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Triple-negative breast cancer (TNBC) is one of the subtypes with the worst

prognosis due to tumour heterogeneity and lack of appropriate treatment. This

condition is a consequence of the distinctive tumour microenvironment (TME).

The TME is associated with factors such as the promotion of proliferation,

angiogenesis, inhibition of apoptosis, suppression of the immune system and

drug resistance. Therefore, remodelling the TME is critical for the treatment of

TNBC. A key role in the formation of the TME is played by the fibroblast growth

factor/fibroblast growth factor receptor(FGF/FGFR) signalling pathway. Thus, the

FGFRs may be a potential target for treating TNBC. Over-activated FGFRs

promote growth, migration and drug resistance in TNBC by influencing the

onset of TME events, tumour angiogenesis and immune rejection. A thorough

comprehension of the FGF/FGFR signalling pathway’s mechanism of action in

the development of TNBC could offer valuable insights for discovering new

therapeutic strategies and drug targets. Inhibiting the FGF/FGFR axis could

potentially hinder the growth of TNBC and its drug resistance by disrupting

crucial biological processes in the TME, such as angiogenesis and immune

evasion. This review evaluates the potential of inhibiting the FGF/FGFR axis as a

strategy for treating TNBC. It explores the prospects for developing related

therapeutic approaches. This study explores the research and application

prospects of the FGF/FGFR axis in TNBC. The aim is to provide guidance for

further therapeutic research and facilitate the development of innovative

approaches targeting TNBC.
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1 Introduction

Breast cancer is a prevalent malignant tumour among women,

with the highest incidence rate and the second-highest mortality rate.

The incidence of breast cancer has been gradually increasing since

2000 (1). Triple-negative breast cancer (TNBC) is a subtype of breast

cancer that accounts for approximately 15-20% of cases. It is

characterised by the absence of estrogen receptor (ER),

progesterone receptor (PR) and human epidermal growth factor

receptor 2 (HER2) expression. At present, a number of targeted

therapies for TNBC are currently undergoing clinical trials, with

polyadenosine diphosphate ribose polymerase (PARP), cyclin-

dependent kinase 4 and 6 (CDK4/6), Ak strain transforming

(AKT), and fibroblast growth factor receptor (FGFR) being

identified as potential therapeutic targets (2). In recent years,

immune checkpoint inhibitors, such as PD-1, have shown

significant progress in clinically treating tumours. However, due to

the large individual differences in the expression levels of PD-L1

ligands in tumour cells of TNBC patients and the presence of PD-L1

glycosylation modifications, the response rate to PD-1 or PD-L1

blockade therapy in TNBC patients in the clinic is only about 18.5%

(3, 4). The FDA has now approved a number of strategies for

combining immune checkpoints with chemotherapeutic agents for

the treatment of TNBC. Cancer-associated fibroblasts (CAFs) play a

critical role in the tumour microenvironment (TME) of TNBC by

synthesising and secreting components of the tumour extracellular

matrix (ECM). The ECM not only supports the growth and spread of

tumour cells but also acts as a mechanical and chemical barrier,

preventing the penetration of immune cells and chemotherapeutic

agents. The stiffness and structural features of the ECM can alter the

mechanical properties of the TME, affecting tumour cell behaviour

and signalling (5). The ECM can act as a barrier, limiting immune cell

infiltration and hindering the effectiveness of chemotherapeutic

agents in attacking tumour cells, leading to the emergence of drug

resistance (6, 7). Alterations in vascular endothelial cell (ECs)

function in the TME can contribute to tumour cell invasion and

metastasis. Two main mechanisms, the promotion of angiogenesis

and the alteration of EC function, are involved in this process (8). As

a result, TNBC is considered one of the most challenging subtypes of

breast cancer to treat, with higher lethality and the worst prognosis

compared to other subtypes.

The hyperactivation of fibroblast growth factors(FGFs) and

FGFRs is significant in the development and advancement of

various human tumours, including TNBC (9). FGFs is mainly

sourced from CAFs in the ECM, and tumour cells can also

produce autocrine FGFs (7, 10, 11). Additionally, persistent

activation can result from abnormally high levels of FGFRs

expression on the surface of tumour cells or mutations (9). The

two aforementioned aspects result in the over-activation of FGF and

its receptor-mediated signalling pathway, thereby promoting the

proliferation, invasion, and metastasis of tumour cells (11–13).

Recent research has shown significant progress in TNBC

targeted therapy against the FGF/FGFR pathway (7, 8, 14). This

paper provides a review of the molecular mechanism of FGF/FGFR

in promoting the occurrence and development of TNBC, as well as

the development of FGFR inhibitors and their progress in TNBC
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therapy. This paper discusses the possible pathways of FGFRs in the

TME that are involved in tumor immune escape. It also explores the

prospects of anti-TNBC therapeutic research targeting the FGF/

FGFR pathway.
2 FGF/FGFR family

FGF is composed of 22 glycoproteins, including FGF (1-10) and

FGF (16-23), which are widely distributed throughout the body in

various tissues and organs. Additionally, FGF (11-14) are

intracellular and non-secretory, and their functions require

further exploration (15). In addition, there are 18 secreted FGFs

that act as FGFR ligands, while 15 FGFs function as classical ligands

by forming complexes with heparan sulfate proteoglycans (HSPGs)

through paracrine secretion and then binding to FGFR. HSPGs

mainly serve to stabilise the FGF-FGFR binding and protect FGFs

from degradation. FGF19 and its subfamily (FGF21 and FGF23) are

distributed throughout the body as endocrine FGFs in the

bloodstream. In contrast to the other 15 classical ligands, FGF19

and its subfamily require binding to klotho proteins to form a co-

receptor before achieving high-affinity binding with FGFR. This is

due to their lack of affinity for HSPG (16).

The FGFR family comprises four members, FGFR1-4, which are

highly conserved tyrosine kinase transmembrane receptors (RTKs).

