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Abstract: Intercellular adhesions are vital hubs for signaling pathways during multicellular 

development and animal morphogenesis. In eukaryotes, under aberrant intracellular conditions, 

cadherins are abnormally regulated, which can result in cellular pathologies such as carcinoma, 

kidney disease, and autoimmune diseases. As a member of the Ca2+-dependent adhesion super-

family, Fat proteins were first described in the 1920s as an inheritable lethal mutant phenotype 

in Drosophila, consisting of four member proteins, FAT1, FAT2, FAT3, and FAT4, all of which 

are highly conserved in structure. Functionally, FAT1 was found to regulate cell migration and 

growth control through specific protein–protein interactions of its cytoplasmic tail. FAT2 and 

FAT3 are relatively less studied and are thought to participate in the development of human 

cancer through a pathway similar to that of the Ena/VASP proteins. In contrast, FAT4 has 

been widely studied in the context of biological functions and tumor mechanisms and has been 

shown to regulate the planar cell polarity pathway, the Hippo signaling pathway, the canonical 

Wnt signaling cascade, and the expression of YAP1. Overall, Fat cadherins may be useful as 

emerging disease biomarkers and as novel therapeutic targets.

Keywords: Fat cadherins, FAT1, FAT2, FAT3, FAT4, CpG island, Hippo pathway, WNT 

signaling

Introduction
Cell–cell adhesions are important for the development of multicellular organisms and 

the process of animal morphogenesis. In eukaryotes, aberrant intracellular environ-

ments can induce pathologic regulation of cadherins, leading to cellular pathologies 

such as carcinoma, kidney disease, and autoimmune diseases.1

As a member of the Ca2+-dependent adhesion superfamily, the cadherin family is 

divided into several subfamilies: classical cadherins, desmosomal cadherins, protocad-

herins, Flamingo/Celsr, Dachsous (DS), and Fat cadherins. Each cadherin subfamily 

exhibits slightly divergent functions. For instance, classical cadherins function as links 

to the actin cytoskeleton, desmosomal cadherins are specific to the desmosome, proto-

cadherins are associated with stereocilia and somite epithelialization, and Flamingo/

Celsr and DS regulate the planar cell polarity (PCP) pathway.2

Fat was first described in the 1920s in Drosophila as an inheritable lethal 

mutant phenotype.2 Vertebrate Fat cadherin proteins are highly homologous with 

Drosophila Fat proteins. Four members comprise this gene family: Fat1, Fat2, Fat3, 

and Fat4.1,3 Sequence analysis of the four vertebrate Fat cadherins, and in particular 

Fat4, shows that they are orthologous to Drosophila Fat. The Fat family is also 

well conserved in structure and function, especially in human beings. In the past 

two decades, the Fat family was demonstrated to be a tumor suppressor.1 In reality, 
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owing to the extremely large size of mRNA transcripts and 

encoded proteins, understanding the roles of Fat proteins 

has been challenging, and thus, the roles remain unknown. 

While both Fat-Hippo and Fat-PCP signaling cascades 

have previously been shown to result in malformations, 

tumorigenesis, and cancer metastasis, additional roles 

remain to be elucidated.3–6 However, with the accumula-

tion of experimental data, technological advancements, 

and broader knowledge of disease mechanisms, the Fat 

cadherin family is considered as an “emerging giant” of 

the cadherin superfamily.

Fat cadherins are single transmembrane receptors, distin-

guished by 32–34 extracellular cadherin repeats of alternating 

laminin G-like and EGF-like motifs. FAT1 and FAT4 contain 

34 cadherin repeats, while FAT2 and FAT3 contain 32 and 

33 repeats, respectively. There are unique arrangements and 

quantities of EGF-like and laminin G-like motifs that are 

specific for each member. Usually, the type of protein–protein 

interaction in the cytoplasmic domain of Fat cadherins differs 

from that in its functional domains (Figure 1).

