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Since growth arrest-specific gene 6 (Gas6) was discovered in 1988, numerous studies have highlighted the role of the Gas6 protein
and its receptors Tyro3, Axl and Mer (collectively referred to as TAM), in proliferation, apoptosis, efferocytosis, leukocyte migration,
sequestration and platelet aggregation. Gasé has a critical role in the development of multiple types of cancers, including
pancreatic, prostate, oral, ovarian and renal cancers. Acute myelocytic leukaemia (AML) is a Gas6-dependent cancer, and Gasé
expression predicts poor prognosis in AML. Interestingly, Gas6 also has a role in establishing tumour dormancy in the bone
marrow microenvironment and in suppressing intestinal tumorigenesis. Numerous studies regarding cancer therapy have targeted
Gas6 and TAM receptors with good results. However, some findings have suggested that Gas6 is associated with the development
of resistance to cancer therapies. Concerning these significant effects of Gas6 in numerous cancers, we discuss the roles of Gas6é
in cancer development in this review. First, we introduce basic knowledge on Gas6 and TAM receptors. Next, we describe and
discuss the involvement of Gas6 and TAM receptors in cancers from different organ systems. Finally, we highlight the progress in
therapies targeting Gas6 and TAM receptors. This review presents the significant roles of Gas6 in cancers from different systems
and may contribute to the continued promotion of Gas6 as a therapeutic target.
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Facts e |sit suitable to combine current cancer therapies and Gas6/
TAM inhibitors to increase the effectiveness of these

e Gas6/TAM has important roles in the development of
multiple types of cancer, including AML, ALL, schwannoma,
glioma, thyroid carcinoma, ovarian carcinoma, lung cancer,
gastric cancer, prostate cancer, renal cell carcinoma, breast
cancer and melanoma.

e In general, Gas6/TAM promotes cancer advancement, and
the expression of Gas6 and TAM consistently predicts poor
prognosis.

e Methods targeting Gas6 and TAM receptors have been
reported to suppress tumour progression, which may be a
focus in clinical research.

Open questions

e Gas6/TAM axis is not only involved in the process of tumour
development but also has inhibitory roles in tumour
metastasis. Based on these complex mechanisms, how
do scientists design drugs that target Gas6/TAM to treat
various tumours with the fewest side effects?

therapies?

e What are the underlying mechanisms of inhibitory role of
Gas6/TAM in intestinal tumours?

e What are the clinical settings in which therapeutically
targeting Gas6 may be successfully applied?

Cancer remains a deadly disease and the second leading
cause of mortality worldwide." The inheritance of mutated
genes and somatic mutations are major causes for the
development of cancer. Numerous studies have focused on
critical roles of Gas6 in cancer, and Gas6 overexpression has
recently been reported in several types of human cancers,
including colon, thyroid, breast, lung carcinomas, ovarian
cancer and others.>® AML is a Gas6-dependent cancer, and
Gas6 expression predicts poor prognosis in AML.” Intriguingly,
Gas6 inhibits intestinal cancer development.® These studies
indicate the complicated implication of Gas6 in cancer.

Gas6 was initially discovered in 1988 through a screen for
genes that arrested the growth of embryonic mouse fibroblasts
in which the expression of Gas6 was upregulated.® In 1993,
Manfioletti et al.'® sequenced Gas6 and reported that it is a
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75 kDa secreted protein with a Gla domain at the N terminus
that, based on its structure, belongs to the vitamin K-depen-
dent (VKD) protein family. Gas6 binds receptor tyrosine
kinases (RTKs) of the TAM family, which comprises Tyro3,
Axl and Mer, and then activates downstream signalling
through which Gas6 exerts biological effects, including cell
survival, migration and growth.11 Moreover, Gas6 has a critical
role in the development of multiple types of cancers, including
pancreatic, prostate, oral, ovarian and renal cancers.'?71®
Clinically, the expression of Gas6 and TAM receptors always
predicts poor prognosis. In addition, Gas6 is clearly involved in
cancer invasion. Targeting Gas6 and TAM can be an effective
treatment strategy, as Gas6- and TAM-targeted treatments
have reduced tumour progression.'”2° Altogether, these
findings provide a rationale for the continued development of
Gas6- and TAM-targeted therapies. In this review, we will
introduce the basic knowledge on Gas6 and the critical effects
of Gas6 on cancer, and we will provide future directions and
unresolved questions regarding Gas6.

