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Abstract. FAT atypical cadherin 1 (FAT1), which encodes a 
protocadherin, is one of the most frequently mutated genes 
in human cancer. Over the past 20 years, the role of FAT1 in 
tissue growth and in the development of diseases has been 
extensively studied. There is definitive evidence that FAT1 
serves a substantial role in the maintenance of organs and 
development, and its expression appears to be tissue‑specific. 
FAT1 activates a variety of signaling pathways through 
protein‑protein interactions, including the Wnt/β‑catenin, 
Hippo and MAPK/ERK signaling pathways, which affect 
cell proliferation, migration and invasion. Abnormal FAT1 
expression may lead to the development of tumors and may 
affect prognosis. Therefore, FAT1 may have potential in tumor 
therapy. The structural and functional changes mediated by 
FAT1, its tissue distribution and changes in FAT1 expression 
in human diseases are described in the present review, which 
provides further insight for understanding the role of FAT1 in 
development and disease.

Contents

1.	 Introduction
2.	 Signaling pathways and mechanisms
3.	 FAT1 in development
4.	 FAT1 in hereditary diseases
5.	 FAT1 in cancer
6.	 Therapeutic targeting of FAT1
7.	 Conclusions and perspectives

1. Introduction

Intercellular adhesion is the structural basis for the growth 
and development of multicellular organisms. The abnormal 
expression of proteins involved in the process of intercel‑
lular adhesion can cause various complications, such as 
kidney, cardiovascular and autoimmune diseases, as well 
as cancer (1‑3). Cadherins are essential for cell adhesion. In 
vertebrates, it is generally accepted that there are six main 
subfamilies of cadherins: Classical cadherins, desmosomal 
cadherins, protocadherins, Flamingo/Celsr, Dachsous and 
FAT atypical cadherins (FAT) (4).

In the 1920s, FAT was discovered in Drosophila due to 
a lethal mutation  (5). Drosophila has two FAT cadherin 
members, Ft and Ft2, which are considered tumor suppres‑
sors (6). Most functional mutations of the Ft gene result in an 
‘epithelial overgrowth phenotype’ in Drosophila larvae, which 
can affect the wings, legs, eye antennae, glands and genital 
imaging disc  (6,7). The overgrowth phenotype observed 
following Ft inactivation is hypothesized to be partly associated 
with the fact that Ft can affect the localization and expression 
levels of the Hippo signaling pathway transcription factors, 
Yorkie (Yki), Warts (Wts) and Expanded (8‑10). In addition, 
in the eyes of FAT mutant Drosophila, the omentum exhibits 
reversed dorsal‑ventral polarity (11). This is hypothesized to 
be caused by the effect of Ft on planar cell polarity (PCP) (11). 
The other FAT cadherin member in Drosophila, Ft2, is 
necessary for morphogenesis and maintenance of tubular 
structures of ectodermal origin (7,12). Deletion of Ft2 results 
in abnormal development of renal tubular structures, such as 
loss of the trachea, gastric glands and salivary glands (12). 
The established functional roles of Ft and Ft2 in Drosophila 
primarily include regulation of morphogenesis, growth control 
and PCP (8,11,12), providing a platform for the study of FAT 
cadherins in vertebrates.

From Drosophila to vertebrates, the FAT cadherin family 
has expanded from two members to four, but their structure 
and function remain conserved across species (13). The FAT 
cadherin family in vertebrates consists of FAT1‑4 (5), all of 
which have unique arrangements and number of laminin G 
motifs and EGF‑like motifs, which bestows upon them unique 
functions. FAT1 and FAT4 contain 34 extracellular cadherin 
repeats, whereas FAT2 contains 32 repeats and FAT3 contains 
33 repeats (Fig. 1) (14). As FAT mRNA transcripts and coding 
proteins are large, understanding the function of FAT proteins 
is challenging. At present, the majority of research on FAT 
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proteins have focused on FAT1, as FAT1 was the first member 
to be identified in humans, and the effects of FAT1 mutations in 
tumors, such as acute lymphoblastic leukemia (ALL) (15) and 
hepatocellular carcinoma (HCC) (16), are more prominent (7).

The human FAT1 gene was cloned from a human T‑cell 
ALL (T‑ALL) cell line in 1995 (15). The gene is located on 
chromosome 4q34‑35 and consists of 27 exons in humans (15). 
It is a type I transmembrane protein, consisting of an extracel‑
lular region, transmembrane region and cytoplasmic tail (17).

It has been reported that FAT1 is involved in numerous 
processes, such as cell adhesion, proliferation and migration via 
protein‑protein interactions of its cytoplasmic tail (7). Existing 
evidence has shown that FAT1 can bind to the actin‑regulatory 
protein Enabled (Ena)/vasodilator‑stimulated phosphopro‑
tein (Vasp) and β‑catenin to regulate cell proliferation and 
migration, and that it serves a role in the Wnt/β‑catenin, 
Hippo and MAPK/ERK signaling pathways, as well affecting 
epithelial‑mesenchymal transition (EMT) (18‑22). At present, 
knowledge regarding the exact downstream signaling 
pathways mediated by FAT1 remains incomplete, but an 
increasing body of knowledge is indicating that changes in 
FAT1 expression are associated with several diseases, such as 
facioscapulohumeral muscular dystrophy (FSHD) (23), bipolar 
disorder (BPAD) (24) and ALL (15). In the present review, the 
latest progress in understanding the role of FAT1 is discussed, 
with the aim of promoting interest in FAT1 as a biomarker and 
a potential therapeutic target for the management of several 
diseases.