Furthermore, because of similarities in the structure of 

Fat proteins with other characterized proteins, Fat proteins 

may also act in similar signaling pathways.1–3 In a previous 

study on the common mutations in Fat genes of patients, non-

synonymous somatic missense mutations did not influence 

their level of protein expression.7 Additionally, Fat proteins 

were found to interact with atrophin, a transcriptional co-

repressor that also contributes to the function of Fat proteins 

in the PCP pathway.8

Fat1
Structure and function
Fat1 is located on chromosome 4q34–35 and consists of 

27 exons. It is the first Fat family member to be identified and 

the most frequently studied Fat protein. Fat1 was cloned in 

1995 from a human T-leukemia cell line and has since been 

shown to be closely related to human diseases.1

FAT1 interacts with related cadherins and Ena/VASP 

proteins to regulate cell migration and actins dynamics. 

Further studies have shown that FAT1 also binds to Ena/

VASP proteins and regulates actin dynamics at both the 

cell–cell contact and ruffling edges.2,9 Furthermore, a TCF/

LEF-binding site was discovered in the Fat1 promoter, 

1,100 bp upstream of its transcriptional start site.6

Additionally, because the cytoplasmic region contains 

various domains, FAT1 can interact directly with the Hippo–

Wnt signaling cascade via the atrophin protein, HOMER-1 

to HOMER-3 protein, which competes with Ena for bind-

ing to FAT1 and β-cadherin.10–12 Finally, FAT1 was shown 

to undergo alternative splicing in cancer cells undergoing 

epithelial-to-mesenchymal transition, where its cytoplasmic 

tail was cleaved by the γ-secretase enzyme complex.13–15

Figure 1 Structure and function of the Fat cadherin family in human beings.
Notes: The general molecular structure of Fat cadherins is illustrated in the schematic form based on the human sequence. All members have a predicted molecular weight 
in excess of 500 kDa. Their extracellular domain interacts with DS, and their cytoplasmic domain is related to proteins such as β-catenin, atrophin, and scribble.
Abbreviation: DS, Dachsous.
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Pathogenicity mechanism and signaling pathways
Analysis of adult human tissues shows Fat1 to be expressed in 

the development organs and at low levels in adult epithelia.16 

Paradoxically, although it is a tumor suppressor, Fat1 was 

downregulated in invasive breast cancer. On the contrary, 

Fat1 was upregulated in patients with leukemia and preB-

acute lymphoblastic leukemia.17,18 Thus, FAT1 may function 

as a tumor suppressor and an oncogenic protein.19 Further-

more, FAT1 promotes tumor migration via induction of actin 

polymerization and shows significant inverse association 

with the Ki67 index and that loss of membrane localization 

is correlated with more aggressive tumors.5

However, further studies are required to clarify the role 

of FAT1. In human diseases, mutations in Fat1 may lead 

to carcinomas, including cholangiocarcinoma, melanoma, 

breast cancer, and glioblastoma, typically due to mRNA and 

protein downregulation or loss of heterozygosity (LOH). 

In contrast, Fat1 mRNA expression is also upregulated in 

patients with preB-acute lymphoblastic leukemia (ALL), 

resulting in shorter lifespan for the patients.20

Furthermore, it is worthwhile to study FAT1 in hepa-

tocellular carcinoma (HCC). Fat1 expression is associated 

with hypoxia and VEGF in HCC. The hypoxia-induced Fat1 

expression may be mediated through expression of MAT2A 

and subsequent depletion of S-adenosyl-l-methionine levels, 

resulting in the demethylation of the Fat1 promoter. Incuba-

tion with the drug sorafenib in HCC cells results in a signifi-

cant repression of Fat1 compared to the control.21 However, 

the relevance of Fat1 in the development and progression of 

carcinoma is not well understood.

Fat2
Human FAT2 was first discovered in 1998 by motif-trap 

screening of large molecules containing the EGF motif. 

Fat2 is closely related to Fat1 and was mapped to a region 

in human chromosome 5q33.1. The gene encodes a 14.5-kbp 

mRNA transcript with an open reading frame of 4,349 amino 

acids.12 In human beings, FAT2 is found to localize at the 

cell–cell boundaries or periphery of keratinocytes. Further-

more, the disruption of the actin cytoskeleton can perturb 

cellular FAT2 distribution, as well as FAT1 localization and 

overlapping dynamic actin networks.

