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Abstract. FLOT1, a scaffold protein of lipid rafts, is 
involved in several biological processes, including lipid raft 
protein‑ dependent or clathrin‑independent endocytosis, and 
the formation of hippocampal synapses, amongst others. 
Increasing evidence has shown that FLOT1 can function as 
both a cancer promoter and cancer suppressor dependent on 

the type of cancer. FLOT1 can affect the occurrence and 
development of several types of cancer by affecting epithe‑
lial‑mesenchymal transition, proliferation of cancer cells, and 
relevant signaling pathways, and is regulated by long intergenic 
non‑coding RNAs or microRNAs. In the nervous system, 
overexpression or abnormally low expression of FLOT1 
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may lead to the occurrence of neurological diseases, such as 
Alzheimer's disease, Parkinson's disease, major depressive 
disorder and other diseases. Additionally, it is also associated 
with dilated cardiomyopathy, pathogenic microbial infection, 
diabetes‑related diseases, and gynecological diseases, amongst 
other diseases. In the present review, the structure and local‑
ization of FLOT1, as well as the physiological processes it is 
involved in are reviewed, and then the upstream and down‑
stream regulation of FLOT1 in human disease, particularly 
in different types of cancer and neurological diseases are 
discussed, with a focus on potentially targeting FLOT1 for the 
clinical treatment of several diseases.
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1. Introduction

Lipid rafts are specialized domains rich in cholesterol and 
sphingolipids in the cell membranes that serve as physical 
platforms for a range of molecules to adjust the processes of 
various signal‑transducing molecules (1,2). Flotillin proteins 
(FLOTs) are the primary proteins isolated from lipid rafts. 
They are highly conserved proteins associated with cell 
membranes and are part of the protein family that includes 
a Stomatin‑Prohibitin‑Flotillin‑HflK/C (SPFH) domain. The 
Flotillin proteins (also known as the Reggie family) consist 
of two homologous isoforms, Flotillin‑1(FlOT1)/Reggie‑2 
and Flotillin‑2(FLOT2)/Reggie‑1, which share 50% of the 
same amino acid sequences, and both of which physically 
interact with each other to form oligomeric and/or heterodi‑
meric complexes (3,4). Additionally, both FLOTs have been 
used as markers of lipid rafts, and initiate receptor kinase 
signaling (5). FLOTs are plasma membrane (PM)‑associated 
proteins in lymphocytes, neurons, and other cell types, as 
well as serving as scaffold proteins in non‑vacuolar lipid raft 
microdomains (6). 

FLOT1 is composed of 428 amino acids, and has a flotillin 
domain and a prohibition homology domain (PHB domain) (2). 
It is generally expressed in nearly all cell types (2), and is 
primarily localized at the PM, but is also present in Golgi, 
lysosomes, phagosomes, nuclei, endocytic compartments (7,8), 
as well as in early endosomes and extracellular vehicles 
(EVs) (9,10). Of note, the palmitoylation and phosphorylation 
of FLOT1 can alter its subcellular localization (11,12), and 
aberrant modification of FLOT1 is involved in promoting 

the progression of cervical cancer (CC) (13). Additionally, 
FLOT1 is a membrane protein that can be endocytosed 
from the PM to the intracellular compartments (14). In lipid 
rafts, FLOT1 is related to the formation of discrete planar 
microdomains (1). Naturally, FLOT1 has several raft‑related 
functions, such as promoting the endocytosis of dopamine 
(DA) transporter (DAT) (15), glial glutamate transporter 
(EAAT2) (16), insulin‑like growth factor‑1 (IGF‑1) receptor 
(IGF‑1R) (17), muscarinic type 3 receptor (M3R) (7), PrPC (6), 
certain glycosylphosphatidylinositol (GPI)‑anchored proteins 
and certain proteins that participate in signal transduction 
and intracellular transport (15,18). Additionally, FLOT1 can 
also mediate clathrin‑independent endocytosis (CIE) and the 
formation of hippocampal synapses (2,17). Moreover, FLOT1 
is a marker of exosomes (19), participating in membrane traf‑
ficking. However, the abnormal expression of FLOT1 can lead 
to abnormal endocytosis, which induces certain neurodegen‑
erative diseases, such as Parkinson's disease (PD) (16), and 
transmissible spongiform encephalopathy (TSEs) (6).

In the present review, the role of FLOT1 in human diseases by 
summarizing its structure, localization, physiological function, 
and mechanisms that contribute to human diseases including 
cancers, neurological diseases, dilated cardiomyopathy, 
pathogenic microbial infection, diabetes‑related diseases, 
gynecological diseases and other diseases.  

2. Structure and localization of FLOT1

The FLOT1 gene, present in chromosome 6, contains 13 exons 
and encodes a protein consisting of 427 residues. The FLOT1 
gene can be silenced by the system of clustered regularly 
interspaced short palindromic repeats (CRISPR)‑associated 
sequence 9 (CRISPR/Cas9), and altered splicing products 
can also produce abnormal protein products (20). FLOT1 
and FLOT2 belong to the SPFH protein superfamily; they 
have a common N‑terminal SPFH domain without clear 
understanding of its corresponding function. The C‑terminus 
of FLOT1 and FLOT2 are longer than other SPFH proteins 
as well as being longer than the flotillin domain. The flotillin 
domain is characterized by the presence of glutamate‑rich 
and alanine‑rich repeat sequences, which are expected to 
form three coiled‑coil stretches (21). FLOT1 also has a highly 
conserved PHB domain, which spans amino acids 1‑154 and 
the flotillin domain spans amino acids 190‑363 (22). FLOT1 
and FLOT2 can interact with each other to form oligomeric 
and/or heterodimeric complexes (4). It has been shown that 
proteasome degradation occurs in FLOT1 in the absence of 
FLOT2; therefore stable FLOT1 protein expression requires 
the presence of FLOT2. However, the membrane association 
of FLOT1 is stronger than that of FLOT2, likely given the 
second hydrophobic stretch in the SPFH domain (21).

N‑methyl‑d‑aspartate receptors (NMDARs) are glutamate 
receptors that regulate the transmission of excitatory synaptic 
potentials in the brain, which are primarily composed of 
NR2A and NR2B subunits. NR2B can bind to both FLOT1 
and FLOT2, while NR2A interacts directly with FLOT1 
only. NR2A and NR2B both interact with FLOT1 or FLOT2 
at different subcellular localizations via the PHB domain. In 
addition, the interaction between NMDARs and FLOT1 seems 
to be stronger than that with FLOT2 (22).
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3. PTMs of FLOT1

Palmitoylation, sumoylation and phosphorylation of proteins 
are reversible post‑translational modifications (PTMs). FLOT1 
is palmitoylated at Cys34, and sumolylated by UBC9 at Lys15 
or Lys195. In addition, FLOT1 can be phosphorylated by 

protein kinase C (PKC) at Ser315 and by Fyn, and a type of Src 
kinase at Tyr160 (5,12,15). Palmitoylation and phosphorylation 
play important roles in protein subcellular localization (Fig. 1).

Palmitoylation of FLOT1. FLOT1 is palmitoylated at Cys34, 
a conserved cysteine residue in the PHB domain, and the 

Figure 1. The Structure of FLOT1 and FLOT2: The C‑terminus of FLOT1 and FLOT2 are longer than other SPFH proteins, includes a flotillin domain, and the 
N‑terminus also has a highly conserved PHB domain. The PHB domain of FLOT1 spans amino acids 1‑154 and the flotillin domain encompasses amino acids 
190‑363. FLOT1 and FLOT2 interact with each other to form heterodimeric and/or oligomeric complexes. In addition, FLOT1 requires the presence of FLOT2 
to be stable at the protein level. FLOT1 can be sumolylated by UBC9 at Lys15 and Lys195, and phosphorylated by PKC at Ser315 and by Fyn in Tyr160. FLOT, 
flotillin protein; PHB, prohibition homology; PKC, protein kinase C; IGF‑1R, insulin‑like growth factor‑1 receptor; DAT, dopamine transporter; EAAT2, glial 
glutamate transporter.
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palmitoylation of FLOT1 is indispensable for PKC‑triggered 
endocytosis of DAT (15). In addition, the palmitoylation of 
FLOT1 in the endoplasmic reticulum (ER) is indispensable for 
FLOT1 targeting to the PM with IGF‑1R, which changes the 
subcellular localization of FLOT1 (11). One study showed that 
desmoglin 2 (Dsg2) function can be eliminated by mutated 
forms (Dsg2cacs) that fail to be palmitoylated, resulting in 
reduced subcellular localization of FLOT1 or other membrane 
raft proteins, which is essential for the transport of early 
endosomal and membrane raft proteins, thereby modulating 
the release of EVs (10).

