is located on

the cell membrane, and the tyrosine kinase structure is located inside

the cell.The extracellular domain can bind to heparin or heparin

sulfate (HS) proteoglycans, and it has been shown that this tight

binding not only enhances FGF-FGFR complex binding, but also

interacts with neighboring FGF-FGFR complexes to promote FGFR

dimerization (193).

The binding relationship between IgIand ligand was not tight.

There is a positive correlation between the exonic region of IgII,IgIII

and Igii-Igiii linker and the ligand-binding reaction (194). There is an

acidic amino acid base sequence between the IgI-IgII linker, which is

called the “acid box”. The loss of both will not affect the binding

function of antibody (FGFR) and ligand (FGF) (195), and even some

studies have shown that the loss of IgI and acid box can improve the

binding affinity of receptor and ligand (196). Alternative gene splicing
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of Ig III also gives rise to different receptor subtypes, named FGFRIIIb

and FGFRIIIc (197). For example, FGF18 can significantly enhance

CRC cell viability and reverse cell cycle arrest and apoptosis induced by

IRI through FGFR3-IIIc pathway (66).
Signaling activation and signaling
transduction of FGF18 interacting
with FGFR

FGF binds specifically to FGFR outside the cell membrane,

inducing receptor dimerization, and then one of the dimers

phosphorylates the other, which is called autophosphorylation of

the receptor. This reaction fully activates the tyrosine kinase

domain of the receptor intracellular domain, and the activated

tyrosine kinase initiates a cascade activation reaction. “Multiple

tyrosine residues within the fibroblast growth factor receptor are

activated in a multistage manner, resulting in an increase in tyrosine

kinase activity of as much as 500 - to 1,000-fold, which is the basis

for continued down-transduction of the signal (198).”

The activated FGFR can then direct the signal along different

intracellular transduction pathways. For example, with the activation of

FGF18-FGFR2-c-Jun-YAP1 axis, the clinical prognosis of GCmoves in

an unfavorable direction (53); FGF18 promotes the proliferation of

lung cancer cell lines and tumor formation in subcutaneous xenograft

models through FGFR1-ERK pathway (127, 129); FGF18 promotes

angiogenesis and tumor growth in HCC by enhancing FGFR3 pathway

and phosphorylation of AKT-ERK protein, and is regulated upstream

by Wnt/b-catenin signaling pathway (79).
Conclusion and perspectives

FGF18 expression and prognostic
correlation in cancer

FGF18 has been shown to be not only limited to regulating the

metabolism and development of human normal tissues and organs, but

also an important oncogene, which plays an important role in guiding
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the progression of cancer in digestive, reproductive, respiratory and

urinary organs or systems (31), and has a significant impact on the

diagnosis and prognosis of cancer (Figure 1).

In the cancers that have been discovered so far, it can be seen that

the expression of FGF18 is elevated in the tissues or cells of most

cancers (Table 1). With the expression and stimulation of

endogenous or exogenous FGF18, it can significantly promote the

development of malignant phenotypes such as proliferation,

migration and invasion of most tumors (Table 2). However, this is

not the case for all cancers. For example, FGF18 is predicted to be

down-regulated in ccRCC tissues through TCGA database analysis,

and high expression of FGF18 is associated with a good prognosis of

ccRCC (149). However, FGF18, as an important factor promoting

human tissue and cell metabolism, can inhibit the progression

of tumor cells in renal cancer. It is possible that FGF18 has special

binding factors and targets in ccRCC cells, or unknown secreted

proteins interact with FGF18 in tissues., thus, the expression of

FGF18 in ccRCC and tumor progression were inhibited jointly.

In addition, the effect of FGF18 is also reflected in the

correlation with radiotherapy, chemotherapy and other drugs on

cancer prognosis (Table 2). For example, FGF18 expression was

significantly elevated in MPM, and FGFR 1 inhibition inhibited

MPM progression and increased MPM sensitivity to cisplatin and

radiation (176–178); FGF18 significantly reduced the resistance of

cervical cancer patients to cisplatin (162). In a geneticmodel, the

FGF18 SNP rs3806929 was significantly associated with treatment

response to OC after platinum-based chemotherapy (90). After

years of development, the application of cytotoxic drugs has

developed rapidly. With the use of drugs, overcoming drug

resistance has become an difficult problem to overcome, and

FGF18 may be a potential target to solve the sensitivity and

resistance of tumor chemotherapy drugs.
Regulatory mechanisms of FGF18 in cancer

The regulatory mechanism of FGF18 is very complex, and FGF18

has different regulatory pathways and modes in different tumors
FIGURE 1

Role of FGF18 in cancer clinical significance and functions.
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TABLE 1 Summary of the mechanism studies of FGF18 in tumors.