2. Signaling pathways and mechanisms

FAT1 and Ena/Vasp. Ena/Vasp is an important regulator 
of actin dynamics. The Ena/Vasp protein family regulates 
the assembly of the actin cytoskeleton by antagonizing the 
dissociation of capping proteins and promoting actin filament 
branching connections, which serve a vital role in morphogen‑
esis, axon guidance, cell migration and other processes (25‑28). 
The role of FAT1 in the pathways necessary to determine the 
polarity of cells in the tissue plane has been demonstrated 
in Drosophila (29). The FAT1 cytoplasmic domain contains 
an EVH1 binding motif (4433DFPPPPEE). EVH1 binding 
motifs are predicted to interact with members of the Ena/Vasp 
protein family that contain EVH1 domains (30). Thus, FAT1 
may serve a role in regulating cell migration by participating 
in the regulation of Ena/Vasp‑dependent frontier cytoskeletal 
dynamics (29,30). Tanoue and Takeichi (30) found that FAT1 
and Ena/Vasp proteins are co‑localized at the edge of the plate 
fat, the tip of the silk shaft and at early contact site between 
cells. Knockdown of FAT1 causes Vasp to no longer accu‑
mulate in these locations, and the cytoskeleton of connecting 
actin cannot be formed correctly (30). Additionally, it was 
shown that actin filaments were recruited to the junction 
and formed radial actin cables during the early stages of 
cell‑cell contact in mouse cells (30). After knocking down 
FAT1, the connecting actin filaments were poorly arranged, 
and the connecting actin cytoskeleton could not be formed 
correctly (30). Additionally, FAT1 can promote the forma‑
tion of actin stress fibers in renal epithelial cells (30). These 
observations indicate that FAT1 serves an important role in 
actin dynamics (30). Moeller et al (29) reported that in cells 

where FAT1 expression was knocked out, the amount of Vasp 
protein that accumulated at the front of cells was significantly 
decreased, the cells did not become polarized and the migra‑
tory ability of cells was decreased. In in vitro wound healing 
assays, FAT1‑knockout NRK‑52E cells (rat kidney epithelioid 
cells) exhibited abnormal lamella dynamics at the wound edge, 
which included an absence of lamella or abnormal lamella lipid 
membranes, decreased lamella size and abnormally structured 
lamellae, all of which resulted in delayed wound closure (31). 
These results indicate that FAT1 is necessary for physiological 
lamellipodial dynamics, and FAT1‑knockout disrupts normal 
lamellipodial dynamics to a certain extent (29,30). This may 
provide an explanation for the weakened cell migration in 
FAT1‑deficient cells.

FAT1 and the Wnt/β‑catenin signaling pathway. The role of 
the Wnt/β‑catenin signaling pathway in human development 
and maintaining adult tissue homeostasis is well‑established. 
Abnormalities in the Wnt signaling pathway are closely 
associated with the occurrence of numerous diseases, such as 
osteoporosis, Alzheimer's disease and pigmented diseases (32). 
Abnormal activation of the Wnt/β‑catenin signaling pathway 
is widely considered to be a promoter of tumorigenesis and 
cancer cell proliferation in several types of cancer (33), such as 
HCC (34) and colon cancer (35). The Wnt/β‑catenin signaling 
pathway primarily consists of three steps: Wnt signal trans‑
duction at the membrane, stable regulation of β‑catenin in the 
cytoplasm and activation of Wnt target genes in the nucleus. 
FAT1 protein may affect Wnt signaling via modulation of the 
latter two steps (36‑38).

Just as classical cadherin can bind to β‑catenin and 
regulate its transcriptional activity, FAT1 can also bind to 
β‑catenin and limit its translocation to the nucleus (39). This 
links FAT1 to the typical Wnt signaling pathway. A study by 
Hou et al (36) confirmed this interaction by demonstrating 
increased FAT1 expression following carotid artery injury 
in rats. The rat FAT1 cytoplasmic tail was shown to bind 
to β‑catenin, preventing its translocation to the nucleus and 
thus preventing transcription of its target genes, including the 
known transcriptional target cyclin D1, which is a target of 
the typical Wnt signaling pathway (36). In addition, the results 
of FAT1‑knockout revealed that increased FAT1 expression 
limited cyclin D1 expression in mouse vascular smooth muscle 
cells (VSMCs) (40). Cyclin D1 is a known Tcf/β‑catenin target 
gene, which serves a key role in the regulation of G1 phase 
progression and G1max/S cell cycle transition (36). Increased 
FAT1 expression after injury may slow down the prolifera‑
tion of VSMCs by decreasing cyclin D1 expression (36). The 
association between FAT1 and the Wnt signaling pathway 
serves an important role in the overall regulation of VSMC 
proliferation.

Morris et al (19) revealed that endogenous FAT1 bound to 
β‑catenin in human cells. In experiments using glioma cells 
and immortalized human brain astrocytes, FAT1‑knockout 
resulted in a decrease in plasma membrane β‑catenin staining, 
and a significant increase in nuclear β‑catenin staining (19). 
Inactivated FAT1 expression could not sequester β‑catenin 
at the cell membrane, thereby allowing for canonical Wnt 
signal transduction and tumor growth (19). Overexpression 
of β‑catenin promoted cell proliferation and cell cycle 
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progression, and increased the incorporation of BrdU (indica‑
tive of increased proliferation), but these effects were inhibited 
by FAT1 (19). Knockout of CTNNB1 (encoding β‑catenin) in 
glioblastoma multiforme cells decreased cell proliferation, 
cell cycle progression and BrdU incorporation. These effects 
were largely reversed by FAT1‑knockout (19). After knocking 
down FAT1 in glioma cells and immortalized human astro‑
cytes using small interfering RNAs, β-catenin‑mediated 
transcription was significantly increased (19). Another means 
by which FAT1 affects the Wnt/β‑catenin signaling pathway 
is that the deletion of FAT1 alters gene expression and affects 
the expression of components of the Wnt/β‑catenin signaling 
pathway (19). Knockout of FAT1 mRNA resulted in consistent 
upregulation of multiple Wnt/β‑catenin target genes, including 
myc, cyclin D1, inhibitor of DNA binding 2, transcription 
factor 4, claudin and zinc finger E‑box binding homeobox 1 
(ZEB1) (41‑43). Similar results were obtained based on anal‑
ysis of data obtained from an ovarian cancer dataset from The 
Cancer Genome Atlas (19,44). Based on the identification of 
189 significantly differentially expressed genes, it was revealed 
that tumors with low FAT1 expression exhibited enrich‑
ment of genes associated with the Wnt/β‑catenin signaling 
pathway (44). These results suggest that FAT1 mutations may 
be a prominent cause of the dysregulation of the Wnt signaling 
pathway in cancer (44).

