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Alpha-fetoprotein (AFP) entrance into cancer cells is mediated by AFP receptors (AFPRs)
and exerts malignant effects. Therefore, understanding the structure of AFPRs will
facilitate the development of rational approaches for vaccine design, drug delivery,
antagonizing immune suppression and diagnostic imaging to treat cancer effectively.
Throughout the last three decades, the identification of universal receptors for AFP has
failed due to their complex carbohydrate polymer structures. Here, we focused on the two
types of binding proteins or receptors that may serve as AFPRs, namely, the A) mucin
receptors family, and B) the scavenger family. We presented an informative review with
detailed descriptions of the signal transduction, cross-talk, and interplay of various
transcription factors which highlight the downstream events following AFP binding to
mucin or scavenger receptors. We mainly explored the underlying mechanisms involved
mucin or scavenger receptors that interact with AFP, provide more evidence to support
these receptors as tumor AFPRs, and establish a theoretical basis for targeting therapy
of cancer.

Keywords: alpha-fetoprotein receptors, structure, function, mucin receptors, scavenger receptors
INTRODUCTION

Alpha-fetoprotein (AFP) plays an important role in inducing malignant transformation of cancer
cells, regulating cell proliferation, migration, apoptosis and immune escape, and is used as clinical
biomarker to diagnose hepatocellular carcinoma (1–5). In the 2018 EASL clinical practice
guidelines, AFP can be used as an indicator for the diagnosis and prognosis of advanced HCC
(6), and high serum AFP may indicate drug resistance and a poor prognosis in many HCC patients
Abbreviations: AFP, Alpha-fetoprotein; AFPR, AFP receptor; ATRA, all-trans retinoic acid; cAMP, cyclic adenosine 3’, 5’-
monophosphate; CR, cysteine-rich domain; CTLD, C-type lectin-like domain, CXCR4, C-X-C chemokine receptor type 4;
EGF, epidermal growth factor; FNII, fibronectin type II domain; GPCRs, G protein-coupled receptors; HCC, hepatocellular
carcinoma; MAPK, mitogen-activated protein kinase; PTEN, phosphatase and tensin homolog, gene deleted on chromosome
10; RAR, retinoic acid receptor; TR, tandem repeat; TRAIL, tumor necrosis-factor related apoptosis-induced ligand.
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(3–6). The malignant behavior of AFP is mainly mediated by its
receptors (AFPRs), which are present on the cell surface and
their expression in cells is associated with presence of AFP (7–9).
These findings implicated that during the development and the
carcinogenesis, the expression of AFPRs is not only accompanied
by the expression of AFP, but also can mediate the extracellular
AFP endocytosis which plays a role in inducing the growth and
differentiation of the cells promoting their carcinogenesis.
THE ROLE OF CLASSIC AFP RECEPTORS
AND AFP

AFP can bind to AFPRs and activate the cyclic adenosine 3’, 5’-
monophosphate (cAMP)-protein kinase A (PKA) pathway and
induce Ca2+ influx, which increases intracellular cAMP and
PKA, enhances DNA synthesis, promotes the expression of the
oncogenes c-fos, c-jun, and ras, and stimulates the growth of liver
cancer cells (Figure 1) (10–12). Additionally, after binding with
AFPRs, it lead to triggering growth-promoting signals and
promoting the endocytosis of AFP. The endocytosed AFP (we
also call cytoplasmic AFP or AFP briefly) then binds with certain
cytoplasmic proteins, leading to the activation or inhibition of
signaling pathways. The endocytosed AFP can interact with
PTEN and activate the PI3K/AKT/mTOR pathway, which
promotes the malignant behavior of hepatocellular carcinoma
(HCC) cells by upregulating the protein expression of mTOR
(13–17) (Figure 1).

AFP not only can play an important role in regulating the
proliferation of tumors, but also can enhance the anti-apoptotic
effect of cancer cells (18–20). Cytoplasmic AFP can enhance
resistance to apoptotic factors by affecting the TGF-b and p53/
Bax/caspase-3 signaling pathways (18, 21). AFP can compete with
all-trans retinoic acid (ATRA) to bind retinoic acid receptor-b
(RAR-b) leading to promoting the expression of Bcl-2 and
Frontiers in Oncology | www.frontiersin.org 2
inhibiting apoptosis (22–25). In addition, AFP can inhibit the
expression of death receptor 3 (DR3), and bind with caspase-3,
resulting in inhibition of apoptosis of tumor cells induced by tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) (Figure
1) (22–25). AFP can also promote HCC cell invasion andmetastasis
through upregulating the expression of matrix metalloproteinase
(MMP) 2/9 (Figure 1), epithelial cell adhesion molecule (EpCAM),
and C-X-C chemokine receptor type 4 (CXCR4), and AFP
knockout significantly inhibits the migration and invasion
abilities of HCC cells (26–28).