Additionally, there is a receptor, FGFR5 (also known as FGFL1),

which only has FGF-binding capacity and lacks an intracellular

kinase structural domain (17). The extracellular region of FGFR

comprises three sub-structural domains that are similar to

immunoglobulins, namely IgI, IgII, and IgIII. Between IgI and

IgII, there are eight consecutive acidic residues, which are

commonly referred to as the acidic box. The structural domains

IgII and IgIII are essential for ligand binding. The receptor’s amino-

terminal portion, which includes Ig I and the acidic box, is

autoinhibitory. Heterodimers with different ligand binding

specificities can be produced by splicing the extracellular

fragment of Ig III of FGFR (1-3). IgIIIb and IgIIIc are expressed

specifically in epithelial cells and mesenchyme, respectively. The

transmembrane receptor for FGFR comprises three components: a

transmembrane structural domain composed of an alpha helix, a

tyrosine kinase motif with the ability to phosphorylate, and an

intracellular region with a carboxyl terminus (9).
3 FGF/FGFR pathway

FGFRs are a type of RTKs. When FGFs bind to inactive FGFR

monomers, it leads to conformational changes in FGFRs. The

intracellular tyrosine kinase structural domain of FGFRs is

phosphorylated by phosphorylating their intracellular tyrosine

residues, which triggers a conformational change in FGFRs,

leading to dimerisation and activation of the receptor (18). The

intracellular signalling cascade downstream of the signalling

tyrosine kinases FGFRs is tightly regulated by specific linker

proteins, such as FGFR substrate 2a (FRS2a), and regulators of

the RAS-MAPK and PI3K-AKT pathways, such as the Sprouty
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(SPRY) protein. Additionally, it binds to phospholipase C-g (PLC-g)
in an FRS2-independent manner and is involved in the STATs

signalling pathway (18). Also the FGF/FGFR pathway is negatively

feedback regulated by MAPK phosphatase 3 and SEF (expressed

similarly to FGF) family members (19). Under normal physiological

conditions, FGF/FGFR signalling plays a crucial role in maintaining

homeostasis, growth, and development, as well as injury repair.

FGFs act as broad-spectrum mitogens, involved in various cellular

functions such as migration, proliferation, differentiation, and

survival. Additionally, FGF/FGFR signalling is essential for

embryonic development, metabolism, tissue homeostasis, and

wound repair (20). The interaction between FGFs and FGFRs is

complex. The binding of different FGFs to the receptor may

produce opposite effects. Therefore, in some cases, the function of

the FGF/FGFR signalling pathway is a combination of the functions

of these molecules (20). In mammary epithelium, FGF/FGFR

signalling regulates the activation of Wnts, BMPs, Grb7, PTHrP,

and other factors. It is responsible for maintaining the
Frontiers in Oncology 03
differentiation of mammary stem cells and the normal function of

mammary cells (21, 22) (Figure 1).

In pathological conditions, dysfunction of the FGF/FGFR

signalling pathway can cause various organismal abnormalities,

including genetic disorders such as congenital premature closure of

the cranial sutures and dwarf syndrome, as well as neoplasms,

chronic obstructive pulmonary disease, chronic kidney disease,

obesity, and insulin resistance (20). This is closely related to the

physiological activities of the FGF/FGFR signalling pathway in

embryonic development and angiogenesis, where its over-activation

or absence can lead to a range of pathological conditions. In cancer,

dysregulation of the FGF/FGFR signalling pathway is frequently

detected. Dysregulation of the FGFR cascade leads to the blockade

of apoptosis and an increase in mitosis. This promotes epithelial-to-

mesenchymal transition, leading to the proliferation, migration and

infiltration of cancer cells. Among them, the over-activation of RAS-

RAF-MAPK stimulates cell proliferation and differentiation, while

the over-activation of PI3K-AKT inhibits apoptosis. Additionally,
FIGURE 1

Schematic representation of FGF/FGFR signalling pathway in mammary epithelium and TNBC. The FGFR family has a basic structure comprising of
three contiguous immunoprotein-like structural domains (Ig I, Ig II, and Ig III) in the extracellular and transmembrane regions, as well as intracellular
membrane tyrosine kinase structural domains;In normal mammary epithelium, FGFR regulates Wnts, BMPs, Grb7, and PTHrP to maintain normal
mammary epithelial function and sustain mammary epithelial stem cell differentiation;In TNBC, hyperactivation of the FGFR leads to overactivation of
the PLCg-PKC, STAT, PI3K-AKT, and Ras pathways, which trigger a range of biological behaviours in tumour cells;Hyperactivation of FGFR can result
from activating mutations, gene amplification, chromosomal translocations, and aberrant ligands;Inhibition of FGFR can be achieved through TKIs,
FGFR mAbs, and FGF traps, whether selective or non-selective.
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STATs are associated with the promotion of tumour invasion and

metastasis, as well as the enhancement of tumour immune escape.

Finally, the PLCg signalling pathway is an important pathway in the

regulation of tumour cell metastasis (9). In some diseases, such as

acute lung injury (ALI) or acute respiratory distress syndrome

(ARDS), the down-regulation of FGFR1 worsens lung injury,

inflammatory infiltrates, and vascular infiltration, which can lead to

disease progression (23). Overactivated FGFRs in TNBC promote

tumour cell proliferation, migration, angiogenesis and immune

evasion (7, 8, 12) (Figure 1).
4 Abnormal alterations in FGFR and
TNBC tumourigenesis