When FAT2 is perturbed, protein domain motifs unique 

to FAT2 on its cytoplasmic tail become hidden and are 

unable to bind to EVH1 domains of other proteins. How-

ever, an indirect role of FAT2 in regulating actins may 

possibly depend on interactions with atypical EVH1.13,14 

Downregulation of Fat2 via siRNA knockdown in squamous 

cell carcinoma cells diminished the migration and number 

of filopodia.15 A Basic Local Alignment Search Tool search 

of the human Fat2 coding sequence suggests that Fat2 

mRNA is expressed in gastric cancer, pancreatic cancer, 

ovarian cancer, and esophageal cancer. Furthermore, Fat2 

expression was detected in hematological tissue, especially 

in patients with 5q-syndrome. Mutations in Fat2 can also 

result in the development of head and neck squamous cell 

cancer.3,6 Whether FAT2 is truly functionally redundant or it 

significantly changes the pathophysiology in cancer of other 

organs remains to be elucidated.

Fat3
The third Fat cadherin gene in human, Fat3, found on 

chromosome 11q14.3-q21 contains 26 exons and encodes a 

protein of 4,557 amino acids. Further analysis revealed that 

the Fat3 mRNA pattern of expression was similar to that of 

Fat1.1,16 The protein FAT3 is analogous to FAT1 in function 

in relation to interactions with the actin cytoskeleton.

There is evidence suggesting that an EHV1 domain is 

present in the human FAT3 protein, which may interact with 

Ena/VASP proteins. However, further studies are required to 

confirm this.22 Through comparative genomics analysis of the 

Fat family genes, not only Fat3 was found to be linked with 

MTNR1B but also the Fat1-MTNR1A and Fat3-MTNR1B loci 

were paralogous within the human genome. Similarly, com-

parative proteomics analysis uncovered a C-terminal PDZ-

binding motif that was highly conserved among the FAT1 

and FAT3 orthologs. However, FAT4 was divergent from 

other members when studied via phylogenetic analysis.6

In human cancer, a point mutation in Fat3 results in 

pancreatic tumors. The human surfactant protein C promoter 

helps to regulate the expression of Fat3, and its expression 

is downregulated in non-small cell lung cancer. On the con-

trary, β-catenin and downstream genes of the Wnt signaling 

pathway are upregulated.23 Whether Fat3 is connected with 

the Wnt signaling pathway and results in a better prognosis 

of carcinoma remain controversial.

Fat4
Structure and interacting proteins
The Fat4 cadherin gene is located on chromosome 4q28.1 and 

has 17 known exons. When transcribed, the mRNA is ~16 kb 

and encodes a protein of 4,924 amino acids. The cytoplasmic 

structure of FAT4 is highly conserved as compared to the 

other Fat family proteins. Owing to sequence similarities 

and correlation with known functional pathways, the role 

and function of FAT3 may be homologous with those of 
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other species.1 Furthermore, the ubiquitous expression of Fat 

proteins in major tissues appears to be divided into a pattern 

of FAT1/FAT3 and FAT4 in the epithelial and mesenchymal 

tissues, respectively. This evidence suggests that the function 

of FAT4 is conserved among mammals and thus supports 

a role in the PCP pathway. The protein DCSH1 functions 

as a ligand for FAT4 and may be regarded as a reciprocal 

Fat-to-DCSH1 signal.5,19 There is evidence suggesting FAT4 

to be strongly PARsylated by TNKS. This is because FAT4 

was discovered to contain a TNKS-binding motif using an 

anti-poly(ADP-ribose) antibody to label PARsylated pro-

teins. Other TNKS targets, such as DISC1, warrant further 

investigation owing to structural and sequence similarities 

to FAT4. Interestingly, the endogenous expression of DISC1 

and FAT4 is undetectable in HEK293T cells.18

Signaling pathways and pathogenicity mechanism
The core components of the Hippo signaling pathway are 

SAV, Wnts, Hippo, and YKI and are involved in control-

ling organ size.20–22 Fat proteins may function at the apical 

point of the pathway as a single transmembrane receptor. 