Gas6 and TAM Receptors

Background knowledge of Gas6. Gas6 is a 75kDa
secreted protein with a Gla domain at the N terminus that,
based on its structure, belongs to the VKD protein family."®
The Gla domain is generated by VKD y-carboxylation of a
cluster of Glu residues and is believed to be involved in
intramolecular and intermolecular protein—protein or protein—
membrane interactions through Ca®* binding.2! Moreover,
the Gla domain targets Gas6 to apoptotic or activated cells
that occur in a wide range of pathologies.?? The Gla domain
of Gas6 is followed by a loop maintained by a disulphide
bridge. The structure next to the loop contains four epidermal
growth factor (EGF)-like domains.® Each of the four EGF-like
domains in Gas6 contains a consensus sequence for the
B-hydroxylation of Asp and Asn residues,?® whose presence
is correlated with a high-affinity Ca®* binding site and seems
to be involved in protein—protein interactions.?* Rees et al.?*
showed that the EGF-like domains of Gas6 may have a role
in stabilizing an active conformation of Gas6 or modulating its
activity. At the C terminus, Gas6 contains a sex hormone-
binding globulin (SHBG)-like domain comprising two sub-
domains with similar structures to the globular modules of
laminin A (LamG).™® This type of globular structure is usually
found in proteins that interact with heparin sulphates, steroids
or integrins.?® LamG is a type of matrix protein that can
interact with cell surface receptors and cause cell spreading
(see Figure 1a).2° Gas6 binds RTKs of the TAM family and
then activates downstream signalling, through which Gas6é
exerts its biological effects. It is critical to determine which
domain of Gas6 is essential for its receptor-binding and
biological activities. Intriguingly, Mark et al.?” found that Gas6
binds receptors through an SHBG-like domain. Tanabe
et al®® reported that a Gas6 mutant composed only of an
SHBG-like domain retained both its receptor-binding and
biological activities.

Background knowledge on TAM receptors. Gas6 binds to
TAM receptors and then exerts pleiotropic effects in a variety
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Figure 1 The structures of Gas6 and TAM. (a) The Gla domain is at the N

terminus and is followed by a loop that is maintained by a disulphide bridge. Next to
the loop are four EGF-like domains. At the C terminus, Gas6 contains an SHBG-like
domain comprising two subdomains with similar structures to the globular motifs of
LamG. (b) The TAM receptors, Axl, Mer and Tyro3, are RTKs that have an intracellular
tyrosine kinase domain. The extracellular domains contain a combination of two
N-terminal immunoglobulin (lg)-like domains and two fibronectin type-lll (FNIII)
repeats. EGF, epidermal growth factor; FNIII, fibronectin type-Ill; Ig, immunoglobulin;
LamG, globular modules of laminin G; SHBG, sex hormone-binding globulin

of cells.?® The TAM receptors, Axl, Mer and Tyro3, are RTKs
with an intracellular tyrosine kinase domain. The extracellular
domains contain a combination of two N-terminal immuno-
globulin (lg)-like domains and two fibronectin type-Ill (FNIII)
repeats (see Figure 1b). Gas6 stimulates TAM receptors and
subsequently affects cell biological activity through down-
stream signalling pathways. However, Axl, Mer and Tyro3
have different affinities for Gas6, various expression patterns,
different downstream signalling and diverse functions
(see Table 1).