Tumor Expression Mechanism Ref

Gastric Cancer up LncRNA H19-miRNA 200c/miRNA 139, lncRNA H19-miRNA 204/miRNA 182, FGF18-FGFR2-c-Jun-YAP1,
SMAD2/3, ATM, F-actin, ERK-MAPK

(43, 44,
46, 47, 53)

Colorectal Cancer up CD44, ERK-MAPK, PI3K -AKT, GSK3b, Wnt/b-catenin-FGFR3-IIIc (11, 32,
59, 60, 64–
68, 70)

Hepatocellular
Carcinoma

up LncRNA H19- miRNA 139, Wnt/b-catenin-FGFR3, AKT, ERK/MAPK (34, 76,
77, 79)

Ovarian Cancer up ALDH1, PAX8-FGF18, NF-kB-IL-1A/IL-6/IL-8, NF-kB-CXCL1/CXCL2 (33, 85–
88, 91,
100)

Breast Cancer up CCND2, CDK2, Ki67, TGF-b, MMP-9, MMP-2, N-cadherin, vimentin, Snail-1, Snail-2, TIMP-1, ERK/MAPK,
c-Myc, Akt-Ser473, Akt-Thr308, Wnt/b-catenin, GSK3b-Ser9

(35, 63,
114, 115)

Lung Cancer up HDAC7-Wnt/b-catenin(acetylation level at Lys49 and decreased phosphorylation level at Ser45, FGFR1-ERK,
P38, MMP26,

(126, 127,
129)

Endometrial Cancer up Estrogen, FGFR2/FGFR3, AKT, ERK, Survivin, CD44V6 (36, 142,
143)

Renal Carcinoma down PI3K/AKT, E-cadherin, Vimentin, N-cadherin (149)

Cervical Cancer not
mentioned

Not mentioned (162)

Bladder Cancer not
mentioned

Methylation of CpG (171)

Synovial Sarcoma up FGFR3, ERK, P38 (156)

Pheochromocytoma/
Paraganglioma

up Not mentioned (175)

Melanoma up/down Not mentioned (181)

Teratomas up Not mentioned (183)

JNA up/down Not mentioned (186)

Pediatric ependymoma up Not mentioned (187)

Testicular Leydig
Tumor

up FGFRs (167)
F
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TABLE 2 FGF18 with tumor type,phenotype or significance and functions in tumors.

Tumor Tumor
tpye Phenotype or significance Function Ref

Gastric Cancer carcinomas Overall survival, Tumorigenesis, Tumor size, Cell cycle, Advanced stages Proliferation, apoptosis (43–47,
53)

Colorectal Cancer carcinomas Overall survival(stage IV), Cell cycle, Activity of angiogenesis, Cell viability, Colony
formation

Proliferation, apoptosis,
migration, survival,
growth

(59, 60,
64–68)

Hepatocellular
Carcinoma

carcinomas Tumor size, Cell viability, Colony formation, Tumor angiogenesis, Propagation of
myofibroblasts

Proliferation, apoptosis,
migration, invasion,
angiogenesis

(34, 76,
77, 79)

Ovarian Cancer carcinomas Overall survival, Tumorigenesis, Tumor angiogenesis, Tumor atypia, Tumor microvessel
density, Infiltration and M2 polarization of macrophages, Sensitivity to cisplatin
chemotherapy, Characteristics of cancer stem cells

Invasion, migration (33, 87,
88, 90,
91, 199)

Breast Cancer carcinomas Overall survival, Disease-free survival, Colony formation, Cell cycle, Epithelial-
mesenchymal transition

Proliferation, invasion,
migration, growth,
metastasis

(35, 114,
115)

(Continued)
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(Figure 2). For example, FGF18 promotes GC cell growth through

autocrine activation of SMAD2/3 and inhibition of ATM signaling

(43), and with the activation of FGF18-FGFR2-c-Jun-YAP1 axis, the

clinical prognosis of GC is adverse (53). In breast cancer, FGF18 can

activate the expression of tumor migration-related genes such as

TGFb and MMP-2, proliferation-related genes such as CCND2 and

CDK2, and EMT markers such as Snail1/2 (115). In OC, FGF18

regulates OC cell migration, invasion and tumorigenicity through the

NF-kB pathway, and increases the expression of cytokines IL-1A, IL-6,

IL-8 and chemokines CXCL1 and CXCL2 (33). However, whether

these pathways and secreted factors have regulatory effects in other

tumors needs to be further explored and verified.