Phosphorylation of FLOT1. Ser315 of FLOT1 can be 
phosphorylated by activated PKC, and this phosphorylation 
can promote the endocytosis of DAT and EAAT2 (15). A 
study showed that the redistribution of FLOT1 from the PM to 
lysosomes and late endosomes was induced by the expression 
of an active form of Fyn, which is relevant to the phosphory‑
lation of FLOT1 by Src kinase. The mutation of Tyr160 
in FLOT1 to phenylalanine prevents Fyn‑induced FLOT1 
internalization (12). In addition, Tyr160 of FLOT1 is phos‑
phorylated by Src kinase, and following this phosphorylation, 
FLOT1 is endocytosed into late endosomes after stimulation 
by epidermal growth factor (EGF) (23).

Sumoylation of FLOT1. As ubiquitin‑associated proteins, small 
ubiquitin‑associated modifiers (SUMOs) can regulate protein 
function by covalently conjugating to lysine residues in a large 
number of proteins (24). Upregulated E2 conjugating enzyme 
UBC9 can mediate the sumoylation of FLOT1 at Lys51 and 
Lys195 with small ubiquitin‑like modifier (SUMO)‑2/3 modi‑
fication. The sumoylation of FLOT1 can trigger its nuclear 
heterotopic, which is related to the occurrence of prostate 
cancer (PCa) (5). In addition, one study has shown that the 
sumoylation of FLOT1 participates in modulating synaptic 
plasticity (25) (Table I).

4. Physiological effects of FLOT1

Lipid raft protein‑dependent or clathrin‑independent 
endocytosis. FLOT1 is a pivotal regulator of CIE pathways (22). 
The cargoes of the FLOT1‑dependent pathway involved in CIE 
regulation are principally certain GPI‑anchored proteins, such 
as PrPC, cholera toxin B, CD59, and Thy1, which positionally 
colocalize with FLOT1 at the PM microdomains (6,26). 
FLOT1 and FLOT2 can form homo‑ and hetero‑oligomers, and 
the latter is necessary for their endocytosis (23). Endocytosis 
is a major regulatory factor in the transmission of constitutive 
signals from the cell surface to the cytoplasm and nucleus (17), 

Table I. Regulators of FLOT1.

First author/s, year Regulation Regulator Mode of regulation (Refs.)

Liu et al, 2019 Translational HOTAIR The upregulation of HOTAUR promotes the (42) 
 regulation  expression of FLOT1 in HCC. 
Cai et al, 2021  A1BG‑AS1 The upregulation of A1BG‑AS1 promotes the (44)
   expression of FLOT1 in BC. 
Lv et al, 2020  TUG1 The upregulation of TUG1 promotes the (45)
   expression of FLOT1 in ccRCC. 
Wang et al, 2022  FAM201A The upregulation of FAM201A promotes the (59)
   expression of FLOT1 in CC. 
Li et al, 2021  SNHG6 The upregulation of SNHG6 promotes the (60)
   expression of FLOT1 in Malignant glioma. 
Liu et al, 2019,   miR‑214‑3p,  The upregulation of miR‑214‑3p and miR‑6809‑5p (42,61)
Yang et al, 2019  miR‑6809‑5p inhibits the expression of FLOT1 in HCC. 
Li et al, 2013,   miR‑485‑5p,  The upregulation of miR‑485‑5p and miR‑124 (44,62)
Cai et al, 2021  miR‑124 inhibits the expression of FLOT1 in BC. 
Yang et al, 2015,   miR‑31‑5p,  The upregulation of miR‑31‑5p, miR‑506 and (45,56)
Lv et al, 2020  miR‑506, miR‑124‑3p inhibits the expression of FLOT1 in 
  miR‑124‑3p ccRCC. 
Kan et al, 2020,   miR‑1271‑5p,  The upregulation of miR‑1271‑5p and miR‑1294 (43,59)
Wang et al, 2022  miR‑1294 inhibits the expression of FLOT1 in CC. 
Gong et al, 2013  miR‑138 The upregulation of miR‑138 inhibits the (63)
   expression of FLOT1 in ESCC. 
Jang et al, 2019 Post‑  UBC9 UBC9 sumolylates FLOT1 at Lys15 and Lys195. (5)
Cremona et al, 2011 translational PKC PKC phosphorylates FLOT1 at Ser315  (15)
 modification   
Riento et al, 2009  Fyn Fyn phosphorylates FLOT1 in Tyr160. (12)
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maintaining cell homeostasis, nutrient absorption, drug 
transport, and receptor signaling regulation (7,27). 

Firstly, FLOT1 is necessary for PKC‑regulated endocy‑
tosis of DAT and EAAT2. Mechanistically, activated PKC 
can phosphorylate Ser315 of FLOT1 to promote endocytosis 
of DAT and EAAT2, rather than directly phosphorylating 
the transporter. Additionally, FLOT1 can maintain DAT in 
membrane rafts, and it is required for the reverse transport of 
DA, although it does not impact the DAT‑mediated uptake of 
DA (15). In addition, the endocytosis of EAAT2 induced by 
FLOT1 is promoted by Parkinson's disease protein 7 (DJ‑1), 
which is an early‑onset autosomal recessive gene associated 
with PD (16). In addition, the IGF‑1R signaling pathway can 
promote the proliferation, migration, and survival of kerati‑
nocytes (NHEKs). IGF‑1 triggers endocytosis by activating 
IGF‑1R, which is involved in regulating continuous signaling 
from the cell surface to the nucleus and cytoplasm. In human 
embryonic kidney cell lines, IGF‑1R colocalizes with FLOT1. 
The endocytosis of IGF‑1R is mediated by FLOT1 in lipid 
rafts and the AP2A1/2 complex located in clathrin vesicles 
of inclusion complexes. Notably, FLOT1‑mediated endocy‑
tosis of IGF‑1R is more sensitive when IGF‑1R presence is 
low compared with the classical AP2A1/2 complex pathway, 
thus promoting rapid recovery of IGF‑1R to regulate IGF‑1R 
signaling and stimulate a more durable ligand response. 
Therefore, FLOT1‑mediated endocytosis provides a novel 
avenue for targeted therapy in diseases where IGF‑1R signaling 
is dysregulated (17). Similarly, as a G‑protein‑coupled receptor 
(GPCR) located in the PM, M3R is highly expressed in sali‑
vary glands and is related to physiological activities such as 
smoothing the contraction of muscle and salivary secretion. In 
addition, M3R can enter the cell by clathrin‑mediated endo‑
cytosis (CME), while FLOT1 and FLOT2 are internalized by 
CIE. A study showed that FLOT1 and FLOT2 are partially 
related to the CME of M3R by promoting the internalization 
of M3R. However, the knockdown of FLOT1 or FLOT2 by 
siRNA reduces the CME of M3R. Therefore, FLOT1 and 
FLOT2 of salivary gland epithelial cells may play a role in 
the GPCR‑mediated pathway (7). Additionally, PrPC forms 
a complex with FLOT1 under the stimulation of Cu2+ in the 
human neuroblastoma cells, and the PrPC‑FLOT1 complex is 
transferred from the cell membrane to the cytoplasm under 
the treatment of Cu2+. However, the downregulation of FLOT1 
in the human neuroblastoma cells notably eliminated the 
Cu2+‑stimulated endocytosis process of PrPC. Therefore, the 
PrPC‑FLOT1 complex may be involved in PrPC transport and 
endocytosis (6). In addition, FLOT1 can promote the degra‑
dation of anaplastic lymphoma kinase (ALK) in lysosomes 
through CIE. A related study also showed that the overex‑
pression of FLOT1 promoted the endocytosis of ALK, while 
FLOT1 knockdown disrupted the lysosomal marker LAMP2 
to inhibit the degradation of ALK, thus increasing the amount 
of ALK on the cell surface (28). Moreover, FLOT1 can 
promote the endocytosis of Syndecan‑1, which is a receptor 
for C‑TRLs (residual apolipoprotein B rich in cholesterol and 
triglycerides) (29). In addition, FLOT1 can trigger the endocy‑
tosis of α‑synuclein (α‑SYN), and the accumulation of α‑SYN 
is a neuropathological hallmark of PD (30). Finally, FLOT1 
may promote the internalization of NMDARs, which mediate 
excitatory synaptic transmission in the brain (22) (Fig. 2).