Since many tumor cells express AFPRs and these cells can
take up AFP and exert malignant effects, the elucidation of
AFPRs structure and function will help expand academic
understanding of cancer cell transformation, proliferation,
progression, migration and invasion. This understanding will
help specialty design drugs to selectively eliminate cancer cells or
design vaccines to treat cancer (7–9). The search for the structure
for AFPRs in tumor cells has long endured for three decades (9,
29, 30), however, due to the complex polymer structure and
carbohydrate composition, a complete elucidation of AFPRs
have failed despite several published attempts.

AFPRs were firstly found to bind to AFP in the pits of the
membrane bilayers and subsequently packaged in endosomal
vesicles and vesicular bodies; that were endocytosed by the cells
and then transported to the Golgi network. Finally, the vesicles
released AFP and AFPRs, which were distributed in the cytoplasm
and the nucleus, and participated in signal transduction pathways,
recycling or lysosomal degradation (31, 32). Subsequent studies
found that the uptake AFP in the pits of different cell membrane by
various receptors were identified as scavenger family members that
included mannose receptor (CD206), CD36, LOX1, SRA1, and
SRB1 (29, 33, 34). Additionally, Laderoute successfully isolated and
partially identified other AFP receptors on epithelial tumor cells
that exhibited peanut agglutinin (PNA) lectin reactivity in 1994
(35). These heavily glycosylated proteins have also been detected on
FIGURE 1 | Schematic diagram of Alpha-fetoprotein (AFP) bound to AFP receptors (AFPRs) promoting the malignant transformation of liver cancer cells. AFP binds
to AFPRs and undergoes receptor-mediated endocytosis. Then, AFPRs and intracellular AFP activate signal transduction pathways and mediate the proliferation,
invasion, metastasis, reprogramming and antiapoptotic responses of liver cancer cells.
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human adenocarcinoma cells, macrophages, dendritic cells,
thymocytes, and leukemia cells, which also express PNA-
responsive cell surface proteins (30). Reports of PNA-reactive
glycoproteins on tumor cells often involve the growth and
progression of those cells (30). In a later study, these AFP tumor
receptors were proposed as mucin receptors which display
molecular weights of 61 and 65 kD similar to the PNA reactive
receptors (9, 30, 34).

Recent studies showed that there does not exist just one
universal AFPR and supported the presence of multiple AFP cell
surface receptors which may also include: a) chemokine receptors
(34, 36–39), b) cation channel proteins (34, 40–44), c) cell cycle-
associated proteins, d) extra-cellular matrix proteins, e) G-
coupled lysolipid receptors, f) intra-cytoplasmic proteins, and g)
serum IgM binding (34). Although many diverse binding proteins
or receptors for AFP have been reported, the complete elucidation
of AFPRs is still elusive. Here, we focused on the two types of
binding proteins or receptors, namely, A) the mucin (MUC)
family, and B) the scavenger receptor (SR) family which may
serve as AFPRs that have been reported in the biomedical
literature (9, 29, 30, 34). We mainly discussed in detail the
events of mucin or scavenger receptors binding to AFP that
involve AFP uptake, cytoplasmic trafficking, signal transduction
and molecular cross-talk, which affect cell functions and fate and
promote the malignant transformation of tumors, and provide
further evidence in support of them as tumor AFPRs.
MUCIN RECEPTORS

Based on structure and localization,mucins can be classified into two
types: A) secreted andB) transmembranemucins (mucin receptors).
Transmembrane mucins contain a hydrophobic membrane
Frontiers in Oncology | www.frontiersin.org 3
spanning(transmembrane) domain, and they play roles in
regulating various signaling pathways (45). There are the MUC1 to
MUC22mucin familymemberswhichcurrentlyhavebeen identified
inhumans; that includeMUC1,MUC3A,MUC3B,MUC4,MUC12,
MUC13, MUC14, MUC15, MUC16, MUC17, MUC20, MUC21,
and MUC22 which are belong to the transmembrane mucins. The
extracellular domain is mainly composed of a variable number of
tandem-repeat (TR) domains, SEA (sea urchin sperm protein,
enterokinase, and agrin) domains, epidermal growth factor (EGF)-
like domains and an amino terminal extracellular region that has
densely populated with glycans. The transmembrane domain
anchors the protein with a single membrane-spanning domain
incorporated into the plasma membrane and extending to a
carboxy terminal intracellular cytoplasmic tail (45).