The development of TNBC depends not only on the

characteristics of the tumour cells but also on the TME. The TME

refers to the interaction of the tumour cells with the surrounding

stroma and non-cellular components. Similarly, the TME can vary

among patients with the same tumour. FGFRs play an important role

in mediating the interaction of breast cancer cells with the TME,

promoting epithelial-mesenchymal transition (EMT) of tumour cells,

among other functions. Furthermore, aberrantly activated FGFRs

enhance signalling and promote the growth and anti-apoptotic

capacity of tumour cells. Therefore, investigating the role of the

FGF/FGFR signalling pathway in TNBC progression and its

interactions with the entire tumour microenvironment is a major

challenge for TNBC therapy (Figure 1).
4.1 Aberrant ligand signalling

As a ligand for FGFRs, FGF2 is considered the most closely

related member of the FGF family to TNBC. TNBC patients with

breast cancer typically exhibit higher levels of FGF2 than non-

TNBC patients. Elevated levels of FGF2 have also been detected in

plasma samples from TNBC patients and patients with other

tumours, indicating that FGF2 may be an important tumour-

associated factor (9, 24). A study found that a possible

circRAD18-miR-3164-FGF2 axis promoted elevated levels of

FGF2 in TNBC. Highly expressed FGF2 induced tumour growth,

migration, angiogenesis, and migration of CAFs through activation

of the ERK1/2-AKT-c-Rel pathway via its receptor FGFR1 (25). The

FGF2/FGFR1 pathway promotes the transcription of the FGF-BP1

gene through the interaction of e-sarcoglycan (SGCE) with

Specificity Protein 1 (Sp1). This activation of the FGF2/FGFR1

signalling pathway promotes self-renewal and pluripotency of

breast cancer stem cells (26).
4.2 FGFR genetic and epigenetic
alterations in TNBC

FGFRs have been shown to be a potential oncogene. During

carcinogenesis, FGFR signalling is triggered to be enhanced by
Frontiers in Oncology 04
genetic alterations, which include receptor amplification, mutations

and chromosomal translocations (9). These alterations are

prevalent in tumours and co-exist with other abnormal

alterations. An analysis of large-scale next-generation sequencing

of 4,853 tumours showed that FGFR abnormalities were present in

approximately 7.1% of tumours, with FGFR amplification

accounting for up to 66%, while point mutations and

chromosomal heterozygosity accounted for 26% and 8%,

respectively (27).

4.2.1 Receptor amplification
FGFR family receptor amplification has been found in

approximately 10-15% of TNBC cases (28). It has been found

that approximately 5% of invasive TNBC cases have amplification

of the FGFR1 locus (8q12) and increased levels of FGFR(1-4)

mRNA expression, which is associated not only with an increase

in gene copy number but also with resistance to and response to

FGFR inhibitors (29). Furthermore, a negative correlation was

found between survival and high FGFR expression in TNBC

patients. High FGFR expression was also observed in other types

of TNBC when compared to immune-excluded TNBC, which

further highlights the significance of FGFR in immune rejection

in TNBC (7). There is a correlation between FGFR1 signalling and

endocrine resistance to treatment. A study discovered that FGFR1/2

amplification or activating mutations were present in around 40%

of circulating tumour DNA (ctDNA) after treatment with CDK4/6

inhibitors. This correlates with the co-occurrence of FGFR1

amplification and altered PIK3CA gene activity in breast cancer

(30). Furthermore, it was found that TNBC’s metastatic capacity

was strongly associated with FGFR1 amplification. This is due to b3
integrin physically disrupting the interaction between FGFR1 and

E-calmodulin, resulting in a significant increase in the

redistribution of FGFR1 subcellular localization. This, in turn,

enhances FGF2 signaling and strengthens the metastatic capacity

(12). In addition, other families of amplification events, such as

FGFR2 amplification and activation of other FGFR mutations, have

been associated with the maintenance of tumour-initiating cells as

well as high sensitivity to FGFR inhibitors. These genes have also

been shown to have oncogenic properties or serve as potential

therapeutic targets (14, 31). Furthermore, higher levels of FGFR4

expression were linked to a worse prognosis in TNBC (32). In

conclusion, the amplification of FGFR1 and FGFR2 is prevalent in

TNBC and is strongly linked to patient resistance to therapeutic

agents and survival. Additionally, FGFR1 expression is an

independent negative prognostic factor in TNBC (14).

4.2.2 Activating mutations
Activating mutations in FGFR are a relatively rare occurrence

compared to amplification, but they are one of the oncogenic

features of TNBC. These mutations may result in various

abnormalities in FGFR signalling pathways, including (i)

dimerisation of FGFR bound in an irreversible form, (ii) over-

activation of the structural domains of the receptor kinase, and (iii)

alterations in the binding affinity of FGFR to FGF (9). Activating

mutations can occur in different functional and structural domains
frontiersin.org

https://doi.org/10.3389/fonc.2024.1415820
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Chen et al. 10.3389/fonc.2024.1415820
of FGFR, while for epidermal growth factor receptor (EGFR) and

vascular endothelial growth factor receptor (VEGFR), they only

occur in the kinase structural domains (33). Compared to other

types, mutations in FGFR1 are relatively infrequent. The two most

common activating mutations in FGFR1 are N546K and K656E,

located in the kinase structural domains, which result in increased

kinase activation and conversion in vitro. The majority of point

mutations in FGFRs occur in FGFR2. Interestingly, these

somatically activated FGFR2 mutations occur predominantly in

the transmembrane (Y375C, C382Y/R) and extracellular structural

domains (S252W, W290C, P253R), rather than in kinase structural

domains (N549H/K, K659E). The most common FGFR3 activating

mutations are R248C and S249C, which occur in the extracellular

structural domain, and G370C and Y373C, which occur in the

transmembrane structural domain (34). Mutations can affect

tumour progression and drug resistance. For instance, a C-

terminal truncated FGFR2 isoform is more oncogenic than other

mutations and is not affected by general inhibitors. Additionally,

drug sensitivity varies depending on the mutation due to the

presence of a proline-rich motif in the distal C-terminal end that

binds to growth factor receptor-binding protein 2 (Grb2) and

weakens the structural domain of the kinase. The proline-rich

motif binds to Grb2 and reduces the activity of the kinase

structural domain (35). Overexpression or aberrant activation of

FGFR4 in TNBC leads to resistance to treatment with albumin-

bound paclitaxel plus gemcitabine (36). Different types of mutations

produce varying changes, albeit relatively small compared to

amplification. These mutations play a role in drug resistance,

oncogenicity, and epigenetic aspects of TNBC. Precision therapy,

assisted by specific types of activating mutations, is a new type of

treatment for TNBC (28, 35).