Formation of hippocampal synapses. In the nervous system, 
the development of hippocampal neurons plays an important 
role in learning and memory (31). Lipid rafts are a key factor 
affecting synaptic formation, while synaptic malformations 
are the basis of neurodevelopmental disease. Intact lipid 
rafts are necessary to maintain synaptic stability (18). The 
lipid raft‑associated protein FLOT1 is directly related to 
synaptic plasticity (25). It plays an important role in promoting 
hippocampal neuronal differentiation and neurite growth in 
the early stages of neuronal development. FLOT1 colocal‑
ized with the glutamatergic presynaptic marker vesicular 
glutamate transporter 1 (VGLUT1) and synaptic NR1 (the 
obligatory subunit of NMDA receptors). Of note, overexpres‑
sion of FLOT1 resulted in an increase in the presence of 
glutamatergic synapses, suggesting that FLOT1 is associated 
with the formation and induction of glutamatergic synapses. 
However, it should be noted that FLOT1 does not affect 
GABAergic synapses, suggesting that FLOT1 is a molecular 
target for regulating glutamatergic synaptogenesis (2). In 
addition, it has been shown that the frequency of miniature 
excitatory postsynaptic currents (mEPSCs) is increased by 
FLOT1 rather than miniature inhibitory postsynaptic currents 
(mIPSCs) (2). Another study identified that a series of synaptic 
adherence‑like molecules (SALMs) promoted neurite growth 
in certain brain regions in rats. Both SALMs and FLOT1 can 
interact with NMDA receptors in glutamatergic synapses, and 
FLOT1 is found to be a molecular mediator of SALM4‑induced 
neurite branching. Moreover, FlOT1 alone can induce neurite 
formation and branching, which is dependent on the pres‑
ence of intact lipid rafts. In conclusion, SALM4 can regulate 
the FLOT1‑associated pathway in hippocampal neurite 
branches (32). Another study showed that FLOT1 co‑clus‑
tered with Prion protein (PrP) to transduce signals, causing 
N‑cadherin to aggregate into the PrPC‑FLOT1 complex in the 
growth cone, which triggered axonal growth (33). In addition, 
can induce filopodia formation in mammalian cell lines, thus 
promoting hippocampal neuronal differentiation and neurite 
outgrowth (2,33,34).

Other physiological effects. Gonadotropin‑releasing hormone 
(GnRH) and a small amount of glucocorticoid receptor (GR) 
colocalize with the lipid raft protein FLOT1 at the PM, and 
colocalizes with FLOT1 independent of its ligands. GR and 
Gonadotropin‑releasing hormone receptor (GnRHR) crosstalk 
in lipid rafts that mediate FLOT1‑associated regulation of cell 
proliferation through the activation of PKC and the upregula‑
tion of SGK‑1 (35). FLOT1 is expressed during formation of 
osteoclasts, where FLOT1‑dominated rafts are converted to 
CAV1‑rich rafts (36). In addition, FLOT1 plays a detectable 
role in the process of CD8+ T cell‑mediated host monitoring 
under physiological conditions (37). FLOT1 can maintain 
the membrane integrity of B and T lymphocytes, as well as 
T‑cell activation (38). Additionally, FLOT1 co‑localizes with 
the inclusion membrane protein A (IncA) in the chlamydia 
pneumonia inclusion membranes and promotes bacterial 
intracellular growth by directly interacting with the chlamydia 
pathogen (39). In addition, exosomes are small extracellular 
membrane vesicles originating from late endosomes, that can 
mediate the intercellular transfer of RNA and protein (40). 
Exosomes are a subtype of EVs involved in breast cell‑to‑cell 
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communication and immune processes and capable of 
transferring their materials to receptors (41). Meanwhile, 
exosome‑mediated intercellular communication is the basis 
of cell senescence. Exercise, which promotes the release of 
exosomes, may be key to promoting intercellular communi‑
cation and facilitating the adaptation of a system to exercise 
in aging or other diseases, such as type 2 diabetes mellitus, 
cardiovascular disease, and sarcopenia. As a significant marker 
of exosomes, FLOT1 may promote exosome function (19). In 
addition, FLOT1 is reported to participate in cell adhesion, 
and elevated FLOT1 enhances cell spreading (38).

5. The role of FLOT1 in tumors

Studies have shown that FLOT1 is upregulated in several types 
of cancer. For example, in the respiratory system, FLOT1 is 
overexpressed in lung adenocarcinoma (LUAD) (1), small cell 

lung cancer (SCLC), non‑small cell lung cancer (NSCLC), 
and nasopharyngeal carcinoma. As for the digestive system, 
FLOT1 expression is increased in hepatocellular carcinoma 
(HCC), esophageal squamous cell carcinoma (ESCC), naso‑
pharyngeal carcinoma (NPC), squamous cell carcinoma of the 
tongue, and colorectal cancer (CRC). In the urogenital system, 
it is elevated in clear cell renal cell carcinoma (ccRCC), bladder 
transitional cell carcinoma (BTCC), and PCa. In addition, 
FLOT1 expression is higher in gynecological cancers, such 
as CC, breast cancer (BC), and human epithelial ovarian 
neoplasms (4,28,42‑53). However, FLOT1 is downregulated in 
neuroblastomas (28).

Upstream regulation of FLOT1 promotes tumorigenesis. 
Emerging evidence has shown that the upstream regulation 
of FLOT1 plays a pivotal role in maintaining the homeostasis 
of normal physical processes; however, its expression is 

Figure 2. The physiological effects of FLOT1: (A) FLOT1 can promote lipid raft protein‑dependent or clathrin‑independent endocytosis. (B) FLOT1 colocal‑
izes with VGLUT1 and the number of glutamatergic synapses increases following overexpression of FLOT1. (C) FLOT1 can co‑cluster with cellular PrP to 
transduce signals, resulting in the recruitment of N‑cadherin to PrP‑FLOT1 co‑clusters in the growth cone, which can trigger axon growth. FLOT, flotillin 
protein; VGLUT1, vesicular glutamate transporter 1; PrP, Prion protein; DAT, dopamine transporter; EAAT2, glial glutamate transporter; IGF‑1R, insulin‑like 
growth factor‑1 receptor;  M3R, muscarinic type 3 receptor. 
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dysregulated in several types of cancer, contributing to the 
tumorigenesis (Table I).

lncRNAs and miRNAs in FLOT1‑mediated tumorigenesis. 
MicroRNAs (miRNAs/miRs) are non‑coding RNAs 
consisting of 17‑24 nucleotides. miRNAs can interact with the 
3'‑untranslated regions (3'‑UTRs) of target mRNAs, such as 
that of the FLOT1 mRNA, forming a silencing target mRNA 
transcription complex to inhibit and/or degrade the target 
mRNA (44), thus negatively regulating the expression of 
genes post‑transcriptionally (54). Studies have shown that long 
intergenic non‑coding RNAs (lncRNAs) and miRNAs are 
associated with the occurrence and development of tumors by 
targeting FLOT1 mRNA (44,54‑56), suggesting that FLOT1 
is a potential therapeutic target for cancer treatment (4,44,55). 
Homeobox (HOX) transcript antisense RNA (HOTAIR) is a 
lncRNA frequently reported to be involved in HCC tumori‑
genesis (57,58). The upregulation of HOTAIR induces the 
increased expression of FLOT1 by targeting miR‑214‑3p in 
hepatocytes. Therefore, the HOTAIR/miR‑214‑3p/FLOT1 
axis is involved in the proliferation, invasion, and migration 
of HCC, and the downregulation of HOTAIR produces the 
opposite result (42). In BC, A1BG‑AS1 (a lncRNA) is upregu‑
lated, resulting in the downregulation of miR‑485‑5p through 
sponging. FLOT1 is the direct target of miR‑485‑5p; thus, 
elevated A1BG‑AS1 expression increases the expression of 
FLOT1, thus promoting the tumorigenesis of BC (44). ccRCC 
is a common urinary tract tumor in humans (56), with a high 
rate of metastasis and poor survival (55). Taurine upregulated 
gene 1 (TUG1) is a lncRNA that is significantly increased in the 
tissues and cells of ccRCC to participate in tumor progression. 
TUG1 positively modulated the expression of FLOT1 through 
sponging miR‑31‑5p. The overexpression of FLOT1 attenuates 
the inhibition of cell proliferation mediated by miR‑31‑5p and 
promotes apoptosis and autophagy, promoting the progression 
of ccRCC (45). In addition, FAM201A (a lncRNA) targets the 
Wnt/β‑catenin pathway induced by the miR‑1271‑5p/FLOT1 
axis. FAM201A is upregulated in CC, while miR‑1271‑5p is 
downregulated. The overexpression of FAM201A increases 
FLOT1 expression and CC tumorigenesis, cell viability, 
migration, and invasion in vivo, which may be reversed by 
the upregulation of miR‑1271‑5p (59). In addition, malignant 
glioma is the most common intracranial tumor in adults and is 
often fatal. FLOT1 expression is upregulated in glioma tissues 
and cells, where it serves as an oncogene. The upregulated 
nuclear‑cap‑binding subunit 3 (NCBP3) in gliomas binds to 
SNHG6 (a lncRNA) to stabilize the expression of SNHG6, 
inhibiting the transcription of gastrulation brain homeobox 
2 (GBX2) via histone modification. GBX2 can reduce the 
promoter activity and downregulate the expression of the 
FLOT1 oncogene; thus the upregulation of NCBP3/SNHG6 
and downregulation of GBX2 promotes the expression of 
FLOT1, promoting the proliferation, migration, invasion, 
and other malignant biological behaviors of glioma cells. 
Conversely, the downregulation of NCBP3 and SNHG6 and 
the upregulation of GBX2 can inhibit the malignant biological 
behaviors of tumor cells; highlighting a novel avenue for the 
targeted therapy of glioma (60).