FAT1 and the Hippo signaling pathway. The Hippo signaling 
pathway, also known as the Salvador (Sav)‑Wts‑Hippo 
signaling pathway, includes three primary components: 
Upstream regulators, core kinase cassettes and downstream 
transcriptional activators  (45,46). The Drosophila kinase 
cassette includes Wts and the serine/threonine kinase Hippo, 
as well as its two cofactors Sav and Mob as tumor suppressors 

(referred to as Mats) (45). The downstream transcriptional 
co‑activator, Yki, controls the activity of several transcription 
factors through subcellular localization  (45,47). When the 
core kinase cassette is activated, Yki is phosphorylated and 
retained in the cytoplasm, where it is eventually degraded (45). 
In the absence of upstream activation signals, Yki exists in 
a non‑phosphorylated state and is transferred to the nucleus, 
where its transcription program is formulated, thereby 
promoting cell proliferation  (45). The Ft mutation in the 
overgrowth phenotype of Drosophila is considered to exert its 
effects upstream of the Hippo signaling pathway, and is medi‑
ated by affecting the subcellular localization of Yki (48,49). 
Numerous studies have demonstrated the important role of 
the Hippo signaling pathway in mammalian organ size and 
tumorigenesis (50‑52). Changes in gene expression caused by 
inhibition of Hippo‑associated proteins Yes‑associated protein 
(YAP)/TAZ can inhibit cell proliferation, promote apoptosis 
and ultimately control organ size  (52). Overexpression of 
YAP/TAZ can result in uncontrolled cell proliferation, which 
makes the Hippo signaling pathway one of the key pathways 
involved in cancer development  (52). Under conditions of 
low cell density, YAP and TAZ (both are homologous to 
Drosophila Yki) control the transcription program of genes 
that are the transcription targets of TEAD and SMAD (53,54). 
When the cell density is high, the core kinase cassette is 
activated; this activation prevents the nucleocytoplasmic 
shuttle of YAP and TAZ, and inhibits their transcriptional 
activity (52,55). The vertebrate core kinase cassette involves 
Sav, large tumor suppressor 1/2 and macrophage stimulating 
1/2, which are homologous to the Drosophila kinases Sav, Wts 
and Hippo, respectively (52,54,55).

Some progress has been made regarding the potential 
association between FAT cadherin and Hippo signaling in 

Figure 1. Members of the FAT cadherin family of Drosophila and vertebrates. FAT1 and FAT4 have 34 cadherin repeats, FAT2 has 32 cadherin repeats 
and FAT3 has 33 cadherin repeats. Each member has its unique number and arrangement of EGF‑like and laminin G‑like motifs. FAT4 is considered to be 
homologous to Drosophila Ft, FAT1 and FAT3 are considered to be homologous to Drosophila Ft2, while FAT2 is considered phylogenetically unique. FAT, 
FAT atypical cadherin; aa, amino acids.
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vertebrates. Similar to Drosophila Ft, the FAT1 protein has 
been shown to be an upstream factor of the Hippo signaling 
pathway (20). FAT1 acts as an upstream regulator of TAZ, 
as well as an upstream regulator of YAP in the process of 
neuronal differentiation  (56). The intracellular domain of 
FAT1 interacts with a multimeric Hippo signaling protein and 
participates in its assembly, which in turn induces the kinase 
Tao to activate the Hippo kinase cassette (17). This causes 
phosphorylation and inactivation of YAP, a transcriptional 
coactivator downstream of the Hippo signaling pathway, and 
antagonization of the function of the Hippo effector, TAZ (17). 
Knockout of the FAT1 gene increases the nuclear accumulation 
of YAP and promotes the nuclear and cytoplasmic shuttling 
of the transcriptional activator TAZ, thereby upregulating 
the transcription of the Hippo target genes connective tissue 
growth factor and ankyrin repeat domain 1, which is also 
accompanied by an increase in the nuclear levels of SMAD2/3 
(Fig. 2) (57). The role of FAT1 in modulation of upstream 
factors of the Hippo signaling pathway provides further 
evidence of its important role in development and disease.

FAT1 and the MAPK/ERK signaling pathway. The MAPK/ERK 
signaling pathway serves a role in cell proliferation, differ‑
entiation and apoptosis. Uncontrolled MAPK/ERK activity 
is commonly observed in tumors (58,59). The MAPK/ERK 
signaling pathway is involved in cell migration and invasion of 
several types of cancer, such as multiple myeloma, lung cancer 

and HCC (58‑60). It was revealed that FAT1 mutations in pitu‑
itary spindle cell tumor were associated with increased MAPK 
activity, based on the phosphorylation of ERK (p‑ERK1/2), 
highlighting an association between FAT1 and the MAPK 
signaling pathway (61). Another study suggested that FAT1 
may affect esophageal squamous cell carcinoma (ESCC) cell 
proliferation through the loss of control of the MAPK/ERK 
signaling pathway (21). Exogenous FAT1 expression can inhibit 
cell proliferation and colony formation, and inhibit cell migra‑
tion and invasion, whereas FAT1‑knockout exerts the opposite 
effects, both in vivo (FAT1‑knockdown stable ESCC cells and 
ESCC cells with FAT1‑WT overexpression were subcutane‑
ously injected into the left or right oxter of female BALB/c‑nu 
mice) and in vitro (ESCC cell lines) (21). Knockout of FAT1 
significantly increased the levels of p‑ERK1/2 in multiple 
esophageal cancer cells, whereas overexpression of FAT1 
decreased p‑ERK1/2 levels (21). When U0126, a highly selec‑
tive inhibitor of ERK1/2 phosphorylation, was used to treat 
FAT1‑knockout cells, it abolished the migratory and invasive 
ability of cells (21). The aforementioned studies indicate that 
FAT1 affects cell proliferation in a MAPK/ERK‑dependent 
manner, at least in part. Wang  et  al  (62) revealed that 
FAT1‑knockout increased the mRNA expression levels of 
MAP3K8, MAP2K2 and MAP2K6 in esophageal squamous 
cell carcinoma cells, and decreased the mRNA expression 
levels of the MAPK inactivator dual specificity phosphatase 
6, resulting in enrichment of the MAPK signaling pathway. 