Under physiological conditions, mucins are primarily
expressed and anchored within the membrane surface of the
mucosa of epithelial cells and other cells, and some mucins are
subsequently cleaved by proteolytic enzymes and enter the
extracellular fluid and serum (46, 47). The main function of
mucins is to form a protective layer over organs, provide
lubrication, mediate cell signal transduction and create a
physical barrier against pathogens, but this proportion may
disappear during tumor transformation and development (48–
52). As shown in Figure 2A, mucins are expressed on the outer
surface of normal cells, and the cells beneath the mucosal layer
are columnar and densely packed. However, after normal
epithelial cells become transformed into malignant tumor cells,
they increase their expression and accumulation of mucins on
the tumor cell surface. The tumor cells become rounded in shape,
increase cell-cell porosity, lose polarity and lose adhesion
connections between adjacent cells (Figure 2B) (30, 50–52). In
tumor cells, Mucins also might affect the immune response in
several ways. They might provide an impenetrable barrier for
A

B

C

FIGURE 2 | Expression of mucins on normal versus tumor epithelial cells. (A) Mucins are expressed at the surface of densely packed columnar cells in normal epithelium
which form of protective and lubricating function on the mucosal cell layer. (B) After normal epithelial cells become transformed into malignant tumor cells, mucins are highly
expressed on the transformed tumor cells and cover all surface areas of the cell membrane, and the tumor cells become rounded in shape, increase cell-cell porosity and
lose polarity. (C) In tumor epithelial cells, mucins provide an impenetrable barrier for immune effector cells and prevent an antitumor response.
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activated immune effector cells, so preventing an antitumor
response; they might suppress a tumor immune response
through receptor–ligand interactions. For example, they might
accelerate the expression of immunosuppression factor to bind
immune effector receptors and inactivate immune effector cells
(Figure 2C) (50–52).

Aberrant mucin expression can contribute to the loss of
epithelial cell polarity and promote epithelial-mesenchymal
transition (EMT), which leads to enhanced cell motility and
invasion and is a key step in tumorigenesis, thus, mucins are
considered to be diagnostic-prognostic markers, as well as
therapeutic targets in many cancers (50–60). In the
transmembrane mucin family, MUC1 is considered to be an
“oncofetal” antigen in the hepatobiliary system and plays a key
role as an oncogene in the development of human liver tumors
(61–68). MUC1 is not only related to human hepatic
tumorigenesis but also has some characteristics of AFPRs (9,
30, 34). The overexpression of the oncoprotein MUC1 correlates
with the aggressiveness of malignant tumors and the poor
survival of cancer pat ients and is associated with
approximately 80% of human cancers (9, 30, 45). High
expression of MUC1 has been linked to cancer cell
proliferation, invasion, apoptosis, and transcription, and the
downregulation of MUC1 in cancer cells inhibits cell migration
and metastasis (9, 61, 69, 70). In addition, the cytoplasmic
domain of MUC1 (MUC1C) has several phosphorylation sites,
and may be activated by AFP to interact with signaling molecules
to inhibit apoptosis and regulate the transcription of several
Frontiers in Oncology | www.frontiersin.org 4
genes to promote proliferation, ultimately converting the cell
into a malignant phenotype (61, 69–71). These functions of
MUC1 are similar to those of the AFPR (9, 30, 69–71), and so
MUC1 might serve as a receptor for AFP.