A study showed that miR‑6809‑5p mediated HCC, induced 
by luteolin (a natural flavonoid), via targeting of FLOT1. 
miR‑6809‑5p is upregulated by luteolin, and miR‑6809‑5p 

directly targets FLOT1 in hepatocytes to inhibit the growth 
of HCC cells. However, knockdown of miR‑6809‑5p reversed 
the effect of luteolin to restrain the development of HCC (61). 
In addition, FLOT1 is a direct target of miR‑124, and the 
ectopic expression of miR‑124 can significantly inhibit 
FLOT1, suppressing the growth and migration of BC cells. 
Luciferase assays showed that miR‑124 could directly bind 
to the 3'‑UTRs of FLOT1 and inhibit its translation. In BC, 
the expression of miR‑124 is downregulated, while FLOT1 
is extensively upregulated. miR‑124 is also involved in tumor 
lymph node metastasis (TNM) staging and the metastasis 
of lymph nodes (62). In CC, the expression of miR‑1294 is 
decreased, and the overexpression of miR‑1294 can block 
EMT and inhibit the expression of β‑catenin to inhibit the 
viability and metastasis of CC cells. Notably, miR‑1294 has 
been shown to target FLOT1 directly, which inhibits cell 
viability, migration, and invasion by inhibiting the expression 
of FLOT1. Therefore, miR‑1294 acts as a tumor inhibitor 
of CC by regulating the expression of FLOT1 and blocking 
EMT (43). In ccRCC, FLOT1 is a potential target gene of 
miR‑506 and the target gene of miR‑124, which are associated 
with the genesis and development of ccRCC (55,56). FLOT1 
is negatively correlated with the expression of miR‑506 and 
is upregulated in ccRCC, and this upregulation of FLOT1 
promotes the growth and metastasis of ccRCC cells. miR‑506 
is an independent prognostic marker of ccRCC patients, and 
its expression is positively associated with advanced clinical 
stages (56). In addition, the miRNA target network reveals 
that miR‑124 is a key miRNA, and it leads to the acquisition 
of aggressive behaviors in ccRCC by targeting CAV1 and 
FLOT1. Patients with higher expression of FLOT1 and CAV1 
exhibit lower miR‑124‑3p levels and shorter overall survival. 
miR‑124‑3p, miR‑30a‑5p, and miR‑200c‑3p are the most 
influential miRNAs in the pathogenesis of ccRCC, and the 
recovery of these miRNAs reduces the invasion, migration, 
and spread of ccRCC, which can be regarded as a potential 
therapeutic strategy for ccRCC (55). ESCC is one of the most 
aggressive tumors of the gastrointestinal tract. A related study 
showed that the knockdown of miR‑138 upregulated various 
lipid rafts components, including FLOT1, FLOT2, and CAV1 
to induce lipid raft formation, thus promoting the invasion of 
ESCC via increased expression of FLOT1. Increased miR‑138 
expression has the opposite effect, which suggests that 
miR‑138 plays a tumor‑suppressive role in ESCC by targeting 
FLOT1 (63).

Upregulation, sumoylation, and palmitoylation of FLOT1 
promote EMT. Epithelial‑mesenchymal transition (EMT) is 
the process by which epithelial cells acquire the characteristics 
of mesenchymal cells (64). Numerous studies have shown that 
EMT is involved in the occurrence, invasion, and metastasis 
of tumors, as well as in the resistance to therapy in several 
types of cancer (64,65). Upregulation of FLOT1 promotes 
EMT by promoting TGF‑β/Smad and AKT signaling 
pathways (1,52). Sumoylation of FLOT1 can also promote 
EMT and cancer metastasis by inhibiting Snail degradation, 
which is a transcription factor regulating the expression of 
EMT‑related genes (5). 

The EMT‑related markers include N‑cadherin, matrix 
metalloproteinase (MMP)‑2, MMP‑9 (66), and E‑cadherin (67). 
EMT is primarily dependent on the TGF‑β/Smad and 
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AKT/mTOR pathways (68,69). FLOT1 can regulate EMT 
to promote the proliferation and metastasis of SCLC (50). 
In LUAD, FLOT1 can downregulate the epithelial marker 
E‑cadherin and upregulate the mesenchymal markers β‑catenin 
and MMP‑2 to promote EMT. EMT promotes the growth, 
migration, and invasion of cancer cells and inhibits the apop‑
tosis of cells. Therefore, targeting FLOT1 may be a potential 
therapeutic strategy for the management of LUAD (1). In 
addition, both the protein and mRNA levels of MMP‑2, MMP‑9, 
N‑cadherin, and the Wnt/β‑catenin signaling pathway are 
elevated following overexpression of FLOT1 in CC cells (59). 

Snail is a major transcription factor involved in EMT, which 
mediates EMT gene expression and/or inhibits E‑cadherin 
expression (5,70). In metastatic PCa, upregulated E2 conju‑
gating enzyme UBC9 sumolylates FLOT1 at Lys51 and Lys195 
following SUMO2/3 modification. The sumoylation of FLOT1 
promotes EMT and cancer metastasis by interacting with Snail 
and inhibiting the degradation of Snail through the protea‑
some pathway in a sumoylation‑dependent manner. Therefore, 
upregulation of UBC9 can promote the above process, thus 
targeting UBC9 can be used to regulate EMT in metastatic 
PCa, providing a novel therapeutic direction (5). CRC is one 
of the most common malignancies, the metastasis of which 
remains the primary cause of death clinically amongst patients 
with CRC, and it has been shown that FLOT1 can induce clas‑
sical EMT, which is mediated by the TGF‑β/Smad pathway 
and increase the migratory ability of CRC. FLOT1 is regu‑
lated by S100 calcium‑binding protein A11 (S100A11) as its 
downstream factors at the post‑transcriptional level instead of 
a transcriptional level, S100A11 can bind with LIM and SH3 
protein 1 (LASP1) to regulate EMT mediated by TGF‑β/Smad 
and the acquisition of a cell invasive phenotype (11). In CC, 
the upregulation and palmitoylation of FLOT1 are positively 
correlated with the induction of EMT genes, such as TIAM1 
and GREM1, thus promoting the progression and metastasis 
of CC (13).

Upregulation of FLOT1 promotes the proliferation 
of cancer cells via regulation of the cell cycle. In LUAD, 
the overexpression of FLOT1 inhibits the expression of 
cyclin‑dependent kinase 2 (CDK2), Cyclin E, and Cyclin D1 
and elevates the expression of p16 to modulate the cell cycle. In 
addition, FLOT1 regulates the cell cycle by activating Erk/Akt 
signaling (1). A study showed that the knockdown of FLOT1 
increased the proportion of cells in the G1 phase, suggesting 
that the suppression of FLOT1 could arrest SCLC cells at 
the G1 phase (50). In BC, the knockdown of FLOT1 could 
upregulate the cyclin‑dependent kinase inhibitors p21 and p27, 
and reduce Cyclin D1 expression to inhibit the proliferation 
and tumorigenicity of BC cells (9). Another study showed 
that the knockdown of FLOT1 suppressed the proliferation 
and induced G1‑phase arrest in BCa cells, which is related to 
AKT/forkhead box class O3a (FOXO3a) signaling (65).

FLOT1 affects signaling pathways. Gene expression 
profiling has shown that FLOT1 regulates the genes of 
AKT/FOXO3a, TGF‑β‑Smad2/3 (50), TNFR/NF‑κB (63), 
and other signaling pathways. The upregulation of FLOT1 
promotes the AKT/FOXO3a signaling pathway to promote the 
development of BC (9), BCa (71), LUAD (1), and RCC (72), 
and promoted TGF‑β‑Smad2/3 signaling to promote the 
development of SCLC (50) and NPC (52), and promoted 

TNFR/NF‑κB signaling to promote the development of 
ESCC (63) and HCC (61) (Fig. 3).