Figure 2. Association between FAT1 and Hippo signaling pathway. Schematic diagram of the FAT1 cytoplasmic tail (not drawn to scale) depicting the 
association between FAT1 and the Hippo signaling pathway. FAT1 induces the activation of the Hippo core kinase cassette via kinase Tao, which leads to the 
phosphorylation of YAP/TAZ, which is finally degraded by proteasome. In the absence of FAT1, YAP/TAZ is not phosphorylated and is transferred to the 
nucleus to start the transcription and upregulate target gene expression. FAT1, FAT atypical cadherin 1; p, phosphorylated; Sav, Salvador; Lats, large tumor 
suppressor; Mst, macrophage stimulating; YAP, Yes‑associated protein.
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However, additional experimental evidence is required to 
understand how FAT1 regulates the MAPK/ERK signaling 
pathway.

FAT1 and EMT. EMT is a cellular biological process that 
promotes the migration of cancer cells. In addition, EMT is 
characterized by stemness, invasion and drug resistance (21,63). 
The association between FAT1 and EMT has been confirmed 
in several types of cancer, including ESCC (21), HCC (64) 
and glioblastoma (65). After inhibiting FAT1 expression, the 
expression levels of the epithelial marker E‑cadherin decreased 
significantly, whereas the expression levels of N‑cadherin, 
vimentin and the stromal marker Snail increased, which in 
turn increased cell proliferation, suggesting that FAT1 may be 
a key regulator of EMT (21). When FAT1‑knockout cells were 
treated with U0126, an inhibitor of ERK1/2 phosphorylation, 
the regulation of E‑cadherin, N‑cadherin, vimentin and Snail 
expression was reversed (21). These results suggest that FAT1 
affects cell proliferation and EMT progression, at least in part, 
in a MAPK/ERK‑dependent manner (21).

Recent studies have suggested that exposure to partial EMT 
or mixed EMT can further enhance tumor cell (such as skin 
squamous cell carcinoma cells and lung cancer cells) stemness, 
migration, invasion and drug resistance (22,63,66). In mouse 
models of skin squamous cell carcinoma and lung cancer, it was 
revealed that the loss of FAT1 accelerated tumor development 
and malignant progression, and promoted the transformation 
of mixed EMT phenotype (22). This mixed EMT state has also 
been observed in human squamous cell carcinoma with FAT1 
mutations  (22). Cutaneous squamous cell carcinoma with 
FAT1 deletion exhibited increased stemness and spontaneous 
metastasis (22). In mouse and human squamous cell carci‑
noma, the loss of FAT1 function promotes tumor initiation, 
progression, invasion, stemness and metastasis by inducing 
the acquisition of a mixed EMT state (22). The loss of FAT1 

function activates the calcium/calmodulin‑dependent protein 
kinase II/CD44/SRC axis, and promotes the nuclear translo‑
cation of YAP1 and ZEB1 expression, thus stimulating the 
interstitial state (22). Additionally, the loss of FAT1 function 
results in inactivation of enhancer of zeste homolog 2 subunit 
and promotes SOX2 expression, thus maintaining an epithelial 
state  (22). In addition, FAT1‑knockout skin squamous cell 
carcinoma cells were significantly more resistant to the EGFR 
inhibitor afatinib and the MEK inhibitor trametinib (22). Thus, 
identifying the role of FAT1 in EMT, as well as the effects of 
mutations of the FAT1 gene in the process of EMT, may be of 
great importance in improving the prognosis and treatment of 
patients with cancer (Fig. 3).

3. FAT1 in development

Aberrant FAT1 expression or mutations affecting its function 
affect several signaling pathways via complex mechanisms, 
through which FAT1 physiologically regulates development. 
FAT1 expression in tissues is higher in certain vertebrates. 
Ponassi et al  (67) identified FAT1 expression in the brain 
of developing and adult rats, and revealed that it was most 
strongly expressed in areas involved in neurogenesis. FAT1 
serves a role in the early stages of neuronal cell differentiation, 
controls the outward growth of neurites through the Hippo 
signaling pathway and promotes terminal differentiation of 
cells by inhibiting proliferation (20). FAT1 is expressed during 
the development of the embryonic brain, kidney and other 
epithelial tissues, and similar expression patterns are observed 
in rats, chickens, zebrafish and other vertebrates (7). The pups 
of FAT1‑knockout mice resulted in their death as a result of 
renal failure within 48 h (68). FAT1 mRNA expression in the 
gap junction between podocytes in the glomerular filtration 
membrane has been reported (69). Gap junctions are modified 
adhesive junctions with wide intercellular spaces that allow 

Figure 3. Association between FAT1 and EMT. FAT1 controls different transcription procedures via regulating the expression levels of SOX2 by affecting 
the expression levels of EZH2 and the CaMK2‑CD44‑SRC‑YAP‑ZEB1 axis, and regulates the co‑expression of epithelial and mesenchymal transcription 
programs in cancer cells, leading to the emergence of a hybrid EMT phenotype. In addition, FAT1 regulates the expression levels of the epithelial marker 
E‑cadherin and the mesenchymal markers N‑cadherin, vimentin and Snail by affecting the phosphorylation level of ERK1/2. FAT1, FAT atypical cadherin 1; 
EMT, epithelial‑mesenchymal transition; p, phosphorylated; ZEB1, zinc finger E‑box binding homeobox 1; CaMK2, calcium/calmodulin‑dependent protein 
kinase II; DUSP6, dual specificity phosphatase 6; EZH2, enhancer of zeste homolog 2; YAP, Yes‑associated protein.
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kidney filtration (68). FAT1 creates the necessary intercellular 
adhesion between podocyte protrusions, while maintaining 
a wider extracellular space than normally found in adhesion 
junctions  (68). In the absence of FAT1 mRNA, the physi‑
ological orderly array of gap junctions is not present, and the 
podocytes become closely opposed to each other, resulting in 
significant renal dysfunction, which may explain the perinatal 
death of mice lacking FAT1 mRNA (68). Additionally, these 
mouse pups exhibited severe midline developmental defects, 
including total forebrain deformities, small eyeballs and 
ocular disorders, with some mice exhibiting atrophy of the 
ciliary muscles (68).