As shown in Figure 3, the stimulation of fibroblast growth
factors (FGF) or AFPmay induce the phosphorylation ofMUC1C,
which enhances the binding affinity of b-catenin. Ultimately,
MUC1C promotes b-catenin localization to the nucleus (45, 71).
Furthermore, nuclear b-catenin may contribute to cell
proliferation by increasing the expression of cell cycle
progression genes such as cyclin D and c-myc. Additionally,
MUC1C interacts with b-catenin and further increases b-catenin
levels in the cytoplasm and nucleus by inhibiting GSK3b-mediated
degradation of b-catenin. The members of the src family (c-Src,
Lyn, and Lck) have also been shown to induce the
phosphorylation of MUC1C, which may contribute to the
docking of b-catenin, increasing b-catenin levels to promote cell
proliferation (45, 71, 72). AFP may also interact with estrogen and
MUC1, which may induce the endocytosis of AFP and estrogen
into cells. Then, the endocytosis of AFP and estrogen recruits
MUC1C and ERa (estrogen receptor a) and promotes nuclear
localization of these factors. Aberrant localization of MUC1C and
ERa in the nucleus also increases the expression of cell cycle
progression genes, which further promotes the growth of
malignant cells (Figure 3) (45, 73, 74).

MUC1 not only regulates Wnt/b-catenin signaling pathways,
but also influences HGF/c-Met, TGF-b, MAPK with JNK/AP-1,
and JAK2/STAT3 signaling pathways (Figure 4) (62–67, 74, 75).
FIGURE 3 | Schematic diagram of the mechanisms by which mucin 1 (MUC1) promotes cell proliferation. Alpha-fetoprotein (AFP) or fibroblast growth factors (FGFs)
bind to MUC1 and induce phosphorylation of the cytoplasmic domain of MUC1 (MUC1C), which enhances MUC1C interactions with b-catenin and further increases
b-catenin levels in the cytoplasm and nucleus by inhibiting GSK3b-mediated degradation. Furthermore, b-catenin contributes to cell proliferation by increasing the
expression of cell cycle progression genes such as cyclin D and c-myc. AFP may also interact with estrogen and MUC1, which may induce the endocytosis of AFP
and estrogen and result in the promotion of MUC1C and ERa (estrogen receptor a) localization to the nucleus and increase the expression of cell cycle progression
genes, further promoting the growth of malignant cells.
February 2021 | Volume 11 | Article 625936

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Lin et al. AFP Receptor for Treating Cancer
MUC1 can also interact with c-Met and participate in the EMT
process during hepatocarcinogenesis (62). MUC1 can promote
the migration and invasion of HCC by increasing TGF-b levels
via the MAPK/JNK/AP-1 signaling pathway (65, 66), and MUC1
can also promote TGF-b-related signaling molecules (Smads) or
elevate other transcription factors, such as MMP-9, which
supports the stimulating influence of MUC1 on the
proliferation, migration and invasiveness of HCC cells (64, 74).
Additionally, it has been shown that MUC1 can mediate
protection against irradiation-induced apoptosis, which was
associated with the activation of the JAK2/STAT3 signaling
pathway and the induction of the antiapoptotic proteins Mcl-1
and Bcl-xL in mitochondria (75), and MUC1C can also inhibit
the extrinsic apoptotic pathway by direct interactions with
FADD and block FADD-mediated recruitment of caspase-8
(45, 76) (Figure 4).

High expression of MUC1 has been linked to cancer cell
proliferation, invasion, metastasis, and apoptosis inhibition. This
function of MUC1 is similar to that of AFPR, and it is possible that
MUC1 can bind and be activated by AFP, which leads to
phosphorylation of the cytoplasmic tail of MUC1 and the
promotion of AFP endocytosis to activate related pathways (9, 30,
34, 45, 74). Therefore, MUC1 may be harbor a function as AFPR in
tumor cells. Studies also showed that other mucin receptors such as
MUC4 may be proposed as AFP cell surface receptors (9, 30, 34).
AFP could be a decoy ligand for MUC1 and MUC4, and it could
bind and occupy the mucin receptor binding pocket (9, 30, 34, 50).
MUC4 is similar to MUC1 in that it is a membrane-bound mucin
that has cytoplasmic domains that may mediate signal transduction
(30, 77, 78). The structures of MUC1 and MUC4 have some
differences, and diagrams of the domains of MUC1 and MUC4
are shown in Figure 5. Each mucin contains a heavily O-
glycosylated extracellular domain, a transmembrane spanning
(TM) domain that anchors the mucin to the cellular surface and
Frontiers in Oncology | www.frontiersin.org 5
a cytoplasmic tail (CT). Each extracellular domain contains a
tandem repeat (TR) region, which is also heavily O-glycosylated
with a variable number of amino acid repeats. MUC1 has 20-125
repeats of a 20 amino acid sequence andMUC4 has 145-395 repeats
of a 16 amino acid sequence. Each extracellular domain may also
contain an AFP binding site. Both of MUC1 and MUC4 have
proteolytic cleavage sites. MUC1 could be cut by the proteolytic
cleavage sites in the N-glycosylated SEA (sperm protein,
enterokinase and agrin) domains. However, MUC4 is thought to
be cleaved at a GDPH proteolytic site in the EGF domain which
leads to generate two subunits: MUC4a and MUC4b. MUC4a is a
mucin-like, heavily glycosylated subunit that can be soluble, while
MUC4b is a membrane-anchored growth factor-like subunit due to
the presence of EGF-like domains that are unique to that mucin
(30, 45).