Axl receptor: Axl was first identified in 1991 as a product of a
transforming gene in a T-cell leukaemia cell line.%” Axl is a
140 kDa protein ubiquitously expressed in cell lines of
epithelial, mesenchymal and haematopoietic origins, as well
as in non-transformed cells.®® Gas6 can activate a series of
different signalling pathways after binding to Axl and can
regulate multiple cellular functions, especially cell survival,
proliferation and migration (see Figure 2).%°™*2 The phospha-
tidylinositol 3-kinase (PI13K)-protein kinase B (Akt) pathway is
a critical target of Gas6 and Axl interactions in cellular
survival.*34* Activation of Akt leads to the inactivation of Bad,
a proapoptotic mediator, and the increase of the antiapoptotic
protein B-cell lymphoma 2 (Bcl-2) by a nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-«B)-dependent
mechanism.*® The interaction between Gas6 and Axl also
induces cell mitogenesis through signal transducer and
activator of transcription 3 (STAT3) signalling and extracel-
lular signal-regulated kinase (ERK) signalling. The interaction
of AxI-Nck2 may connect Axl to a ternary complex consisting
of the particularly interesting new cysteine-histidine-rich
protein (PINCH) protein, integrin-linked kinase (ILK) and
parvin, which is a signalling platform at focal adhesions that
regulates cytoskeletal dynamics.*® Based on a study by
Wickstrom et al.,*” the hypothesis that ILK is a kinase has
remained controversial. These authors showed that the
proposed kinase activity of ILK does not exist and that ILK
functions as a mediator of the integrin—actin linkage in cells.*’
PINCH is a widely expressed and evolutionarily conserved
protein that primarily consists of five LIM domains. LIM
domain-containing proteins are composed of two contiguous
zinc finger domains separated by a two-amino-acid residue



Table 1 TAM receptors

Reference no.

Functions

Downstream signaling

Expression patterns

Receptor Affinity with

Gas6

3846, 49

Axl

Cell survival, proliferation,
migration and mitogenesis

Gas6/AxI/IMAPK/ERK pathway

transformed cells and also overexpressed in a wide variety of Gas6/AxI/STAT3 pathway
RanBPM, C1-TEN, SOCS1

human cancers including colon, lung carcinomas, oesopha- Gas6/Axl also interacts with Grb2, Nck2,

Axl is ubiquitously expressed including cell lines of epithelial, Gas6/AxI/PI3K/Akt pathway

mesenchymal and haematopoietic origins, as well as non-

geal, thyroid, breast cancers.

Highest affinity
with Gas6

B
n
3 ¢
© @
- 0
n
kel
c
©
c
Ke]
=
©
o
2
c Eﬁc
2 g
= S=
o .8
S g%
€ nQ
= =0
) O E
(&] O©o

phosphorylated downstream of Mer. Mer also

activates STAT1.

PLC-y, PI3K, Grb2, Raf-1 and ERK were
Less affinity than  Tyro3 is expressed in several human leukaemic cell lines and Gas6/Tyro3/Akt/NF-«xB pathway

Gas6/Tyro3/STAT1 pathway

Mer was expressed in monocytes and epithelial and
reproductive tissues, and also expressed in AML.

is also overexpressed in myeloma cells.
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PI3K, phosphatidylinositol 3-kinase; PLC-y, phospholipase C y; RanBPM, Ran binding protein in microtubule organizing centre; SOCS1, suppressor of cytokine signalling 1; STAT1, signal transducer and activator of