Upregulation of FLOT1 promotes AKT/FOXO3a signaling 
pathway. In BC, a study showed that the knockdown of 
FLOT1 was related to the inhibition of Akt activity and the 
enhanced transcriptional activity of FOXO3a, which inhibits 
the proliferation of BC cells (9). In addition, miRNA‑608 
inhibits the proliferation and development of BCa cells 
by significantly downregulating the levels of p‑AKT and 
p‑FOXO3a to activate the AKT/FOXO3a signaling pathway, 
which is opposed to FLOT1. However, the upregulation of 
FLOT1 can reverse the inhibition of cell proliferation caused 
by miR‑608 (71). In LUAD, the overexpression of FLOT1 
upregulates the phosphorylation of Akt and downregulates 
the expression of FOXO3a to induce EMT and modulate the 
cell cycle, which promotes the growth, migration, and invasion 
of cancers cells and inhibits cells apoptosis (1). In RCC, the 
knockdown of FLOT1 decreased the phosphorylation of both 
FOXO3a and AKT, resulting in the inhibition of AKT/FOXO3a 
signaling (72).

Upregulation of FLOT1 promotes TGF‑βsmad2/3 
signaling. FLOT1 is upregulated in SCLC, and its expression 
is closely associated with the clinical stage, distant metastasis, 
and a poor survival rate. FLOT1 promotes EMT in SCLC by 
increasing the activities of TGF‑β‑smad2/3 and AKT signaling 
pathways. Therefore, the knockdown of FLOT1 reduces the 
growth, migration, and invasion of SCLC cells and reverses 
an EMT phenotype (50). NPC exhibits potent local invasion 
and a high frequency of regional lymph node metastasis, 
and patients with NPC often have a poor prognosis. A study 
showed that upregulation of FLOT1 induced the expression of 
transforming growth factor β1 (TGF‑β1) and promoted EMT 
through activation of the TGF‑β/Smad3 signaling pathway, 
which accelerates the invasion and metastasis of NPC. 
Therefore, FLOT1 is potentially important in the prognosis 
of NPC (52).

Upregulation of FLOT1 promotes the TNFR/NF‑κB 
signaling pathway. The NF‑κB pathway has been identified 
as a carcinogenic signaling pathway that plays an important 
role in inflammation and cancer (46). The activation of the 
NF‑κB signaling pathway plays a crucial role in the occur‑
rence and development of ESCC, and blocking the NF‑κB 
signaling pathway can inhibit the proliferation of ESCC. A 
study showed that overexpression of FLOT1 could activate 
the NF‑κB signaling pathway and promote the invasion of 
ESCC, which is inhibited by miR‑138 (63). In addition, FLOT1 
promotes tumor necrosis factor‑α receptor (TNFR) signaling 
and NF‑κB activation in ESCC. It was shown that FLOT1 
promoted the recruitment of TNFR and IKK (NF‑κB kinase) 
signalosomes to lipid rafts and promoted K63‑linked polyu‑
biquitin signaling. FLOT1 also promoted ubiquitin‑coupled 
NF‑κB signaling and maintained NF‑κB activation. The 
recruitment of TNF receptor‑associated factors (TRAFs) and 
receptor‑interacting proteins (RIPs) to the receptor are ubiq‑
uitinated by a K63‑linked polyubiquitin chain, facilitating the 
recruitment and activation of inhibitors of TGF‑β‑activated 
kinase‑1 (TAK1) and IKK complexes. Activated IKK 
promotes the phosphorylation/proteasome degradation of 
NF‑κB suppressor proteins (IKBs), leading to the activation 
of NF‑κB (46). In HCC, downregulation of FLOT1 inactivates 
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Erk1/2, p38, JNK, and NF‑κB/p65 signaling pathways, thus 
inhibiting the growth of HCC cells; however, this effect can be 
reversed by upregulation of miR‑6809‑5p (61). 

Other FLOT1‑regulated signaling pathways in cancer. 
In CC, acyl protein thioesterases‑1 (APT‑1) promotes 
the depalmitoylation of FLOT1, and zinc finger DHHC 
domain‑containing protein palmitoylt ransferase‑19 
(ZDHHC‑19) repalmitoylated FLOT1, which is frequently 
depalmitoylated in CC cells. The turnover of FLOT1 can 
prevent the desensitization of IGF‑1R through endocytosis 
and lysosomal degradation, thus promoting the tumorigen‑
esis of CC. Meanwhile, IGF‑1 can promote palmitoylation of 
FLOT1 following IGF‑1R activation (13). FLOT1 is involved 
in the acquisition of drug resistance in cancer. Multidrug 
resistance (MDR) of tumor cells is the leading cause of 
failure of chemotherapy and other anticancer drugs. A study 
showed that the knockdown of FLOT1 reduced drug resis‑
tance in CRC by downregulating the phosphatidylinositol 
3‑kinase (PI3K)/AKT signaling pathway. After disruption 
of lipid rafts, increased cell membrane permeability may 
lead to increased drug accumulation in the cytoplasm, thus 

reversing resistance. Therefore, FLOT1 can be used as a 
potential therapeutic target in CC (73).

Other effects of FLOT1 in cancer. FLOT1 can induce the 
differentiation of certain cell types. It has been reported that 
lovastatin (lova) has dual effects on cancer cells. High levels 
of lova can induce apoptosis of thyroid cancer ARO cells, 
while low concentrations can induce differentiation of this 
cancer cell line; thus, lova may have potential as an adjuvant 
for cancer treatment. FLOT1 levels were increased in ARO 
cells following treatment with lova, and overexpression of 
FLOT1 increased the expression of thyroid differentiation 
markers, such as TG, TPO, TSHR, and SIS, suggesting that 
FLOT1 transformed ARO cells from an undifferentiated state 
to a differentiated state. These results suggest that FLOT 
may mediate lova‑induced differentiation at least to a certain 
extent (74). In addition, FLOT1 plays an important role in cell 
proliferation, and its overexpression is associated with adverse 
outcomes in BC patients with LUAD (75). It was found that 
vacuolar protein sorting protein 33b (VPS33B) modulated 
exosome maturation and the secretion of proteins, and the lack 
of VPS33B may lead to a delay in leukemogenesis. Therefore, 

Figure 3. The mechanisms of FLOT1 leading to tumors: Upregulation, sumoylation, or palmitoylation of FLOT1 promotes EMT to promote the development 
of tumors. Upregulation of FLOT1 promotes the proliferation of cancer cells by regulating the cell cycle. In addition, FLOT1 is involved in the AKT/FOXO3a, 
TGF‑βsmad2/3, TNFR/NF‑κB, Wnt, and IGF‑1R signaling pathways to mediate tumor proliferation, invasion, and metastasis in several types of cancer. EMT, 
epithelial‑mesenchymal transition. FLOT, flotillin protein; FOXO3a, forkhead box class O3a; TGF‑β, transforming growth factor β; TNF, tumor necrosis 
factor; TNFR, tumor necrosis factor‑α receptor; IGF‑1R, insulin‑like growth factor‑1 receptor.
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the study of FLOT1 and other exosome markers is conducive to 
the development of improved cancer treatment strategies (76).

In addition, FLOT1 is an independent prognostic indi‑
cator of several types of cancer. For example, a study showed 
that laryngeal cancer is a common type of cancer in men. 
Researchers established gene models and found that ACE2, 
FLOT1, and especially PRKD1 may have prognostic and 
biological significance. Therefore, these genes can be used as 
independent prognostic markers for postoperative recurrence 
of laryngeal squamous cell carcinoma (77). The prognosis 
of CRC patients after immunotherapy remains mixed; six 
immune‑related gene markers (CCL22, LIMK1, MAPKAPK3, 
FLOT1, GPRC5B, and IL20RB) were found to be reliable 
prognostic indicators in CRC patients, providing insights 
into personalized cancer therapy and improving prognostic 
prediction in CRC patients (78). 

The expression of FLOT1 in human ccRCC is involved in 
the progression of ccRCC and is associated with poor survival. 
Upregulated FLOT1 in ccRCC is involved in the tumorigen‑
esis and progression of ccRCC. Therefore, FLOT1 can be used 
as a therapeutic target and an independent prognostic marker 
in patients with ccRCC (79). The prevalence of cutaneous 
squamous cell carcinoma (cSCC) was higher in patients who 
had undergone immunosuppressive organ transplantation than 
in the general population, and 16 T cell methylation domains 
(DMR) were found to be different between patients with and 
without cSCC following transplantation. An example of a gene 
annotated to DMR is FLOT1, which encodes a protein related 
to the migration of T‑cells (80).