There is little knowledge regarding FAT1 in human tissues, 
but it appears to serve a more prominent role in embryonic 
development. Human tissue in  situ hybridization revealed 
high levels of FAT1 mRNA transcription in the fetal epithe‑
lium (15). FAT1 is reported to be widely expressed throughout 
the nervous system and may control neuromuscular morpho‑
genesis  (36). Furthermore, FAT1 mRNA expression was 
identified in embryonic stem cells and kidney tissues (36). 
Although FAT1 expression is downregulated or deleted 
following organogenesis and terminal differentiation, there is 
a low level of FAT1 expressed in adult tissues, indicating that 
FAT1 may serve a role in the maintenance of human organs, as 
well as in development (70).

Cadherins are considered to be the primary medium regu‑
lating the dynamic balance of epithelial cells and may serve an 
important role in vascular remodeling (71). FAT1 expression in 
VSMCs is increased significantly following arterial injury (29). 
FAT1 expression is increased after vascular injury, which 
promotes the migration of VSMCs and inhibits their prolif‑
eration (29). Increased FAT1 expression provides directional 
signals and stimulates actin cytoskeleton remodeling by inter‑
acting with Ena/Vasp proteins, thus promoting the migration 
of VSMCs, whereas inhibition of proliferation partly depends 
on the decrease of nuclear accumulation of β‑catenin (29,30). 
The aforementioned studies provide an explanation for the 
formation of cell clusters that oppose excessive proliferation in 
the repair of vascular injury (36). Although FAT1 expression 
in human vascular diseases has not been extensively studied, 
the loss of negative regulation mediated by FAT1 may lead to 
VSMC hyperplasia syndromes, such as restenosis, graft artery 
disease or vein graft disease (36).

4. FAT1 in hereditary diseases

Homozygous frameshift mutations in FAT1 have been reported 
to cause the 4q‑syndrome characterized by facial deformi‑
ties, cutaneous syndactyly and ocular abnormalities, with or 
without nephropathy (72). Facial malformations primarily 
manifest as an elongated facial appearance, with a long phil‑
trum and long nose (72). Eye abnormalities in patients with 
mutations in the FAT1 gene include ptosis, microphthalmos, 
retinal defects and severe amblyopia (72). The cause may be 
that the loss of FAT1 function impairs the adhesion and fusion 
between epithelial cells, leading to fissures and neural tube 
closure defects (7,72). In addition to the eyes, the key roles of 
FAT1 cadherin in the cell‑cell connection process is of great 
importance in the kidney. Loss of FAT1 function results in 
decreased adhesion of epithelial cells and the disappearance 

of podocyte foot processes, destroying the lumen formation 
of renal tubular epithelial cells and causing kidney disease, 
such as hormone resistant nephrotic syndrome and glomeru‑
lonephritis (70,72).

Previous studies have revealed that FAT1 expression is 
downregulated in FSHD, suggesting that FAT1 may be associ‑
ated with FSHD (23,73). The inactivated FAT1 protein results 
in apolarized myoblasts, thus altering their morphology and 
affecting the overall shapes of certain muscle groups in the 
face and shoulders (74,75). Further research is required to 
understand the association between FAT1 and FSHD.

Results linking the FAT1 gene with BPAD have also been 
published. In a patient‑controlled study by Blair et al (24) in 
Australia, FAT1 was identified as a susceptibility gene of BPAD, 
and single nucleotide polymorphisms (SNPs) were identified 
in the FAT1 region that included the binding sites of EVH1 
and β‑catenin. An independent study conducted in German 
patients (24) revealed that 9 SNPs were identified in FAT1, 
of which 8 were located in the haplotype region associated 
with BPAD discovered by Blair et al (24). However, although 
there are several studies highlighting a genetic component of 
BPAD (76‑78), relatively little is known regarding its specific 
cause. However, FAT1 gene variants may be involved in the 
etiology of BPAD (24,79).

5. FAT1 in cancer

FAT1 in hematological malignancies. As aforementioned, 
FAT1 was first cloned from a human T‑ALL cell line, 
suggesting that FAT1 is expressed in tumors of the hema‑
topoietic system (15). However, FAT1 expression is rarely 
expressed in normal hematopoietic systems  (15). FAT1 is 
expressed in 60% of T‑ALL, 30% of precursor B‑cell ALL 
and 10% of acute myeloid leukemia cases, and FAT1 expres‑
sion is associated with a more mature immune phenotype of 
leukemia (19,80). Compared with patients with early T‑ALL, 
FAT1 expression is higher in patients with thymic T‑ALL and 
mature T‑ALL (80). In addition, high FAT1 mRNA expression 
is associated with a poor prognosis and high recurrence rate in 
patients with T‑ALL (81).

The FAT family members are considered tumor suppressor 
candidates, and the FAT1 protein is overexpressed in human 
hematopoietic tumors  (81). Overexpression of FAT1 in 
T‑ALL is accompanied by changes in post‑translational 
processing, resulting in staining being primarily observed in 
the membrane at physiological expression levels to staining 
being primarily observed in the cytoplasm and nucleus when 
overexpressed (15). This mislocalization is due to changes in 
the proteolytic pathways specific to cancer cells (17). FAT1 
undergoes S1 proteolytic treatment by proprotein convertase 
during the transition process through the trans‑Golgi network, 
resulting in the expression of heterodimers on the cell 
surface (17). On the surface of cells expressing FAT1, FAT1 
can be further cleaved by the currently unknown S2 protease 
that releases the extracellular domain (17). Subsequently, a 
further cleavage step catalyzed by γ‑secretase releases the 
cytoplasmic tail  (7,17). The changes in post‑translational 
processing and the resulting erroneous localization of FAT1 
disrupt the normal downstream function and the apparent 
copy loss of the signal transduction pathway of FAT1 (17).
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FAT1 in HCC. Liver cancer was the sixth most common 
cancer and the third leading cause of cancer‑associated death 
worldwide in 2018 (82). HCC represents 75‑85% of primary 
liver cancer cases (83). The incidence of liver cancer continues 
to increase, and the rate of metastasis, recurrence and 
mortality remain high, making liver cancer a serious threat 
to human health (83,84). For example, there were ~850,000 
new liver cancer cases in 2018, and an estimated 800,000 
liver cancer‑associated deaths per year (85). At present, the 
mechanisms underlying the development of HCC have not 
been fully elucidated, but it is well‑established that HCC is 
closely associated with liver fibrosis, and ~90% of HCC cases 
occur as a result of progression of liver cirrhosis (86,87). A 
previous study has revealed that FAT1 expression increases 
during liver fibrosis and have confirmed that activated hepatic 
stellate cells are the source of increased FAT1 expression in 
diseased livers (16). This describes a novel mechanism for the 
occurrence of HCC. Valletta et al (16) confirmed that FAT1 
expression in cancer tissues was significantly upregulated 
compared with in normal liver tissues by analyzing FAT1 
protein expression in 112 human HCC tissues. Strong posi‑
tive FAT1 expression was significantly associated with higher 
tumor stages and proliferation rates  (16). Moreover, FAT1 
expression at the mRNA and protein levels in three liver cancer 
cell lines (HepG2, PLC and Hep3B) was significantly upregu‑
lated compared with in normal liver cells (16). Knocking down 
FAT1 expression decreased the proliferation, migration and 
anti‑apoptotic ability of HCC cells (16).