FAT4 belongs to the E-cadherin family and mediates Wnt 

and PCP signaling cascades through the non-canonical 

Wnt signaling pathway, which is considered to play crucial 

roles in tissue homeostasis, vascularization, tumorigenesis, 

invasion, and metastasis.24–26 However, E-cadherin has not 

been shown to be associated with tumor invasion, cancer, or 

metastasis.27–29 The known roles of FAT4 include inhibiting 

proliferation, promoting colony formation, and reducing 

fibronectin adhesion.

Interestingly, there is an increasing body of evidence 

suggesting conserved DS/Fat-PCP signaling mechanisms, 

due to the ability of human FAT4 to rescue PCP mutant 

phenotypes and aberrant cellular polarization.5 Furthermore, 

by quantifying the evolution of the cancer genome using 

the gene gravity model in several patients with cancer, six 

putative genes were identified, and among this list is Fat4. 

Four of these identified genes (Fat4, SYNE1, AHNAK, and 

COLL11A1) not only contained missense mutations but also 

showed a significantly higher mutation density in the cancer 

genome at the whole-genome level.30

On the other hand, the Fat4 gene was methylated in 

39% of tumors, similar to the components of the Hippo 

growth control pathway. Furthermore, hypermethylation 

of CpG islands represents malignant progression. Thus, 

the methylation of Fat4 may be regarded as a potential 

epigenetic “driver” event for the development of tumors, 

rather than just a “passenger” event that would be without 

functional sequences.31 Moreover, Fat4 was silenced by 

methylation at CpG islands and was associated with infection 

by Helicobacter pylori in gastric cancer. Surprisingly, only 

the CpG island methylator phenotype was associated with 

clinicopathological characteristics.27

In addition, FAT4 mutations are usually located in the 

EGF-like domain, transmembrane domain (p.Pro4454Leu), 

cadherin repeat domain (p.Leu1062Arg), and even the cyto-

plasmic region (p.Gln4872His). In one instance where FAT4 

contained a p.Asp4101Tyr mutation, the protein showed 

adverse interactions, and its function of inhibiting malignan-

cies was compromised (Figure 3).24,32 The FAT4 mutations, 

which inhibit cell differentiation, were attributed to the 

activation of the Hippo pathway through the transcriptional 

co-activator proteins YAP and TAZ; however, the molecular 

pathway connecting FAT4 to YAP does not appear to be 

conserved in mammals.5,33

Data from genome-wide association studies and exome 

sequencing identified Fat4 as a candidate gene for tumori-

genic events in lung adenomas and gastric cancer.30,33,34 

Recent evidence has also shown Fat4 mRNA to be down-

regulated by Src through the MEK–ERK pathway, where 

Src-mediated actin depolymerization has been hypothesized 

to downregulate Fat4 expression via hypermethylation of the 

DNMT-1 promoter.34,35 Surprisingly, Fat4 mRNA expression 

was also shown to be associated with mechanical stress that 

stems from the extracellular environment.36,37 In addition, 

FAT4 regulates actin structure and represses connective 

tissue growth factor (CTGF) mRNA expression through 

inhibition or inactivation of the YAP–TAZ pathway.38,39  

A recent study showed that when EBLN1 is silenced, the 

downregulation of Fat4 may influence the cell cycle, ubiq-

uitin hydrolysis, mitogen-activated protein kinase, p53, 

and apoptosis (Figure 2).40 Further studies are required to 

elucidate the pathway or mechanisms involved.