FLOT1‑meidated inhibition of tumorigenesis. Neuroblastoma 
is one of the most common solid tumors in children, accounting 
for ~15% of childhood cancer‑related deaths (81). FLOT1 is 
downregulated in neuroblastoma, and FLOT1 expression 
is inversely correlated with clinical malignancy. Decreased 
expression of FLOT1 in neuroblasts leads to dissociation of 
ALK from endosomes and membrane accumulation of ALK, 
promoting the expression or phosphorylation of ALK and 
the phosphorylation of the downstream mediators of ALK, 
such as ERK1/2, AKT and STAT3 signaling, which enhances 
the malignant features of neuroblastoma cells. Therefore, 
weakened FLOT1‑ALK binding activates ALK signaling, 
promoting the malignant phenotype of neuroblastoma (28).

6. The role of FLOT1 in neurological diseases

Raft disruption is an important cause of several degenerative 
diseases including Alzheimer's disease (AD), PD, and prion 
disease. FLOT1 may contribute to the total degenerative 
process. Understanding the pathogenesis of lipid raft‑related 
structures in neurological diseases may be helpful for the 
treatment of neurodegenerative diseases (8) (Fig. 4). 

FLOT1 in AD. AD is the most common neurodegenerative 
disorder, accounting for ~80% of all dementia cases (82). The 
presence of amyloid plaques and the deposition of phosphory‑
lated Tau in the brain are the neuropathological hallmarks of 
AD (82,83). Plaques are primarily composed of amyloid‑β 
peptide (Aβ), which is produced by proteolytic cleavage of 
amyloid precursor protein (APP) under the influence of β‑and 

γ‑secretase. β‑site APP cleaving enzyme 1 (BACE1) has been 
identified as a β‑secretase. A study showed that BACE1 can 
interact with FLOT1, and part of BACE1 is recruited to lipid 
rafts in FLOT1‑overexpressing cells. However, overexpression 
of FLOT1 suppresses β‑secretase activity. It was speculated 
that the activity of β‑secretase was inhibited as the binding of 
BACE1 to FLOT1 may conceal its active site (83). In addition, 
the rennin‑angiotensin system (RAS) can enhance the expres‑
sion of BACE1, which increases the accumulation of Aβ, which 
in turn stimulates the development of AD. Cleavage of APP 
into Aβ1‑42 by BACE1 occurs in the lipid raft, and the lipid 
raft colocalizes with several receptors and enzymes involved in 
AD pathogenesis, such as estrogen receptor (Erα) and BACE1. 
However, the brain‑penetrating angiotensin‑converting 
enzyme 1 (ACE1) inhibitor perindopril can inhibit the expres‑
sion of Aβ1‑42 and decrease the expression of FLOT1. A 
study showed that the levels of FLOT1 in a hyperlipidemia 
AD model were significantly increased. FLOT1 was closely 
related to AD, but the molecular mechanism remains to be 
elucidated (82). In addition, a related study found differences 
in the expression of ELA protein levels in cerebrospinal fluid 
between AD and healthy controls, especially in proteins 
involved in endocytosis (84).

FLOT1 in PD. PD is the second most common neurodegen‑
erative disorder (85), second to AD. FLOT1 expression is 
significantly elevated in brains with PD at the transcriptional 
and translational levels. The presence of α‑SYN‑positive 
Lewy bodies (LBs) and loss of catecholaminergic neurons 
are neuropathological features of PD; FLOT1 and DAT are 
the components of α‑LB. A study showed that extracellular 
α‑SYN promotes the binding of FLOT1‑DAT and their 
accumulation at the cell surface prior to endocytosis, facili‑
tating the endocytosis of DAT into dopaminergic neuron‑like 
cells. Meanwhile, FLOT1 can trigger the endocytosis of 
α‑SYN (30). In addition, a study found that DJ‑1 can regulate 
the stability of the FLOT1 protein; however, PD‑associated 
DJ‑1 mutants fail to regulate FLOT1. DJ‑1 promotes the 
expression of EAAT2 by upregulating FLOT1, promoting 
the uptake of glutamate by astrocytes. The overexpression of 
FLOT1 rescued the decreased glutamate uptake and decreased 
expression of EAAT2 caused by DJ‑1 deficiency. These results 
suggest that the abnormal low expression of FLOT1 may lead 
to neurodegeneration (16).

FLOT1 in cerebrovascular diseases. Cerebral small vessel 
diseases (CSVD) are the primary leading cause of dementia 
and vascular cognitive impairment. Hypertension (HTN) is 
common in the elderly population and can lead to cerebral 
hemorrhage and other injuries. In the spontaneous hyper‑
tensive stroke predisposition (SHR‑SP) model of HTN, the 
researchers found that FLOT1 is a key protein (86). In addi‑
tion, FLOT1 is increased in the spontaneously hypertensive 
rat (SHR) model. Therefore, understanding the function of 
FLOT1 provides novel mechanistic insights into the devel‑
opment of these different forms of CSVD (87). Rupture of 
intracranial aneurysms is the primary cause of subarachnoid 
hemorrhage (SAH), it is important to study the specific gene 
expression profiles associated with intracranial aneurysms. 
It was found that FLOT1 may be a potential biomarker of 
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SAH, which is more conducive to the differential diagnosis 
of aneurysmal SAH so as to avoid misdiagnosis and miss the 
optimal treatment opportunity (88).

FLOT1 in Major Depressive Disorder (MDD). Major 
depressive disorder (MDD) is the most common psychiatric 
disorder (82,89). A study showed FLOT1 was significantly 
upregulated in the brain tissues of MDD patients. Several 
studies have identified FLOT1 as a novel MDD risk gene and 
MDD‑associated genetic variants may confer a risk of MDD 
by affecting the expression of FLOT1 (90,91). Serotonin 
(5‑hydroxytryptamine, 5‑HT) is a neurotransmitter (92), 
the disruption of which is associated with a variety of brain 
disorders, such as MDD. The presynaptic high‑affinity 5‑HT 
transporter (SERT) can modulate the reuptake of released 
5‑HT from the synaptic cleft into the presynaptic terminal to 
regulate 5‑HT clearance (92). SERT activity may be regulated 

by SERT‑interacting proteins (SIPs), FLOT1 is a SIP, which is 
hypothesized to contribute to SERT microdomain localization 
and regulation. Therefore, FLOT1 may promote the clearance 
of 5‑HT. Studying FLOT1 may help identify novel drug targets 
for the treatment of 5‑HT‑related diseases such as depres‑
sion (89). In chronic corticosterone response (CORT), aberrant 
neurotransmission of 5‑HT in the brain is hypothesized to 
be the central mechanism in neuropsychiatric disorders. As 
a SIP, FLOT1 is involved in the response to CORT therapy, 
and gene deletion of FLOT1 promotes chronic CORT‑induced 
behavioral despair (92).

Other effects on the nervous system. NMDAR dysfunction 
can lead to several neurological disorders such as stroke or 
excitotoxic conditions. One potential role of FLOT1 may be to 
recruit NMDARs to lipid rafts to initiate a second messenger 
signaling system. The depletion of lipid rafts protects neurons 

Figure 4. The mechanisms of FLOT1 leading to neurological diseases: Aβ is produced by proteolytic cleavages of APP under the influence of BACE1, 
the accumulation of which can lead to the development of AD, and the overexpression of FLOT1 suppresses the activity of BACE1. DJ‑1 can regulate the 
protein stability of FLOT1, but the PD‑associated DJ‑1 mutants fail to regulate the FLOT1. DJ‑1 promotes the expression of EAAT2 by upregulating FLOT1, 
promoting the uptake of glutamate by astrocytes. FLOT1 contributes to the microdomain localization and regulation of SERT, and SERT can control the 
reuptake of released 5‑HT from the synaptic cleft into the presynaptic terminal to regulate 5‑HT clearance, leading to the development of MDD. Aβ, amyloid‑β 
peptide; APP, amyloid precursor protein; BACE1, β‑site APP cleaving enzyme 1; AD, Alzheimer's disease; PD, Parkinson’s disease; FLOT, flotillin protein; 
DJ‑1, PD protein 7; EAAT2, glial glutamate transporter; SERT, presynaptic high‑affinity 5‑HT transporter; MDD, major depressive disorder; EAAT2, glial 
glutamate transporter; ACE1, angiotensin‑converting enzyme 1; ‑SYN, α‑synuclein.
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from NMDAR‑induced excitotoxicity (22). Prions are a type 
of infectious agent, which can cause a series of fatal neuro‑
degenerative diseases, also known as TSEs. The primary 
cause of prion‑related diseases is the conversion of the PrPC 
conformation encoded by the normal host prion gene PRNP 
to the abnormal conformation, PrPSc. However, the conversion 
of PrPC to PrPSc may occur in lipid rafts or via their associated 
intracellular processes. Moreover, in a prion‑infected cell, 
PrPSc has been reported to highly colocalize with FLOT1 in 
the FLOT1‑positive vesicles. However, the specific mechanism 
by which FLOT1 affects the conversion of PrPC into PrPSc has 
not been elaborated (6).