AFP can bind to MUC1 and MUC4 to synergistically
promote cancer cells proliferation, migration and invasion (9,
30, 34, 50) (Figure 6). MUC4 is intramembranous and can
interact with the receptor tyrosine kinase erythroblastic
oncogene B2 (ErbB2), which is related to the regulation of p27,
a cyclin-dependent kinase inhibitor that is involved in the
control of the G1 passage to S phases of the cell cycle. AFP
binding to MUC4 can promote cell proliferation synergistically
with ErbB2/B3 and neuregulin (74, 79). Mucin receptor
occupancy by AFP and activation of ErbB2/B3 can upregulate
the cell cycle suppressor p27 KIP, resulting in cell cycle arrest at
the G1/S transition point (9, 30). The overexpression of p27 KIP
in the G1 phase can prevent subsequent mitosis and lead to cell
proliferation (9, 30). AFP binding to ErbB2 can also enhance
MUC4 interactions with ErbB2, ErbB3, and neuregulin, increase
the phosphorylation of the ErbB2 complex and result in
enhancing cancer cell proliferation, migration, invasion and
inhibition of apoptosis through activating ERK and AKT
signaling pathways (74, 78, 79) (Figure 6).
FIGURE 4 | Proposed model of mucin 1 (MUC1)-mediated promotion of hepatocellular carcinoma (HCC) growth, tumor progression and metastasis. Alpha-
fetoprotein (AFP) may bind to MUC1 and activate Wnt/b-catenin, mitogen-activated protein kinase (MAPK) with JNK/AP-1 and JAK2/STAT3, which are known to
stimulate cancer cells proliferation, survival, migration and invasion, and inhibit apoptosis of cancer cells.
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A B

FIGURE 6 | Alpha-fetoprotein (AFP) can bind to mucin 1 (MUC1) and MUC4 and synergistically promote cancer cells growth (9, 30, 34, 50). (A) AFP binding to
MUC1 can activate MUC1 and affect b-catenin signal transduction by cleaving MUC1C in the cytoplasm and translocating b-catenin to the nucleus, thereby
influencing transcription through TCF/LEF and/or other transcription factors. MUC1C can also prevent b-catenin degradation. Also, AFP can phosphorylate MUC1
and activate mitogen-activated protein kinase (MAPK) signaling. (B) AFP binds to MUC4, which promotes MUC4 interactions with the ErbB2 tyrosine-kinase receptor
and leads to the activation of KIP1 (also known as p27). AFP can also enhance MUC4 interactions with ErbB2, ErbB3, and neuregulin, resulting in enhancing cancer
cells proliferation and apoptosis inhibition through activation of the ERK and Akt signaling pathways.
A B

FIGURE 5 | Diagrams of the domains of mucin 1 (MUC1) (A) and MUC4 (B).
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Documents have indicated that the function of MUC4 is
similar to that of AFPR (9, 30, 34). AFP is a growth-promoting
factor, and AFP binds to AFPRs, resulting in cell proliferation,
metastasis, apoptosis inhibition and immunosuppression.
Overexpression of MUC4 not only can promote tumor cells
proliferation and invasion, but also protect cells from
lymphokine attack. Additionally, MUC4 has been shown to
reduce the interactions between cells, promote cell separation,
and promote tumor metastasis (30, 50). AFPR was reported to
phosphorylate a 185-kDa ErbB2 protein (30), while MUC4 can
bind to 185-kDa ErbB2 and induce phosphorylation of ErbB2 at
the 1139Y and 1248Y sites, which results in activity of AKT and
its related signaling pathways leading to promotion of cell
survival (30, 80–82). MUC4 is highly expressed in breast
cancer, and AFPRs were first isolated from the human MCF-7
breast cancer cell line (30). Additionally, both MUC4 and AFPRs
react with peanut agglutinin lectin, and both molecules are
present on many cells derived from human carcinomas, T cell
lymphomas, macrophages, etc. Both receptor proteins are highly
glycosylated with multiple O-linked glycans. Therefore, MUC4
may also be a viable candidate for an AFP receptor (9, 30, 82, 83).
SCAVENGER RECEPTORS (SRS)