FAT1 is a tumor promoter in HCC. FAT1 promotes the 
migration of HCC cells by regulating the expression levels 
of EMT‑associated genes, including Snail, vimentin and 
E‑cadherin  (64). In addition, FAT1 seems to be a relevant 
mediator of hypoxia and growth receptor signal transduc‑
tion tumorigenic pathways in HCC. Hypoxia often occurs in 
tumor tissues and is a key promoter of liver cancer progres‑
sion (88). Hepatocyte growth factor (HGF) also serves a key 
role in the occurrence of liver cancer (89). HGF‑induced and 
hypoxia‑mediated activation of hypoxia‑inducible factor‑1α 
can enhance methionine adenosyltransferase (MAT)2A 
expression and thus enhance the activity of MATII, whereas 
the activity of MATI is inhibited, resulting in decreased 
levels of methyl donor S‑Adenosyl‑l‑methionine (SAM) (16). 
Lower SAM levels lead to decreased methylation of the FAT1 
promoter, thus increasing FAT1 expression (16). Demethylated 
chemicals can induce FAT1 expression in HCC cells (16). The 
use of sorafenib in HCC cells can significantly inhibit FAT1 
expression (14).

FAT1 expression is closely associated with the occurrence 
and development of HCC. Inhibiting FAT1 expression has an 
inhibitory effect on the proliferation and migration of HCC 
cells (16). In‑depth study of the mechanism of FAT1 and its 
association with hypoxia, HGF and related factors, such as 
SAM, is of great importance for the diagnosis, treatment and 
prognosis of HCC.

FAT1 in head and neck squamous cell carcinoma (HNSCC). 
HNSCC, including oral SCC, is one of the most common 
malignant tumors in the world, with ~650,000 new cases and 
350,000 deaths each year (89). The primary risk factors for 
development of HNSCC are smoking and alcohol abuse (90). 

It has been confirmed that mutations of tumor protein p53 
(TP53), NOTCH family genes and PIK3CA‑related elements 
contribute to the pathogenesis of HNSCC (91). Additionally, 
a previous study has revealed that human papillomavirus 
(HPV) is closely associated with the onset and progression of 
HNSCC (92). However, the role of these factors in tumors is 
largely unclear. Despite advances in surgery, chemotherapy 
and radiation therapy, the survival rate of patients with HNSCC 
has not improved significantly (93). Therefore, understanding 
the genomic changes in the carcinogenic process of HNSCC is 
essential for correct diagnosis and treatment.

Recently, two large‑scale exome sequencing studies demon‑
strated that FAT1 mutations occurred frequently in patients 
with HNSCC (94,95). FAT1 seems to be the second most 
mutated gene in HNSCC, second only to TP53 (92). In ~29% 
of HNSCC cases, patients harbor destructive FAT1 mutations, 
most of which are nonsense and missense mutations (94,96). 
These mutations cause a decrease or loss of FAT1 mRNA 
and protein expression. Lin et al (94) revealed that in HNSCC 
cell lines (OECM1, HSC3, FaDu, SCC25, SAS and OC3), 
FAT1 mRNA and protein expression was decreased or absent 
compared with in normal oral mucosal epithelial cells. After 
FAT1‑knockout in cells, the migration and invasion of cells 
increased significantly, suggesting that FAT1 inhibition may 
enhance the migration and invasiveness of HNSCC cells (94). 
Additionally, by analyzing the clinical data of 96 patients with 
HNSCC, it was revealed that the frequency of FAT1 malignant 
mutations in patients with lymph node metastasis was higher 
than in those without metastasis (92,94). FAT1 gene mutations 
were significantly associated with positive lymphatic vascular 
intravasation and tumor recurrence (94). Kaplan‑Meier anal‑
ysis demonstrated that the disease‑free survival rate of patients 
with laryngeal cancer with FAT1 gene mutations was signifi‑
cantly lower than that of patients with wild‑type FAT1 (94). 
Martin et al (97) confirmed that the inactivating mutations of 
FAT1 caused YAP1 activation through the inactivation of the 
Hippo signaling pathway, thereby promoting HNSCC progres‑
sion, indicating that FAT1 may act as a tumor suppressor in 
HNSCC upstream of YAP1. In addition, FAT1 deficiency may 
indirectly promote β‑catenin activation through a mecha‑
nism downstream of YAP1 (97). There is crosstalk between 
the Hippo and Wnt signaling pathways; however, the exact 
mechanism of how FAT1 potentially regulates both the Hippo 
and Wnt signaling pathways is unclear. The exact signaling 
pathway is likely to be cell‑ or tissue‑specific. Therefore, the 
role of FAT1 expression in HNSCC should not be underesti‑
mated. Frequent changes in FAT1 may lead to defects in Hippo 
signaling and uninhibited YAP1 activity. Molecular therapy 
targeting FAT1 or its downstream targets may become an 
attractive precision therapeutic for the treatment of HNSCC 
and other malignant tumors in which FAT1 is mutated.