4.2.3 Gene fusions
Gene fusion is a well-known factor that can cause cancer by

joining two different genes together through chromosomal

inversion or translocation to form a hybrid gene. Although the

incidence of this anomaly is low, the individual differences in

tumours it causes cannot be ignored. A study found that the

fusion of two neighbouring genes, FGFR3 and TACC3, leads to

excessive mitochondrial motility, which provides energy for rapid

cell growth and thus promotes carcinogenesis. Experiments have

shown that targeted therapy of this oncogenic factor can effectively

stop tumour growth (37). The discovery of TNBC cell lines with an

aberrant FGFR3-TACC3 fusion, which promotes oncogenic effects,

is rare but may be useful for precision therapy of TNBC (38). It has

also been shown that the fusion chaperones AFF3, CASP7 and

CCDC6 aberrantly activate FGFR2 in TNBC (39). In conclusion,

FGFR fusion occurs less frequently in TNBC, but it still contributes

to TNBC heterogeneity.

4.2.4 Abnormal epigenetic regulation in TNBC
The epigenetic regulation of FGFR1 involves DNA methylation

and miRNA regulation. Studies have shown that the methylation

level of the FGFR1 promoter is low in various solid tumours,

particularly in breast, head and neck, oesophageal, bladder and
Frontiers in Oncology 05
endometrial cancers. This suggests that FGFR1 overexpression in

different tumour types may be due to specific hypomethylated

promoter sites. Analysis of the TCGA database in TNBC samples

revealed a correlation between the mRNA expression of FGFR1,

FGFR2, and FGF2 and the hypomethylation status of tumour cells

(40). In the investigation of miRNA correlations, it was found that

Hsa-mir-16-1 exhibited a significant negative correlation with

FGFR1 in a subgroup of adenocarcinoma and squamous cell

carcinoma patients. Additionally, widespread FGFR1 mRNA

expression was observed in other solid tumour types, such as

breast, head and neck, oesophageal, bladder and endometrial

cancers. In these cancer types, the expression of eight different

miRNAs was negatively correlated with FGFR1 mRNA levels (41).

A study has found that the mechanism of TNBC resistance to FGFR

inhibitors may be epigenetically related. Chronic treatment of

TNBC with FGFR inhibitors results in high enhancer activation

in open regions of chromatin that contain a large number of YAP/

TEAD DNA-binding motifs. During drug resistance, enhancers of

several amino acid transport proteins, such as SLC1A5, SLC7A5

and SLC3A2, are activated and can bind to YAP transcription

factors. Furthermore, the chromatin binding profile of the SWI/SNF

complex and its core protein BRG1 highly overlapped with the

YAP/TEAD binding site. However, inhibition of FGFR resulted in

the dissociation of BRG1 from chromatin. Knockdown of BRG1 in

TNBC cells greatly facilitated YAP-dependent enhancer activation,

as well as transcription of YAP target genes. YAP-recruited

enhancers evicted the SWI/SNF complex, subsequently leading to

activation of the mTORC1 complex. The results indicate that the

increased expression of amino acid transporter proteins during

drug resistance may be linked to epigenetic alterations (28, 42).
4.3 The function of FGF/FGFR in
TNBC TME

These interconnections are essential to the organism as a whole.

Under physiological conditions, organisms rely on extensive cell-

substrate interconnections to promote cell growth and development

and maintain organismal homeostasis. However, in the TME, stable

signalling molecules become dysregulated due to various factors in

the cancer cells and tumour stroma. This dysregulation creates an

environment that promotes tumourigenesis, growth, and migration.

The FGF/FGFR system, an important branch of the growth factor

family, is also affected by this dysregulation. Investigating the role of

the FGF/FGFR signalling pathway in the TNBC TME and revealing

the mechanisms by which it promotes tumour development has

significant implications for the treatment of TNBC (Figure 2).

4.3.1 Cancer-associated fibroblasts
Normal fibroblasts in the tumour stroma can be hijacked by

cancer cells to form CAFs (6). CAFs play a crucial role in the TME

of TNBC. Their main function is to synthesize and secrete the

tumour ECM. The ECM provides support for tumour growth and

spread, while also forming a mechanical and chemical barrier that

prevents the penetration of immune cells and chemotherapeutic
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agents. CAFs promote tumour progression by secreting various

extracellular matrix proteins, such as collagen fibres and

fibronectin, which enhance cell proliferation, migration, and

invasion. Meanwhile, the stiffness and structural characteristics of

the ECM can alter the mechanical properties of the TME, thereby

affecting the behaviour and signalling of tumour cells. CAFs play a

crucial role in the TME of TNBC. Their main function is to

synthesize and secrete the tumour ECM. The ECM provides

support for tumour growth and spread, while also forming a

mechanical and chemical barrier that prevents the penetration of

immune cells and chemotherapeutic agents. CAFs promote tumour

progression by secreting various extracellular matrix proteins, such

as collagen fibres and fibronectin, which enhance cell proliferation,

migration, and invasion. Meanwhile, the stiffness and structural

characteristics of the ECM can alter the mechanical properties of

the TME, thereby affecting the behaviour and signalling of tumour

cells (6). In addition, chemokines in the ECM can also modulate the

behaviour of tumour cells, for example by interacting with cell

surface receptors to regulate cell proliferation, survival and

metastasis. In addition to its direct effects on tumour cells, the

ECM can form barriers that limit the infiltration of immune cells

and prevent the effective penetration of chemotherapeutic agents

into tumour cells, leading to the development of drug resistance (5,

7). CAFs are closely related to the FGF/FGFR system. Conventional

FGF1 and unconventional FGF2 interact with FGFR3 and FGFR1

on tumours, respectively, which promotes the enhancement of

tumour cell invasion mediated by CAFs (10). CAFs are activated
Frontiers in Oncology 06
forms of fibroblasts found in the tumour stroma. They secrete