Correlation of human tumor
In human tumors, Fat4 is recurrently mutated in several 

types of human cancers such as melanoma, gastric cancer, 

pancreatic cancer, colorectal cancer, and HCC. Fat4 exhib-

ited a mutation rate of .10% and was classified as a novel 

somatic mutation gene in colorectal cancer and chronic 

myelomonocytic leukemia.41,42 Likewise, promoter hyper-

methylation or LOH of Fat4 has been reported in breast and 

lung cancers.43,44 Epigenetic and genetic mechanisms are 

involved in the disruption of FAT4 function, and knockdown 

of Fat4 can reduce cell adhesion, as well as strongly induce 

cell migration and invasion in gastric cancer.2,3,8
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A screen to study the prevalence of mutations in Fat4 

showed that ~5% of mutations were in CpG islands, 4% 

of which were genomic deletions.22 Surprisingly, the pro-

tein expression levels of FAT4 have not been examined 

in gastric adenocarcinoma (Figure 3).10 However, tumor 

growth is inhibited by reintroduction of a wild-type Fat4 

DNA sequence into cells derived from cutaneous tumor.3 

Strangely, FAT4 may also have a significant influence on 

the formation of pulmonary adenoma in males compared to 

that in females.45 In patients with pre-B ALL, FAT4 directly 

Figure 2 FAT4 participates in tumor transformation through the Hippo–wnt signaling pathway by inducing YAP–TAZ activation.
Notes: Src-mediated tumorigenesis also results from Src activation to repress FAT4 gene expression via MEK/ERK or cofilin1. In addition, FAT4 interacts with well-known 
anti-oncogenes through indirect interactions, such as p53 and p21. Mutations in p53 and APC are major drivers of tumor development. FAT4 is a novel SMG. Solid and dashed 
lines indicate interactions that appear to be direct and indirect, respectively. Oval represents the cell nucleus.

β

β

Figure 3 CpG islands in the human Fat4 promoter region and previously reported somatic mutation in cancer.
Notes: The CpG islands span ~2.7 kb and are located in the promoter region and the first exon of the Fat4 gene. The locus of FAT4 amino acid substitutions is caused by 
genomic deletion and somatic mutation in common tumors.
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interacts with MPDZ and MUPP1 to recruit membrane-

associated guanylate kinase MPP5/PALS1.18,46,47 The KSHV 

gene is one of the direct downstream targets of miR31 and 

is also involved in the reduction of FAT4-enhanced tumor 

cell motility.48 In chronic diseases, such as coronary artery 

disease, FAT4 inhibits miR720 expression via repressing 

PCP genes. Furthermore, miR31 regulates endothelial pro-

genitor cell function and expression of miR720 through the 

suppression of Fat4 and related planer polarity signaling 

genes, respectively.49

Conclusion
Despite the fact that the Fat family was discovered and 

studied nearly a century ago, these “giant genes” and proteins 

have often been overlooked due to their large size. How-

ever, with the development of next-generation sequencing, 

studies have revealed intriguing biological functions for 

the Fat proteins. In particular, ectopic Fat cadherin expres-

sion is intimately linked to human diseases.1 Among them 

is FAT1 interacting with Ena/VASP proteins to regulate 

actin dynamics at both the cell–cell contact and leading 

edges.2 Studies have shown that FAT1 is involved in the 

regulation of cell migration and the growth control through 

specific protein–protein interactions of its cytoplasmic tail.1 

FAT2 and FAT3 are relatively less studied and presumed to 

participate in the same pathway as Ena/VASP in the devel-

opment of human cancers such as pancreatic cancer and 

gastric cancer.3,6 The FAT4 protein is different from others 

since it has been widely studied in biological function and 

tumor mechanisms to regulate the PCP pathway, the Hippo 

signaling pathway, the canonical Wnt signaling cascade, and 

expression of YAP1.3,8,25,26

Currently, it is unknown whether any of the genetic 

changes observed in the Fat family can significantly affect 

the pathophysiology of cancer due to epigenetic changes 

in CpG islands and genetic mutations during multi-stage 

carcinogenesis.1,6 Additionally, FAT4 is conserved between 

arthropods and vertebrates. As a tumor suppressor gene, 

research on FAT4 may be applied toward diagnostics, prog-

nostics, and therapeutics in the era of personalized medicine. 

From an evolutionary point of view, any genetic change 

suggests that the progress is revolutionary, such that the Fat 

cadherins may be regarded as emerging disease biomarkers 

and as targets for novel therapies or surveillance.
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