It has also been shown that some SRs may function as AFPRs.
SRs are single or double transmembrane-spanning glycoproteins
that bind a wide variety of ligands, including modified or
oxidized low-density lipoproteins, apoptotic cells and
pathogens. SRs can be broadly classified into at least eight
classes (A-H) (84, 85). Some SRs have biological effects
involving physiological activities associated with AFP binding,
and these SRs have been detected in cells or tissues which
involved the uptake and cytoplasmic trafficking of AFP and
proposed as AFPRs (29, 33, 34). SRs that may serve as AFPRs are
Frontiers in Oncology | www.frontiersin.org 7
shown in Figure 7. Among them, LOX-1 and mannose receptors
have the most biological activities, similar to those of AFPRs
(29, 86).

LOX-1 is a class E scavenger receptor, which has a single
lectin-like gene product and is also called lectin-like oxidized
low-density lipoprotein receptor 1 (87). LOX-1 is primarily
expressed in endothelial cells, cardiomyocytes, smooth muscle
cells, B cells, macrophages, Dendritic cells (DCs), and platelets
(87). LOX-1 has multiple functions involved in lipid metabolism,
cholesterol biosynthesis, and atherogenesis (88, 89). Recent
studies identified LOX-1 as a possible link between obesity,
dyslipidemia, and cancer (90, 91). In mouse xenograft models,
LOX-1 was shown to be highly expressed in patient specimens
with late-stage metastatic breast cancer and prostate cancer (90).
LOX-1 knockdown or blockade in transformed cells impaired
anchorage-independent growth, cell migration and invasion
(90, 91).

As shown in Figure 8, the upregulation of LOX-1 stimulates
inflammatory signaling (IL-6, IL-8, and IL-1b) and hypoxia-
regulated pathways (VEGF, HIF-1a, and carbonic anhydrase 9)
in an NF-kB-dependent manner, leading to cellular
transformation and maintenance of the transformed state.
Overexpression of LOX1 activates an NF-kB-dependent
antiapoptotic pathway (BCL2, BCL2A1, and TNFAIP3) (85).
Upregulation of endothelial LOX-1 by TNF-a facilitates the
adhesion and transendothelial migration of breast cancer cells
(85, 91, 92). OxLDL binding to LOX-1 can induce apoptosis by
enhancing caspase-3 and caspase-9 activity; however, AFP
binding to LOX-1 can inhibit OxLDL binding, which blocks
the apoptosis pathway (86, 93). Additionally, LOX-1 functions as
a receptor for Hsp60 and Hsp70 on mouse or human DCs. Anti-
LOX-1 neutralizing antibodies can inhibit Hsp70 binding to
DCs, which results in trigger the antigen cross-presentation, as
well as a subsequent antigen-specific CD8+ T cell response and
initiation of antitumor immunity (85, 94, 95).
FIGURE 7 | The location and structure of scavenger receptors.
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The function of LOX-1 described above is similar to the
function of AFPR. Regarding tumor growth regulation by AFP,
LOX-1 has been reported to be expressed mainly on DCs,
hepatoma cells, breast and ovarian adenocarcinomas,
lymphomas, and prostate tumors to promote tumor growth
(29, 34). AFP has been reported to be involved in
transplacental passage, and LOX-1 has been localized on the
membrane surface of various types of placental cells. The effect of
AFP on fetal osteoporosis could likewise be linked to LOX-1
receptor. Therefore, LOX-1 may be a candidate cell-surface
receptor for AFP (30, 34).