growth factors, such as TGF-b and FGF, in large quantities, which

stimulate tumourigenesis, metastasis, and microenvironmental

events, such as ECM remodelling and angiogenesis, in cancer cells

(6). The level of FGF2 mRNA detected in CAFs was significantly

higher than that in normal fibroblasts. FGF2 promoted the growth

of CAFs through FGFR1 signalling, resulting in cancer cell

proliferation, migration, invasion and angiogenesis (43). In

TNBC, Hedgehog l igands produced by tumour cel l s

reprogrammed CAFs. This reprogramming allowed tumour cells

to acquire chemoresistance and a tumour stem cell phenotype

through the expression of FGF5 and the production of fibrillar

collagen (44). Recent studies have shown that TNBC exhibits

significantly higher levels of CAFs-related protein expression

compared to luminal types. Additionally, CAFs play a role in

immune rejection of tumours. This is related to the fact that

FGFR maintains the growth of CAFs and induces their secretion

of vascular cell adhesion molecule 1 (VCAM-1) by promoting the

MAPK/ERK signalling pathway. This, in turn, promotes the

establishment of physical and chemical barriers by CAFs to

prevent T-cell infiltration (7).

4.3.2 Endothelial cells
Functional alterations of ECs in TME can contribute to the

invasion and metastasis of tumour cells. This is achieved through two

main mechanisms: promotion of angiogenesis and alteration of the

function of vascular endothelial cells. ECs can participate in the
FIGURE 2

TNBC cells exchange FGF and FGFR signals with CAFs during EMT to promote angiogenesis, ECM secretion, and tumour immune evasion. In the
TME of TNBC, the interaction of FGF with its ligands triggers a series of microenvironmental events. These include promoting the secretion of ECM
by CAFs to form a barrier to the TME; promoting the infiltration of immune excluded-associated cells; promoting angiogenesis; promoting tumour
cell proliferation and metastasis.
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process of neovascularisation, also known as angiogenesis or

neovascularisation. In TNBC, tumour cells release angiogenic

factors such as VEGF and FGF to stimulate angiogenesis. ECs

respond by proliferating, migrating, and forming new vascular

structures to provide blood supply and nutrition to the tumour.

This process helps tumour cells grow and invade surrounding tissues,

while also providing a gateway for cell escape and metastasis (8).

Functional alterations in ECs can affect the properties and behaviour

of blood vessels, thereby promoting invasion and metastasis of

tumour cells. It is important to note that vascular endothelial cells

normally form tightly connected vessel walls that are protective. In

TNBC, tumour cells and other components release a variety of

signalling molecules, such as inflammatory factors and proteases,

which can alter the function of vascular endothelial cells. This leads to

an increase in permeability, weakening of tight junctions, and

decreased resistance of the vascular endothelium. As a result,

tumour cells can cross the vessel wall and invade surrounding

tissues or enter the circulatory system for metastasis (8). The FGF/

FGFR and VEGF/VEGFR signalling pathways combine to promote

angiogenesis (8, 45, 46). ECs receive signalling stimulation from FGF

through the expression of FGFR and promote neoangiogenesis.

Studies have reported that aberrant activation of the FGF/FGFR

system enhances resistance to anti-VEGF therapy (47). Furthermore,

FGFR regulates the secretion of VEGF in a MAPK-dependent

manner. Subsequently, VEGF upregulates the expression of FGF.

FGF induces the expression of VEGFR2 through an ERK1/2-

dependent pathway. Without this interaction, the expression of

VEGFR2 decreases rapidly (45). The study also showed that

combined anti-FGFR and EGFR therapy suppressed tumour

growth more effectively and enhanced the efficacy of anti-

immunotherapy for tumours (46).

4.3.3 Tumour-infiltrating immune cells
Tumour-infiltrating immune cells include a variety of cells such

as lymphocytes, macrophages and myeloid-derived suppressor cells

(MDSCs). M2-type tumor-associated macrophages (M2 TAMs)

and MDSCs are an important part of the tumour’s ability to

evade immune surveillance and destruction (48). In TNBC, the

ligand protein PD-L1 is overexpressed on tumour cells and binds to

PD-1 on T lymphocytes, leading to suppression of the immune

recognition function of T lymphocytes (4, 49). This phenomenon

leads to T-cell dysfunction or exhaustion in the TME, which

reduces the immune attack on the tumour. However, with only

18.5% of TNBC patients responding to anti-PD-1/PD-L1 therapy,

this type of immune cell-suppressing TME is a major challenge for

TNBC treatment (3). Meanwhile,aberrantly activated FGFR

signalling correlates with a non-T-cell inflammatory phenotype in

tumours. FGFR expression in TNBC was negatively correlated with

CD8+ T cells and M2-type tumor-associated macrophages(M1

TAMs)and positively correlated with fibroblasts and M2

TAMs (7). The study demonstrated that VEGFR and FGFR

signalling suppressed the secretion of IFN-g and granzyme B

(GZMB) by T cells. Additionally, it significantly increased the

expression of PD-1 in T cells and PD-L1 in tumour cells (46).
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Furthermore, experiments showed that bFGF and VEGFA

signalling upregulated T-cell expression of PD-1, CTLA-4 and

TIM-3, leading to T-cell depletion (50). At the same time, mice

with defective FGF2 transmission were shown to have increased

CD4+ and CD8+ T cell expression (51). The mechanisms of T-cell

depletion have been extensively investigated, highlighting the role of

the IFN-g and peroxisome proliferator-activated receptor g
(PPARG) pathways and nuclear factor-kB (NF-kB) signalling.