FGF18 mediates tumor progression by regulating the same

signaling pathways in different cancers (Figure 2). For example, in

CRC, HCC, EC, MPM and breast cancer, FGF18 regulates tumor

cell or tissue progression through AKT and ERK signaling pathways

after binding to FGFR (64, 79, 115, 143, 178); FGF18 promotes

tumor progression through GSK3b pathway in CRC and breast

cancer. Therefore, whether there are more common or different

regulatory pathways of FGF18 in different tumors needs to be

further explored. In addition, lncRNA H19-related mirnas were

identified by differential non-coding RNA expression signatures

and used as potential diagnostic biomarkers for GC and HCC (46,

47, 77). Besides these two cancers, it remains to be explored whether

lncRNA H19-related mirnas can be used as diagnostic biomarkers
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in other tumors or whether there are other downstream miRNA

targets to regulate tumor progression.

In addition, FGF18 is regulated by a variety of tumor autocrine

or paracrine proteins (Figure 2). For example, in terms of steroid

hormone regulation, progesterone induces the nuclear transcription

factor heart and neural crest derivative expressed transcript 2

(HAND2) in endometrial stromal cells, leading to the reduction

of FGF18 production in endometrial stromal cells. By reducing

FGF18 levels, progesterone abolises stimulation of epithelial cell

proliferation (200). Notably, BZA reduced FGF18 but did not affect

HAND2, despite confirming the lower HAND2 mRNA expression

in adenocarcinomas relative to normal tissues. Thus, it is different

from progesterone regulation. FGF18 reduction is a potential

mechanism by which BZA attenuates estrogen-induced

endometrial proliferation and hyperplasia, revealing a novel

mechanism for progestin-free treatment in postmenopausal

women (36); overexpression of CD44, a membrane protein,

significantly promotes tumor progression and is detrimental to

chemotherapy prognosis (201–203), and the CD44 (+) subset of

LT97 cells has the ability to prolong survival and growth in tumor

cells, interestingly, FGF18 expression levels are elevated in this

subset (68); Wnt/b-catenin is an important cancer targeting protein

that plays an irreplaceable role in human cancers and experimental

cancer models in animals (199, 204). Wnt/b-catenin signaling

enhances FGF18 expression and promotes tumor progression in
TABLE 2 Continued

Tumor Tumor
tpye Phenotype or significance Function Ref

Lung Cancer carcinomas Tumor differentiation, TNM stage, Cell cycle, Tumor size, Incidence of pulmonary
metastasis and number of pulmonary metastatic nodules, nuclear transfer

Proliferation,
migration, distant
metastasis

(126,
127, 129)

Endometrial Cancer carcinomas Estrogen dependence, Cell viability Proliferation, invasion, (36, 143,
144)

Renal Carcinoma carcinomas Overall survival, Tumor size, Tumor weight, Tumor grades, EMT, Lung metastasis,
Colony formation, Immunoreactivity

Proliferation, invasion,
distant metastasis

(149)

Cervical Cancer carcinomas Sensitivity to cisplatin chemotherapy Not mentioned (162)

Bladder Cancer carcinomas Not mentioned Not mentioned (171)

Malignant pleural
mesothelioma

carcinomas Not directly mentioned Not mentioned (178)

Synovial Sarcoma sarcoma Tumorigenesis, Tumor size, Cell cycle, FGF18 dependence Proliferation (156)

Pheochromocytoma/
Paraganglioma

tumors Malignant tumor metastasis Metastasis (175)

Melanoma tumors Different expression among different tumor cells Not mentioned (181)

Teratomas tumors Cell survival rate, Cell viability Survival (183)

Juvenile
nasopharyngeal
angiofibroma

tumors Differential expression in endothelial versus stromal cells in JNA Not mentioned (186)

Pediatric
ependymoma

tumors Cell cycle Not mentioned (187)

Testicular Leydig
Tumor

tumors Cordycepin Proliferation (167)
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CRC, HCC, lung cancer, and breast cancer (32, 79, 115, 126). CD44

and Wnt/b-catenin may interact with FGF18 on the surface of

tumor cell membrane to mediate the uptake of exogenous FGF18 by

tumor cells through endocytosis and other cellular biological effects.

As well as endocrine FGF18 regulates metabolism at the cell

membrane to influence tumor progression. However, whether it

has the same function in regulating metabolism in other cancers

and how it directs tumor metabolism remain to be explored.

In addition, there are a variety of cellular or tissue metabolic

substances that regulate tumor progression (Figure 2). For example,

ALDH1 (high) cells exhibit cancer stem cell (CSC) properties such

as phenotypic diversity and in vivo tumorigenicity, and FGF18

expression is elevated in the ALDH (high) subpopulation in OC

(100), thus FGF18 is significantly correlated with cancer stem cell

properties in OC; And FGF18 is a differentially expressed gene up-

regulated by overexpression of HDACs in NSCLC. To date,

therefore, the pathways by which FGF18 regulates tumor

progression are very rich, the exact molecular mechanism of

FGF18 in cancer is still unclear, and there are many more sites

that still need to be explored, and in-depth study is expected to

provide new therapeutic targets for these diseases.
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FIGURE 2

Role of FGF18 in cancer signaling pathways.
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