SR-A1 may also be a cell-surface receptor for AFP which are
belong to class SRs-A, whose isoforms are largely expressed on
macrophages but can also be detected on endothelial and smooth
muscle tissues (29, 85). SR-A1 can cause the tyrosine
phosphorylation of phosphatidylinositol 3-kinase (PI3-kinase),
and SR-A1 activates signaling pathways involving protein kinase
C (PKC), ERK, JNK, caspases and cytokine secretion (85, 86, 96–
98). Ligand binding to SR-A1 can also induce tumor cell growth.
These characteristics further support SR-A1 as a cell-surface
receptor for AFP (29, 85, 86, 96–98). Another SR that may be
candidate as an AFPR is the mannose receptor (CD206, or MR),
which plays an important role in the immune response (99, 100).
The MRs are endocytic receptors that share a similar structure of
its family in consisting of an N-terminal CR domain, a FNII, and
8 CTLDs (Figure 7) (101, 102). MRs can endocytose and traffic
AFP within human dendritic cells (DCs); then, they release AFP
to the perinuclear region and the receptor is re-cycled back to the
cell membrane. By these pathways, AFP is available to be
processed within the histocompatibility complex -class II
(MHC- II) system leading to immunologic responses that
induce antigen-specific CD4+ and CD8+ T cell activation (33,
100). In liver cancer cells (HepG2), they more like employ CD36,
and a lesser degree the LOX-1, SRB1 and SREC-1 (Figure 7)
scavenger receptors rather than mannose receptor for uptake of
Frontiers in Oncology | www.frontiersin.org 8
AFP. These SRs can form cooperative complexes with the Toll-
like receptor-2 (TRL2) results in enhancing endocytosis of AFP,
receptor signaling and cross-presentation of antigens for T cell
activation (33, 100).
CONCLUSIONS AND
FUTURE PERSPECTIVES

AFP binds to its receptors and regulates tumorigenesis, cancer
invasion, and the antitumor immune response. Due to their
complex types, polymer structure and carbohydrate
composition, AFPRs have not yet been clearly identified, but
according to reports of their functions in tumors, AFPRs may
belong to the G protein-coupled receptors (GPCRs), mucin
(MUC) receptor family, scavenger receptor (SR) families and
other cell surface receptors. We have focused on two candidate
receptor protein family termed the MUC receptor family and SR
family. In the MUC receptor family, MUC1 and MUC4 are
proposed to be AFPRs. Among the scavenger receptors, LOX-1
and CD206, SR-A1, CD36, SRB1 and SREC-1 are proposed to be
AFPRs. MUC1 is now being used to develop cancer vaccines for
several malignant tumors, including breast, prostate, pancreas,
and colon (56, 69, 103) and will be utilized in human clinical
trials in the next decade or more (7, 9). Other AFP candidate
receptor proteins will also be utilized in vaccine design. For
example, LOX-1 vaccines may be used to enhance the T cell
response and tumor eradication (29, 94). SR-A1 vaccines will
also be utilized in vaccination-induced T cell activation and
antitumor immune response, and SR-A1 blockade can improve
the antitumor efficacy of DCs vaccines (85). Although AFPRs or
AFP vaccines have not been used in clinic, the association
between them and high tumor growth rate and poor clinical
outcome in HCC (27, 29–33) supports AFPRs as an
immunogenic tumor-associated antigen target; as such
FIGURE 8 | Schematic diagram of Alpha-fetoprotein (AFP) binding to LOX-1, activating signal transduction pathways and mediating migration, invasion, malignant
transformation, and apoptosis inhibition in cancer cells.
February 2021 | Volume 11 | Article 625936
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delivered drug have been designed to target AFPRs to eliminate
cancer cells (7–9, 104, 105). Additionally, recent study found that
scavenger receptor (MR) could process AFP leading to antigen
presentation to T-lymphocytes at the dendritic cell surface (33,
100). So developing vaccines or drugs through AFPRs will be
used to verify validity and practicability for clinic trials in
the future.

In addition, other types of receptors or binding proteins may
be proposed as AFPRs that have been reported in the literature.
With the development of bio-technology, AFPRs may be used to
verify the validity in the future by the following procedures: 1)
binding affinity analysis, 2) immunofluorescence and/or
radiolabeled AFP (visual) binding to cell membranes, 3) “in
silico” computer modeling, or 4) Fluorescence resonance energy
transfer (FRET) analysis (30, 34). A better understanding of
AFPRs will facilitate the development of rational approaches for
drug delivery, antagonizing immune suppression and diagnostic
imaging, which will lead to improved outcomes in cancer
treatment. For example, AFPRs may be utilized to facilitate the
design of AFP-derived peptides to target functionally distinct
receptors and prevent cancer growth and progression (7–9, 104,
105). Overall, the AFP binding proteins could be utilized in
vaccine designs, or used as a bio-targets to precisely design AFP-
Frontiers in Oncology | www.frontiersin.org 9
derived peptides conjugated to toxins that selectively bind to the
receptors in order to serve as targeting agents for treatment
of cancers.
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