The FGF/FGFR pathway may lead to tumour immune rejection

through these pathways (46). Furthermore, activation of FGFR1

triggers the expression of the chemokine CX3CL1 in the tumour

microenvironment through NF-kB signalling. This, in turn,

promotes the recruitment of macrophages, CD8+ T-cells, NK-

cells, and dendritic cells (DCs) (52, 53). This evidence suggests

that FGFR plays a significant role in tumour immunity. The

infiltration of MDSCs can be reduced after the use of FGFR

inhibitors in breast cancer treatment including TNBC. However,

the mechanism by which FGFR mediates the action of MDSCs still

needs to be further explored. It has been demonstrated that the use

of FGFR inhibitors reduces proliferation and lung metastasis in

TNBC and decreases the infiltration of MDSCs (54, 55). Related

experiments have shown that FGFR reduces the mobilisation of

MDSCs by decreasing the levels of granulocyte colony-stimulating

factor (G-CSF) through mTOR signalling (56).

In conclusion, the FGF/FGFR signalling pathway is linked to

the development of tumour cells and the formation of the tumour

microenvironment. Further exploration of the mechanisms, cells,

and signalling molecules involved in this process is necessary to

provide a better theoretical basis for the treatment of TNBC.
5 FGFR-targeted therapeutic strategy
for TNBC

FGFR1 expression is an independent prognostic marker for

overall survival in TNBC patients. Trials have begun to use FGFR

inhibitors in the therapeutic exploration of TNBC. The majority of

TNBC are classified as immune-excluded tumours (57). Following

the application of FGFR inhibitors, there is a significant increase in

T-lymphocyte infiltration, which can convert immune-excluded

TNBC into immune-inflammatory types (7). TNBC patients may

benefit more from immunotherapeutic therapies, as research

suggests. Additionally, inhibiting FGFR signalling, which is

Overactivated in tumours, may inhibit tumour angiogenesis and

suppress tumour growth (39).
5.1 The strategies for inhibiting FGF/FGFR

A variety of targeted FGFR inhibitors have been developed and

some of them have entered clinical trials. Currently, the FDA has

approved a variety of FGFR inhibitors on the market for the

treatment of solid tumours (58, 59). Although FGFR-targeted

therapies have not yet been approved for the treatment of breast
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cancer, many trials have begun to use FGFR inhibitors for the

treatment of breast cancer, including TNBC (7, 42, 60, 61). FGFR

inhibitors can be broadly classified into three categories: (i) small-

molecule TKIs that selectively target the kinase structure of the

FGFRs; (ii) small-molecule, multi-targeted tyrosine kinase inhibitor

TKIs that block tyrosine kinase activity; and (iii) monoclonal

antibody mAbs that block FGFRs as well as carry their ligands.

5.1.1 Selective FGFR-TKIs
Selective FGFR-TKIs include single targeting of FGFR1-4

receptors or multiple receptors, but are restricted to the FGFR

family. This is because although FGFR(1-4) are encoded by different

genes, these four members are highly homologous, with sequence

identity ranging from 56% to 71% (62). All of these receptors are

expressed on the cell membrane surface and are stimulated and

activated by extracellular signals. This high degree of similarity

provides a good basis for small molecule targeted inhibitors. The

basis of action for most selective FGFR-TKIs is competitive binding

to the adenosine triphosphate (ATP) pocket of FGFRs. This

structure is highly conserved among all kinase families, allowing

most inhibitors to simultaneously inhibit multiple receptors (39). A

study of TNBC patient-derived xenografts (PDX) and patient-

derived organoids (PDO) treated with the selective tyrosine

kinase inhibitors AZD4547 (FGFR1-3) and BLU9931 (FGFR4)

showed favourable effects in the model of FGFRs expression

enhancement, both in long-term and short-term use (14).

Meanwhile, in TNBC tumour Vasculogenic mimicry (VM),

AZD4547 disrupted the interconnection between ECs and TNBC

cel l s , prevent ing the format ion of a pro-angiogenic

microenvironment (8). Futibatinib (TAS-120) has been approved

for marketing by the FDA as an irreversible FGFR1-4 inhibitor and

has demonstrated potent antiproliferative activity in a variety of

cancer cell lines. These cell lines have FGFR genomic aberrations

and exhibit anti-tumour activity in some non-FGFR-regulated PDX

models (63). The TAS-120 breast cancer-related phase I clinical trial

(NCT02052778) demonstrated significant anti-tumour activity,

thereby establishing a foundation for subsequent breast cancer-

related clinical trials (64). Infigratinib (BGJ398) is an FDA-

approved and marketed FGFR1-4 inhibitor. Although it is similar

to TAS-120 in terms of clinical application, it has not been used in

TNBC. However, studies have shown that BGJ398 in combination

with paclitaxel (PTX) significantly reduces resistance to certain

chemotherapeut ic agents in broad-spectrum ABCB1

overexpressing cancer cells, including TNBC cell lines (65).

Similarly, Erdafitinib (JNJ42756493) is an FDA-approved

inhibitor of FGFR1-4 for adult patients with locally advanced or

metastatic uroepithelial carcinoma. Animal studies have shown that

it also has inhibitory effects on TNBC cell lines (7). The Phase Ib

clinical trial (NCT03238196) demonstrated the safety, tolerability,

and anti-tumour activity of JNJ42756493 in combination with

palbociclib for ER+/HER2-/FGFR-amplified metastatic breast

cancer. Alofanib (RPT835) is a selective inhibitor of the variant

against FGFR2. Experimental results indicate that RPT835 inhibits

FGF-dependent tumour proliferation and reduces cell migration in

FGFR2-expressing TNBC cell lines and PDX models (66).
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5.1.2 Multi-targeting TKIs
Multi-targeted tyrosine kinase inhibitors (TKIs) encompass a

broad range of compounds that target the structural domains of

FGFR, VEGFR, and platelet derived growth factor receptor (PDGFR)