7. The role of FLOT1 in DCM/idiopathic (I)DCM

DCM is the primary cause of heart failure (HF), which is 
attributed to systolic dysfunction and ventricular dilatation. 
Currently, DCM is primarily treated by immunotherapy; 
however, there are significant individual differences, and the 
therapeutic effect requires further improvement. FLOT1 is 
overexpressed in DCM with HF, and FLOT1 may affect the 
development of DCM by activating T cells and accelerating 
cell dispersal, highlighting potential therapeutic targets of 
DCM (38). IDCM can affect the vascularization of myocardial 
tissues. Stromal cell‑derived factor (SDF‑1α)‑mediated migra‑
tion may affect endothelial recovery in patients. Significant 
colocalization of SDF‑1α and FLOT1‑specific markers have 
been observed in IDCM, and SDF‑1α is also highly expressed 
in IDCM lipid rafts. A study provided novel insights into 
the function of lipid rafts in IDCM and hypothesized more 
effective treatments, although the mechanisms by which 
FLOT1 interacted with SDF‑1α were not elucidated (93).

8. The role of FLOT1 in pathogenic microbial infections

A study showed that the FLOT1 gene was differentially 
expressed following parvovirus B19 infection and it was 
associated with integrin signaling, cytoskeleton, and tumor 
inhibition (94). Infection with Anaplasma phagocytophilum 
pathogens, also known as human granulocyte anaplasmosis 
(HGA) requires phosphatide protein recruitment of LDL 
cholesterol, and FLOT1 and FLOT2 as membrane proteins 
in heavy phagocytes bacillus infection and cholesterol played 
vital roles. FLOTs may contribute to anaplasma replication in 
host cells by aiding the blister transport of LDL‑derived free 
cholesterol to anaplasma inclusions (3). A study showed that 
atherosclerosis was associated with chlamydia pneumoniae, 
an intracellular pathogen of the respiratory tract that can infect 
bronchoalveolar macrophages and can be transported to sites 
of vascular injury. Gene expression profiling of U937 human 
macrophages exposed to chlamydia pneumoniae and/or LDL 
revealed several interesting transcripts involved in structural 
integrity with respect to atherosclerosis, including FLOT1. The 
transcriptional alteration of FLOT1 was involved in athero‑
sclerosis caused by chlamydia pneumoniae infection (95). 
Crohn's disease (CD) is a chronic and progressive disorder, 
and the etiology of CD may result from an abnormal interac‑
tion between microbiota and the enteric immune system in 
patients. Among them, invasive Escherichia coli (AIEC) is of 
great significance. Anti‑TNF agents can limit AIEC survival 

within macrophages, and anti‑TNF agents can induce the 
increase of FLOT1 and decrease mRNA levels of CHI3L1, 
which can promote the clearance of AIEC. Moreover, the 
levels of FLOT1 are negatively correlated with AIEC survival 
in CD patients treated with anti‑TNF agents (96). FLOT1 in 
lipid rafts is an important part of the phagocytic lysosomal 
membrane of macrophages, thus FLOT1 plays an important 
role in anti‑fungal immunity (97).

9. The role of FLOT1 in diabetes‑related diseases

Diabetes mellitus (DM) is characterized by hyperinsulinemia 
and hyperglycemia (98,99). ANGPTL8, which has a unique 
characteristic in regulating lipid and glucose metabolism, is 
upregulated in diabetes and is becoming increasingly recog‑
nized as a potential drug target for the treatment of diabetes 
and related metabolic disorders (100,101). A study showed that 
the FLOT1 gene was co‑expressed with ANGPTL8. It may 
be involved in the pathogenesis of diabetes and insulin resis‑
tance (102). Low FLOT1 expression in the livers of patients 
with Type 2 diabetes mellitus (T2DM) may lead to metabolic 
lipoproteinemia, which is due to impaired liver processing of 
C‑TRLs. Syndecan‑1 is a receptor for C‑TRLs that mediates 
endocytosis through rafts. The interaction of C‑TRLs and 
syndecan‑1 enhances the association of syndecan‑1/FLOT1 on 
liver cells. FLOT1 mRNA and protein levels are reduced in a rat 
model of T2DM. Knockdown of FLOT1 in cultured liver cells 
substantially inhibited endocytosis of syndecan‑1, resulting 
in the accumulation of C‑TRLs. FLOT1 is a relatively newer 
player in the treatment of harmful C‑TRLs via syndecan‑1 (29). 
Glucose and amino acid metabolism are altered during exer‑
cise and rehabilitation in patients with T2DM. The therapeutic 
benefits of physical activity for the prevention and treatment of 
T2DM are generally accepted. Pathway analysis of differen‑
tially regulated genes during exercise showed that FLOT1 and 
other genes were elevated in T2DM patients who exercised, 
highlighting novel insights into the underlying mechanisms 
that ameliorate the disturbances in glucose and amino acid 
metabolism associated with T2DM (103).

10. The role of FLOT1 in other diseases

Fabry disease (FD) is a rare and serious disorder caused by 
α‑galactosidase a (GLA) enzyme deficiencies with often 
painful clinical features. Pain‑related ion channels are related 
to the pain‑like properties of FD, and their expression may 
also be influenced by the recruitment of lipid raft components 
such as several FLOT1‑mediated receptors and channels from 
the nucleus to the cell membrane (104). A study showed that 15 
miRNAs and 4 lncRNAs had potential functions as diagnostic 
markers of pediatric sepsis. FLOT1 has been shown to play a 
critical role in sepsis at the mRNA level (105). Moreover, the 
FLOT1 gene may be involved in the formation of rheumatoid 
arthritis (RA) (106), and a study identified novel genes in RA, 
in which FLOT1 expression differed significantly between RA 
patients and healthy controls (107). End‑stage renal disease 
(ESRD) is the final stage of chronic kidney disease, and 
nocturnal hemodialysis (NHD) is a more favorable treatment 
approach in patients with ESRD. It is important to understand 
the expression of genes related to immune function in NHD in 
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ESRD patients and to improve the immune response. Notably, 
it was found that the FLOT1 gene may be a potential target 
regulated by core transcription factors, which is related to the 
immunoreaction in NHD in ESRD patients (108). 

FLOT1 is also related to certain gynecological diseases. In 
placental transcytosis, the abundant co‑expression of FLOT1 
and FLOT2 in cytotrophoblasts (CTs) and endothelial cells of 
full‑term villous placenta, and the flotillin‑dependent endo‑
cytosis may be important in the CT and endothelium. FLOT1 
has potential implications for placental transcytosis (26). 
Abnormal adhesion of embryos to the endometrium leads 
to embryo implantation failure and infertility. Therefore, 
proteins involved in regulating adhesion in endometrial 
epithelial cells (HEECs) may be potential biomarkers or 
targets for infertility treatment. IL‑11 is involved in HEEC 
adhesion, and its expression is dysregulated in infertile 
women. IL‑11 can increase the expression of FLOT1 in HEEC 
membranes to regulate endometrial epithelial cell adhesion. 
Therefore, FLOT1 may serve as a marker of infertility or a 
pharmacological target for regulating fertility (14).