FAT1 in ESCC. Esophageal cancer is one of the most 
invasive tumors (98). Most global esophageal cancer cases 
(~70%) occur in China (99), and the majority of cases are 
ESCC (98,100). The occurrence of ESCC is associated with 
several factors. Unlike Western regions, such as Europe and 
the United States, smoking and drinking are not the primary 
risk factors for ESCC in China. The risk factors for ESCC in 
China include burnt food, sauerkraut, nitrosamines and moldy 
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foods (101,102). Although progress has been made in ESCC 
treatment, the 5‑year overall survival rate in patients remains 
low, ranging between 15% and 25% (98). Therefore, the iden‑
tification of new predictive biomarkers is important for the 
development of novel therapeutics for management of ESCC.

A previous study has revealed that FAT1 is one of the 
important mutant genes in ESCC  (103). FAT1 expression 
in ESCC tissues is significantly decreased compared with 
in normal esophageal tissues (103). Hu et al (21) compared 
76 primary esophageal tumor tissues with matched adjacent 
non‑tumor tissues, and revealed that FAT1 expression in 
non‑tumor tissues was significantly higher compared with 
in tumor tissues. Additionally, FAT1‑knockout increased the 
proliferation, shortened the mitotic cycle and significantly 
promoted the migration and invasion of ESCC cells (21). On 
the other hand, overexpression of FAT1 inhibited cell prolif‑
eration, colony formation, cell migration and invasion (62). 
Furthermore, following FAT1‑knockout, the expression 
levels of the epithelial marker E‑cadherin were significantly 
decreased, while the expression levels of mesenchymal 
markers N‑cadherin, vimentin and Snail were significantly 
increased, and this was dependent on the MAPK/ERK 
signaling pathway (21). The overexpression of FAT1 resulted 
in the opposite trend, and these changes were abrogated 
by treatment with the MEK specific inhibitor U0126 (21). 
Hou et al (36) analyzed the changes of FAT1 expression in 
ESCC and its effect on the proliferation, migration and inva‑
sion of esophageal cancer cells, and the results were consistent 
with those of Hu et al (21). However, Hou et al (36) revealed 
that FAT1 was transcriptionally regulated by E2F transcrip‑
tion factor 1 (E2F1); E2F1 activated the transcription of FAT1 
in ESCC cells by binding to the FAT1 promoter, although the 
exact mechanism remains unclear.

In general, FAT1 serves a role in the growth of ESCC and 
the occurrence of EMT. Inhibition of FAT1, at least partially 
promotes the occurrence and development of ESCC by 
increasing the activity of the MAPK/ERK signaling pathway, 
thereby exhibiting a tumor suppressor effect in ESCC (21). 
This is of great importance for understanding the occurrence 
and development of ESCC.

FAT1 in breast cancer. Between 2012 and 2016, the breast 
cancer incidence rate increased by 0.3% per year worldwide, 
and the age of incidence is getting lower, posing a huge threat 
for women (104). The vast majority of breast cancer cases are 
invasive ductal carcinoma (IDC), accounting for ~80% of 
cases (105). Abnormal hormone levels and long‑term environ‑
mental stimulation are considered high risk factors for breast 
cancer (106). Early diagnosis of breast cancer is difficult as 
it is usually asymptomatic during the early stages, and most 
patients are usually diagnosed at an advanced stage, leading to 
a higher mortality rate (105,106).

Wang  et  al  (107) used immunohistochemical analysis 
to detect FAT1 and β‑catenin protein expression in ductal 
carcinoma in situ (DCIS) and IDC, revealing that, compared 
with in DCIS, the expression levels of FAT1 and β‑catenin in 
IDC were significantly decreased. Additionally, loss of FAT1 
expression was associated with higher histological grade and 
worse lymph node status in human breast cancer (107,108). In 
addition, FAT1 and β‑catenin expression in DCIS and IDC were 

positively correlated with each other. FAT1(‑), β‑catenin(‑) or 
FAT1(‑)/β‑catenin(‑) suggested a worse disease‑free survival 
rate and prognosis in patients with breast cancer (107). The 
loss of FAT1 and β‑catenin was associated with breast cancer 
progression, aggressive behavior and a poor prognosis, but the 
underlying mechanisms between the low expression levels 
of FAT1 in breast cancer and the Wnt/β‑catenin signaling 
pathway are incompletely understood (107). FAT1 alone or in 
combination with β‑catenin may be a valuable biomarker for 
predicting the prognosis of patients with breast cancer (107).

Notable progress has been made regarding the role of 
FAT1 in breast cancer drug resistance. Cyclin‑dependent 
kinase 4/6 (CDK4/6) inhibitors (CDK4/6i) have been demon‑
strated to be effective in treating numerous types of cancer, 
such as breast cancer (107), melanoma (109) and pancreatic 
cancer  (110). However, the incidence of drug resistance in 
cancer is increasing, and the understanding of the mechanisms 
involved remains limited. Li et al (111) analyzed 348 cases 
of patients with estrogen receptor‑positive breast cancer 
treated with CDK4/6i and revealed that FAT1 loss‑of‑function 
mutations were associated with drug resistance. In  vivo 
and in vitro experiments demonstrated that FAT1 deletion 
promoted CDK4/6i resistance through the Hippo signaling 
pathway (111). Loss of FAT1 caused YAP and TAZ transcrip‑
tion factors to accumulate on the CDK6 promoter, leading to 
a significant increase in CDK6, whereas overexpression of 
CDK6 decreased drug sensitivity (111). These findings suggest 
that downregulated FAT1 expression may be a means of 
countering CDK4/6i (111). This provides a novel avenue for 
the study of tumor drug resistance.

FAT1 in other types of cancer. The specific role of FAT1 in tumor‑
igenesis and development is still being studied. Research on the 
role of FAT1 in human cancer has revealed that FAT1 can function 
as both an oncogene and a tumor suppressor gene, dependent on 
the type of cancer. In addition to its role in HCC, FAT1 exhibits 
a carcinogenic role in gastric cancer (GC). FAT1 expression is 
upregulated in patients with GC and is associated with cell migra‑
tion and invasion, as well as with a poor prognosis (112).

The deletion of FAT1 has been reported in a variety of 
tumors. In addition to the aforementioned HNSCC, ESCC and 
breast cancer, FAT1 loss has been observed in glioblastoma 
multiforme (50), cervical cancer (24), Hodgkin's disease (113), 
cholangiocarcinoma (114), primary bladder cancer (115), lung 
cancer (116) and colorectal cancer (117).