tyrosine kinases. These receptors are phylogenetically related and

have a high degree of homology. In vitro experiments have shown

that some non-selective VEGFR-targeting TKIs also inhibit FGFR

(9). Tinengotinib (TT-00420) is a novel multikinase inhibitor that has

been demonstrated to exert a significant inhibitory effect on Aurora

A/B, FGFR1/2/3, VEGFRs, and JAK1/2 (67). The initial clinical trial

of TT-00420 (NCT03654547) has indicated that it may have a

favourable inhibitory effect on TNBC, which could serve as a

potential targeted therapeutic agent for TNBC and has been shown

to be consistent with the results of preclinical studies (67, 68). The

results of a further Ib/II clinical trial, which includes patients with

TNBC (NCT04742959), have yet to be published. However, it is

anticipated that they will be promising. lucitanib (E3810) is a TKI

targeting FGFR1-3, VEGFR1-3 and PDGFRa/b. Currently, the Phase
II clinical trial of E3810 is the only preclinical trial in metastatic

TNBC (NCT02202746), but the results are not yet available (69).

However, another study found that the combination of E3810 and

PTX resulted in significant tumour regression in a mouse model of

advanced TNBC PDX (70). PD173074 is a potent inhibitor of FGFR1

and VEGFR2, showing inhibitory effects on TNBC in both in vitro

and in vivo assays, as well as anti-tumour activity in FGFR-amplified

TNBC cell lines (60, 61).

5.1.3 mAbs and FGF trap
Although the development of tyrosine kinase activity inhibitors

has been dominant, there has been an increasing focus on the

research and development of monoclonal antibodies (mAbs) as

therapeutic agents. mAbs are designed to hinder ligand interactions

by inhibiting specific FGFRs or their dimerisation. GP369, a

monoclonal antibody directed against the extracellular ligand-

binding structural domain of FGFR2, showed promising results in

FGFR2-IIIb subtype of breast cancer cell lines, demonstrating

inhibition of tumour proliferation (71). Bemarituzumab (FPA144)

is a humanised immunoglobulin G1 monoclonal antibody that

specifically binds to the splice variant FGFR2b and inhibits the

ligands FGF7, FGF10, and FGF22.It is also a monoclonal antibody

in clinical trials (NCT02318329) and has demonstrated promising

results in advanced solid tumours, as well as in FGFR2b

overexpressed gastric adenocarcinoma and bladder cancer

demonstrating promising applications and is safer than tyrosine

kinase inhibitors (72).

FGF traps are a group of structurally heterogeneous molecules

that act as FGFR decoys by binding FGFs in the extracellular

environment. This prevents growth factor interaction with target

cells. FGF traps are effective in avoiding the side effects produced by

FGFR inhibitors, including hyperphosphatemia and retinal, nail,

and skin toxicity. FP-1039, which consists of an extracellular

domain of human FGFR1a-IIIc linked to the modified chain of

human immunoglobulin G1 and the native Fc region, has

demonstrated promising results in patients with advanced

malignancies clinical trials(NCT00687505). Additionally, it has
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been shown to be safe and tolerable in breast cancer patients (73,

74). FGF traps are not currently used in TNBC, but they offer

advantages over FGFR inhibitors that could be applied to

therapeutic studies in TNBC.

FGFR inhibitors have shown value in TNBC as well as other

tumours, both in clinical trials and in preclinical trials. The

combination treatment approach can be either FGFR inhibitors

alone or in combination with other therapies. In addition, there is a

need to explore more rational pathways of FGF/FGFR signalling

pathway inhibition and to continuously develop the potential of

tyrosine kinase inhibitors and monoclonal antibodies for

application. These efforts will provide better and reliable pathways

for the treatment of TNBC (Figure 3).
5.2 The functional effects of FGF/FGFR
inhibition in TNBC

T-cell rejection can facilitate tumour immune escape and

resistance to immunotherapy. In order to inhibit the activation of

the MAPK/ERK signalling pathway in CAFs, FGFR inhibitors are
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used to block FGFR. This inhibits the proliferation, migration and

secretion of VCAM-1 in CAFs, disrupting the physical and

chemical barriers established by CAFs and preventing T cell

infiltration. This inhibits the proliferation, migration and

secretion of VCAM-1 in CAFs, disrupting the physical and

chemical barriers established by CAFs and preventing T cell

infiltration. Furthermore, FGFR inhibitors have been shown to

increase the infiltration of anti-tumour immune cells, such as

CD8+ T cells and M1 TAMs, while inhibiting the infiltration of

pro-tumour immune cells, such as MDSCs and M2 TAMs.

Additionally, FGFR inhibitors enhance the anti-tumour activity of

cytotoxic T lymphocytes (CTLs) in tumours, thereby improving the

efficacy of immune checkpoint blockade (ICB) (7). In a

combination therapy, Erdafitinib and anti-PD-1 oncology

treatment demonstrated a synergistic anti-tumour effect. The

synergistic effect was dependent on Erdafitinib-induced tumour

cell killing, re-initiation, and enhanced anti-tumour T-cell

responses through PD-1 blockade (75). FGFR has the potential to

inhibit T-cell activation and infiltration, promote M2 TAMs

transformation and recruitment, and maintain MDSCs through

factors such as IFN-g, GZMB, and chemokines. Over-activation of
FIGURE 3

Current part of FGFR inhibitors in various types of solid tumours. Pathways that inhibit FGF/FGFR signalling include selective FGFR TKIs, multi-
targeting TKIs, FGFR mAbs and FGF traps.To date, most FGFR inhibitors used in TNBC trials are TKIs.
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FGFR signalling inhibits the IFN-g-stimulated JAK/STAT signalling

pathway. Inhibition of FGFR releases FGFR-induced inhibition of

JAK/STAT signalling and restores tumour cell responses to IFN-g-
activated tumours. It can be assumed that the over-activation of

FGFR signalling is involved in the formation of tumour immune

rejection (46). Furthermore, the data indicate that FGFR inhibitors

could enhance the responsiveness of tumours to ICB therapy by

influencing various stages of the ‘tumour-immune cycle’. This

includes promoting the trafficking and infiltration of immune

cells, activating T cells, reducing immune-suppressing cells, and

enhancing tumour antigenicity (76).