11. The bioinformatic analysis of FLOT1

Following a pan‑cancer analysis of FLOT1 in TIMER 2.0 
(http://timer.cistrome.org/)at the mRNA level, the results 
indicated that the expression of FLOT1 in breast invasive 
carcinoma (BRCA), cholangiocarcinoma (CHOL), esophageal 
carcinoma (ESCA), head and neck squamous cell carcinoma 
(HNSC), kidney chromophobe (KICH), kidney renal clear cell 
carcinoma (KIRC), liver hepatocellular carcinoma (LIHC), 
LUAD, pheochromocytoma and paraganglioma (PCPG), 
stomach cancer (STAD), and thyroid cancer (THCA) differed 
from that in normal tissues (Fig. 5A), among which, the 
differences observed in LUAD and LIHC were significant. 
Therefore, Gene Ontology (GO; http://geneontology.org/) 
enrichment analysis and Kyoto Encyclopedia of Genes and 
Genomes (KEGG; https://www.genome.jp/kegg/) pathway 
enrichment analysis in LIHC (Fig. 5B) and LUAD (Fig. 5C) 
was performed. First, RNAseq data were obtained from The 
Cancer Genome Atlas‑LIHC (HCC) project STAR process 
(https://portal.gdc.cancer.gov) in TPM format alongside the 
clinical data. The FLOT1 data was extracted from the data, and 
the DESeq2 package in R version 4.2.1 (http://www.R‑project.
org) (109) was used for differential analysis on the original 
Counts matrix of the selected public data according to a stan‑
dard procedure (110). FLOT1 expression was stratified based 
on the median expression into low and high‑expression groups. 
The high and low‑expression groups consisted of 187 patients 
each, respectively. Following differential analysis, a total of 
272 molecules were screened out based on a |log2FC|≥2 crite‑
rion, after which ID conversion was performed on the input 
molecule list, and enrichment analysis was performed using 
the clusterProfiler (111) package in R. A similar approach is 
used for LUAD. The results are shown as bubble diagrams 
(Fig. 5B and C). In LIHC, Gene Ontology‑Biological Process 
(GO‑BP) analyses showed that it was richer in ‘antimicrobial 
humoral immune response mediated by antimicrobial peptide’, 
‘glandular epithelial cell differentiation’, ‘lung epithelium 
development’, ‘lung cell differentiation’, and ‘lung epithelial 
cell differentiation’. KEGG analyses showed that FLOT1 was 

associated with ‘neuroactive ligand‑receptor interaction’, ‘drug 
metabolism‑other enzymes’, ‘metabolism of xenobiotics by 
cytochrome P450’ and ‘drug metabolism‑cytochrome P450’. In 
LUAD, GO‑BP analyses showed that it was richer in ‘mRNA 
trans‑splicing, SL addition’, and ‘mRNA trans‑splicing via spli‑
ceosome’ and ‘formation of quadruple SL/U4/US/U6 snRNP’. 
Gene Ontology‑Cellular Component (GO‑CC) analyses 
showed that it was richer in ‘small nuclear ribonucleoprotein 
complex’, ‘spliceosomal snRNP complex’, and ‘U4/U6 x U5 
tri‑snRNP complex’. Gene Ontology‑Molecular Function 
(GO‑MF) analyses showed that it was closely related to 
‘heparin binding’, ‘snRNA binding’, and ‘U6 snRNA binding’. 
KEGG analyses showed that it was enriched in the ‘spliceo‑
some’, ‘alcoholism’, and ‘systemic lupus erythematosus’.

12. Conclusions and future perspectives

The physiological effect and the role of FLOT1 in human 
diseases have received significant attention. FLOT1 can 
promote the internalization of DAT, α‑SYN, and EAAT2. 
Abnormal regulation of these can lead to the occurrence of 
nervous system diseases, such as PD (16,30). In addition, 
FLOT1 can promote the formation of hippocampal synapses, 
increase the number of glutamatergic synapses, and trigger 
axonal growth through the recruitment of N‑cadherin (2,25,33). 
Finally, FLOT1 plays a role in T‑cell activation (38), regulating 
cell proliferation (35), and participating in cell adhesion (38), 
amongst other processes. FLOT1 is also involved in several 
pathological processes. The upregulation of FLOT1 
promotes EMT to promote the development of LUAD, PCa, 
and CC (1,5,59), modulates the cell cycle in LUAD (1), 
and promotes the AKT/FOXO3a, TGF‑βsmad2/3, and 
TNFR/NF‑κB signaling pathways to promote the development 
of cancer (9,46,50), while it plays an inhibitory role in neuro‑
blastoma recurrence (28). The reasons for this difference may 
be due to the tumor microenvironment or tumor heterogeneity.

However, the roles of FLOT1 in several tumors are 
relatively limited. For example, a study showed that FLOT1 
may be an independent prognostic marker for laryngeal 
cancer patients (77); however, the mechanism of FLOT1 in 
laryngeal cancer requires further study. Additionally, FLOT1 
plays a role in T‑cell activation, although the specific process 
by which FLOT1 regulates T cells and whether it is related 
to immunity have not been reported in detail, nor has it been 
studied whether FLOT1 regulates tumor development by 
participating in immune escape. Therefore, the relationship 
between FLOT1 and immune responses requires further study. 

FLOT1 can be upregulated by lncRNAs and downregulated 
by miRNAs, thus promoting the occurrence of certain types of 
tumors. Studying the mechanism of lncRNA/miRNA/FLOT1 
axes in the tumor is beneficial to developing tumor treatments. 
In tumors in which FLOT1 acts as a tumor promoter, such 
as HCC and BC, the pathogenic pathway of FLOT1 may be 
blocked by targeting certain lncRNAs or upregulating associ‑
ated miRNAs. For example, targeted inhibition of HOTAIR 
in HCC, A1BG‑AS1 in BC, TUG1 in ccRCC, and FAM201A 
in CC may be considered, while in ccRCC, upregulation of 
miR‑506 and miR‑124‑3p may be considered. However, in 
tumors in which FLOT1 acts as a tumor suppressor, such 
as neuroblastoma, there are no reports of the IncRNAs and 
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miRNAs associated with FLOT1 in neuroblastoma. Therefore, 
additional studies into the mechanism of FLOT1 in neuro‑
blastoma are required. Notably, although certain lncRNAs 
and miRNAs have been reported in tumors, there remain 

several corresponding downstream miRNAs and upstream 
lncRNAs that have not been mentioned. For example, SNHG6 
a lncRNA can promote the development of malignant glioma 
by upregulating FLOT1; however, the downstream miRNA 

Figure 5. Bioinformatic analysis of FLOT1: (A) Pan‑cancer analyses of FLOT1 in TIMER 2.0 showed that at the mRNA level, the expression of FLOT1 in 
BRCA, CHOL, ESCA, HNSC, KICH, KIRC, LIHC, LUAD, PCPG, STAD, and THCA differed from that in normal tissues. *P<0.05, **P<0.01 and ***P<0.001. 
(B) In LIHC, GO‑BP analyses showed that it was enriched in antimicrobial humoral immune response mediated by antimicrobial peptide, glandular epithelial 
cell differentiation, lung epithelium development, lung cell differentiation, and lung epithelial cell differentiation. KEGG analyses showed that it was enriched 
in neuroactive ligand‑receptor interaction, drug metabolism ‑ other enzymes, metabolism of xenobiotics by cytochrome P450 and drug metabolism ‑ cyto‑
chrome P450. (C) In LUAD, GO‑BP analyses showed that it was enriched in mRNA trans‑splicing, SL addition, mRNA trans‑splicing, via spliceosome, and 
formation of quadruple SL/U4/US/U6 snRNP. GO‑CC analyses showed that it was enriched in small nuclear ribonucleoprotein complex, spliceosomal snRNP 
complex, and U4/U6 x U5 tri‑snRNP complex. GO‑MF analyses showed that it was closely associated with heparin binding, snRNA binding, and U6 snRNA 
binding. KEGG analyses showed that it was enriched in the spliceosome, alcoholism, and systemic lupus erythematosus. BRCA, breast invasive carcinoma; 
CHOL, cholangiocarcinoma; ESCA, esophageal carcinoma; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney 
renal clear cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; STAD, 
stomach cancer; THCA, thyroid cancer; GO‑BP, Gene Ontology Biological Process; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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associated with SNHG6 has not been studied. In addition, 
the upstream lncRNAs of miR‑6809‑5p, miR‑124, miR‑1294, 
miR‑138, miR‑506, and miR‑124‑3p have not been studied 
as of yet. lncRNAs/miRNAs/FLOT1 axes in tumors require 
further study. Moreover, it was shown that FLOT1 played an 
important role in the prognosis of tumors and is a potential 
prognostic target for tumors, such as CRC (78), LUAD (112), 
and ccRCC (79), although it is mostly confined to mecha‑
nistic research, with clinical studies remaining limited, and 
therapeutic targeting of FLOT1 for tumor management 
requires further development and investigation.

FLOT1 also promotes the occurrence and development 
of other diseases, such as PD (30), AD (82), and MDD (89). 
However, whether FLOT1 can be used as a clinical drug target 
remains unknown, and further clinical trials are required to 
verify its value in targeted therapy. Additionally, although 
FLOT1 is associated with other diseases apart from cancer, 
such as cerebrovascular diseases, RA, TSEs (6,86,106), 
and DCM, its pathogenesis is not clear (38). As FLOT1 
is closely associated with endocytosis, whether a disease 
involving dysregulated FLOT1 function is caused by aberrant 
endocytosis should be considered.

In general, the existing research provides support for the 
physiological and pathological effects of FLOT1, participating 
in the development of human diseases. As an important 
regulatory factor in human diseases such as cancer, FLOT1 
provides a novel avenue for targeted therapy of diseases.
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