After overexpressing the FAT1 gene in a glioblastoma 
multiforme cell line, cell cycle progression was arrested at 
the G1‑S checkpoint, and high FAT1 expression significantly 
increased the proportion of cells in G1 phase, while decreasing 
the proportion of cells in S phase (19). Chen et al (118) revealed 
that the overexpression of FAT1 in cervical cancer promotes 
E‑cadherin protein expression and significantly inhibits the 
proliferation, invasion and migration of cervical cancer cells, 
whereas the knockdown of FAT1 promotes EMT and tumor 
progression (118). Yu and Li (114) suggested that FAT1 may be 
a potential prognostic marker for childhood medulloblastoma. 
The proliferation rate of medulloblastoma cells in which FAT1 
expression was silenced was significantly increased (114). Low 
FAT1 expression was associated with a poor prognosis of child‑
hood medulloblastoma, and the survival time of children with 
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medulloblastoma with upregulated FAT1 protein expression 
was relatively longer compared with those with downregulated 
FAT1 protein expression (114) (Table I).

6. Therapeutic targeting of FAT1

As aforementioned, an increasing number of studies have 
confirmed that FAT1 serves an important role in tumors. 
Therefore, exploring the therapeutic strategies targeting FAT1 
may be of great importance in the management of several types of 
cancer, particularly in patients with FAT1 mutations. Verteporfin 
(VP), a drug used to treat macular degeneration, has been shown 
to inhibit the proliferation of a variety of GC cell lines (112,119). 
In GC cell lines treated with VP, FAT1 expression is significantly 
decreased (112). The proliferative, migratory and invasive abili‑
ties of GC cells treated with VP are also significantly decreased, 
consistent with those of cells in which FAT1 expression is 
knocked down (112). However, the specific mechanisms remain 
unclear. When FAT1 exerts a carcinogenic effect, targeting FAT1 
may be an effective method for the treatment of cancer, such as 
in patients with GC (112). The notion of targeting FAT1 may also 
be relevant to HCC. Xu et al (120) revealed that low microRNA 
(miR)‑223‑3p expression in HCC cells was negatively correlated 
with FAT1 protein expression. Further experiments confirmed 
that there was a targeted regulatory association between 
miR‑223‑3p and FAT1; miR‑223‑3p downregulated FAT1 
expression and inhibited the proliferation, migration, invasion 

and EMT of HCC cells by targeting FAT1 (120). However, the 
in‑depth molecular mechanisms require further elucidation.

Fan  et  al  (121) examined a novel method of targeted 
therapy of FAT1 by developing an anti‑FAT1 monoclonal 
antibody (clone mAb198.3) that specifically recognized FAT1. 
The mAb198.3 clone revealed that FAT1 was expressed in 
79% of colon adenocarcinoma cases, but its expression was 
negative or very low in most normal tissues (121). mAb198.3 
was conjugated to a skeleton of gold nanoparticles to form 
active targeting gold nanoparticles with high payload proper‑
ties (121). The coupling of mAb198.3 with gold nanoparticles 
can bring particles into tumor cells more effectively, but rarely 
into normal cells (121). In addition, this active targeted drug 
delivery system has high capacity for drug loading and has 
great potential for cancer treatment (121).

7. Conclusions and perspectives

FAT1 cadherin influences the Wnt, Hippo and MAPK/ERK 
signaling pathways, as well as EMT, and provides novel avenues 
for studying the role of FAT1 in physiological develop‑
ment and pathogenesis. In cancer, FAT1 appears to act as an 
oncogenic or tumor‑suppressive molecule depending on the 
type of tumor  (122). However, due to the large size of the 
FAT1 cadherin, there are numerous restrictions on molecular 
manipulation. Therefore, the understanding of FAT1 remains 
incomplete, more research is required to reveal the expression 

Table I. Functions of FAT atypical cadherin 1 in various diseases.

		  Protein interaction/		
Disease	 Expression	 signaling pathways	 Function	 Refs.

4q‑syndrome	 Downregulated	 Unknown	 Cell adhesion	 (65)
Facioscapulohumeral	 Downregulated	 Unknown	 Cell polarity	 (68,69)
muscular dystrophy
Bipolar disorder	 Downregulated	 β‑catenin	 Unknown	 (70,71)
Acute lymphoblastic	 Upregulated	 Unknown	 Unknown	 (72,73)
leukemia and acute
myeloid leukemia
Hepatocellular	 Upregulated	 Unknown	 Cell proliferation, migration, invasion and EMT	 (14,76‑78)
carcinoma			 
Gastric cancer	 Upregulated	 Unknown	 Cell migration and invasion	 (100)
Head and neck	 Downregulated	 Hippo and	 Cell migration and invasion	 (84,85,87)
squamous cell carcinoma		  Wnt/β‑catenin	
		  signaling
		  pathways
Esophageal squamous	 Downregulated	 MAPK/ERK	 Cell proliferation, migration, invasion and EMT	 (20,31,57)
cell carcinoma		  signaling
		  pathway
Breast cancer	 Downregulated	 Hippo and	 Cell invasion	 (96,99)
		  Wnt/β‑catenin
		  signaling
		  pathways
Cervical cancer	 Downregulated	 Unknown	 Cell proliferation, migration, invasion and EMT	 (106)

EMT, epithelial‑mesenchymal transition.
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and role of FAT1 in different types of tumor and studies on the 
association between FAT1 and Ena/Vasp protein, as well as the 
MAPK/ERK signaling pathway, remain limited. Several key 
issues remain to be resolved, including which upstream signals 
of FAT1 trigger the Wnt, Hippo and MAPK/ERK signaling 
pathways, which receptors detect these signals, how the 34 
cadherin repeats regulate intercellular contacts, whether FAT1 is 
primarily an adhesion molecule or a signaling protein, and how 
the association between these two functions is coordinated. In 
addition, the transcription factors and target genes that mediate 
FAT1 function, as well as the molecular mechanisms underlying 
the dysregulated FAT1 expression, remain to be identified.

In the present review, the effects of FAT1 on cell prolif‑
eration, polarization, migration and invasion via modulation 
of several signaling pathways and protein interactions were 
discussed. Improving the understanding of the role of FAT1 
in certain diseases may highlight novel therapeutic targets for 
diagnosis and/or treatment.
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