Elevated levels of VEGFA and FGF can promote immune

rejection of tumours. When stimulated, bFGF and VEGFA

significantly increase the expression of PD-1, CTLA-4, and TIM-3

on T cells. They also inhibit the secretion of IFN-g and GZMB in T

cells and reduce T cell cytotoxicity. These effects on T cells were

even more pronounced when bFGF and VEGFA were combined.

The use of dual FGFR/VEGFR inhibitors can convert

immunologically ‘cold’ tumours into ‘hot’ tumours, reducing

tumour vascular density and restoring T cell function. This

maintains tumour cell sensitivity to PD-1 monoclonal antibodies

(8, 45, 50). FGFR1 and b3 integrins play important roles in EMT.

Activation of Erk1/2 signalling is a necessary mechanism for

disseminated breast cancer cells to overcome systemic dormancy

and undergo metastatic growth. FGFR complexes with b3 integrins
act as upstream mediators of Erk1/2 activation. EMT-mediated

activation of FGFR1 and b3 integrin complexes promotes

metastatic tumour growth by enhancing local focal adhesion

kinase (FAK) activity. The experiment using the irreversible

FGFR blocker FINN-4 significantly inhibited the growth of

metastat ic TNBC in a TNBC metastasis model (12) .

Approximately 30% of TNBC cases exhibit aberrant PI3K/mTOR

signalling. The methylation of G protein-coupled receptor class C,

member 5, A (GPRC5A) has been demonstrated to activate mTOR

in TNBC, thereby promoting the development of liver metastases

and enhancing resistance to chemotherapy drugs (77). However,

inhibiting TORC1/2 leads to the acquisition of cancer stem cell

(CSC) properties and resistance. Additionally, TORC1/2 inhibition

upregulates FGFR1 expression, which activates Notch1 signalling

through a TFAM-dependent mechanism. Activated Notch1

signalling is an important pathway for maintaining CSCs.

Combination therapies that inhibit the FGFR-mitochondrial

metabolism-Notch1 axis may then limit the growth of tumour

stem cell subpopulations and enhance the anti-tumour effects of

TORC1/2 inhibitors (78).

The effect of inhibiting the FGF/FGFR axis on various tumour

therapies is increasingly being investigated in combination with

other treatments. In many studies, such combination therapies have

produced satisfactory results, but some combinations have failed to

achieve the desired effect. Among many ICB therapies, most studies

have used FGFR inhibitors in combination with anti-PD-1 drugs,

and the mechanisms behind this need to be further investigated.

Combinations with other drugs also need to be validated in

future studies.
Frontiers in Oncology 10
6 Discussion

Publicly available data shows that between 2016 and 2020, the

number of solid tumours associated with FGFR worldwide

increased from 4.4 million to 4.9 million, at a compound annual

growth rate of 3.0%. By 2035, this number is expected to reach 6.8

million. This trend has driven research into the FGF/FGFR

signalling pathway in tumourigenesis and development, and has

also made the application of FGFR inhibitors in tumours a hot

topic. FGF/FGFR is a valuable target in tumour therapy. In recent

years, the FDA has expedited the approval of certain FGFR

inhibitor-related drugs, which have demonstrated success in

treating specific solid tumours. However, drugs targeting FGF/

FGFR for TNBC therapy are still in the experimental stage.

The heterogeneity of TNBC tumours is a major challenge in their

treatment. Targeted therapies remain challenging for TNBC due to

molecular heterogeneity. However, each TNBC subtype is susceptible

to specific therapies. The difficulty with FGFR inhibitors in TNBC is

the need to characterise the heterogeneity of TNBC. However, FGFR is

enriched in immune-excluded phenotypes of TNBC, making targeted

therapy for different types of TNBC a viable option. In particular, the

targeted use of FGFR inhibitors in different gene fusion types may

significantly increase the number of cancer patients who may benefit

from such therapy. Resistance to FGFR inhibitors is also an issue that

should not be ignored, as TNBC may acquire resistance to FGFR

inhibitors or other drugs through epigenetic and overexpression of

FGFR, for example. Therefore, further research is needed to develop

FGFR inhibitors suitable for TNBC or in combination with other

drugs to circumvent the development of resistance. The variability in

themechanism of FGFR activation also suggestsmany issues that need

to be improved, and many preclinical experiments show the

importance of targeting individual differences. FGFR inhibitors

alone or in combination with other agents have shown promising

therapeutic effects in both clinical and preclinical studies.

In conclusion, TNBC is a highly challenging form of breast

cancer when compared to other types. One potential avenue for

therapy is to remodel the tumour microenvironment, transforming it

from immune-excluded to immune-infiltrating, followed by adjuvant

immunotherapy or other means. TNBC, as an immunosuppressive

tumour, may benefit from additional immunotherapies and increased

sensitivity to therapeutic means. This includes enhancing the anti-

tumour effects of FGFR inhibitors themselves. However, a refined

patient selection strategy is necessary to improve the efficacy of FGFR

inhibitor-targeted therapy. Furthermore, it may be feasible to target

common pathways of oncogene signalling as a strategy for treating

TNBC. This can be achieved through comprehensive studies of the

FGF/FGFR signalling pathway and TNBC oncogenic modalities.

Furthermore, the particular effects of distinct FGFR family

members on TNBC are not fully investigated. The majority of

clinical and preclinical studies are primarily focused on identifying

the alterations in various FGFRs in TNBC and subsequently

developing targeted therapies. It is necessary to investigate

whether different FGFRs exhibit disparate effects on TNBC, as

this could be crucial for the subsequent TNBC treatment study.
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