transcription 1; STAT3, signal transducer and activator of transcription 3

Abbreviations: Akt, protein kinase B; AML, acute myeloid leukaemia; C1-TEN, C1 domain-containing phosphatase and tensin homologue; ERK, extracellular signal-regulated kinase; Gas6, growth arrest-specific gene 6;
Grb2, growth factor receptor-bound protein 2; MAPK, mitogen-activated protein kinase; Nck2, non-catalytic region of tyrosine kinase adaptor protein 2; NF-«B, nuclear factor kappa-light-chain-enhancer of activated B cells;
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Figure 2 Gas6 and TAM receptor signalling. Gas6 binds to TAM and thereby
exerts its biological effects, including the promotion of survival, proliferation and
migration in several cancers. (a) Gas6/Ax! interaction activates the PI3K/Akt pathway
and promotes the survival of cancer cells. Activation of Akt leads to inactivation of Bad
and an increase in the antiapoptotic protein Bcl-2 via an NF-xB-dependent
mechanism. Gas6/Mer interacts with Grb2 and promotes survival through Ras, MEK1
and upregulation of ERK1/2. Gas6/Mer also activates P38 MAPK to promote survival,
and Gas6 binding at the cell surface induces dimerization and autophosphorylation of
Tyro3 at its intracellular domain, which provides docking sites for downstream
signalling molecules. Then, the Akt survival pathway is activated, resulting in the
nuclear translocation of NF-x<B and the upregulation of NF-«B target genes, which
have a role in survival. (b) Gas6/Ax| promote proliferation through interacting with
Grb2, STAT3 and MAPK/ERK. The Gas6/Grb2 interaction can induce cell proliferation
by activating Ras/ERK signalling. (c) Gas6/Axl interacts with Nck2, and Nck2
connects Axl to a ternary complex consisting of the PINCH protein, ILK and parvin,
which is associated with migration. Gas6/Ax| also induces migration through
upregulation of Slug by ERK, and Gas6/Mer activation induces upregulation of FAK
through PLC, which promote cell migration. Akt, protein kinase B; Bcl-2, B-cell
lymphoma 2; ERK, extracellular signal-regulated kinase; FAK, focal adhesion kinase;
Gas6, growth arrest-specific gene 6; Grb2, growth factor receptor-bound protein 2;
ILK, integrin-linked kinase; MEK1, mitogen-activated protein kinase kinase; MAPK,
mitogen-activated protein kinase; Nck2, non-catalytic region of tyrosine kinase
adaptor protein 2; NF-«B, nuclear factor kappa-light-chain-enhancer of activated B
cells; PI3K, phosphatidylinositol 3-kinase; PINCH, particularly interesting new
cysteine-histidine-rich protein; PLC, Phospholipase C; STAT, signal transducer and
activator of transcription

hydrophobic linker, and these proteins have roles in
protein—protein interactions and in the regulation of cytoske-
letal organization, organ development and oncogenesis.
Interestingly, Prager-Khoutorsky et al.*® proposed that the
different stages of cell polarization are regulated by multiple
tyrosine kinase-dependent molecular checkpoints, including
Axl, that jointly control cell contractility and focal adhesion-
mediated mechanosensing. In summary, Gas6 binds to Axl

Cell Death and Disease
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and induces cell survival,
(see Figure 2).3043-45.49

proliferation and migration

Mer receptor: Mer was identified in 1994 as the chicken
proto-oncogene c-eyk, which was derived from the avian
retrovirus ribosomal protein L30 (RPL30).%° At 18-20 kDa,
the Mer protein was first identified in monocytes, epithelial
tissue and reproductive tissue, and thus, it received the name
Mer.®" As an RTK, Mer is ubiquitously expressed in multiple
tissues and cell types. Among peripheral blood cells, Mer is
detected in monocytes and platelets but not in normal
lymphocytes and neutrophils.®" Mer is involved in many
cellular functions, including the phagocytosis of apoptotic
cells and the production of cytokines.>® Most importantly, Mer
promotes cancer progression.>® The upregulation of Mer in
AML indicates its significance in the progression of AML.”
Phospholipase c-y (PLC-y), PI3K, Grb2, Raf-1 and ERK are
phosphorylated downstream of Mer (see Figure 2).5*%° Todt
et al.®® have shown that PLC-y is associated with Mer and at
least partly responsible for the phagocytosis of apoptotic
thymocytes by Mer-expressing macrophages. Furthermore,
Mer can also activate the STAT transcription factor pathway.
For example, stimulation of Gas6/Mer results in activation of
the Janus tyrosine kinase (JAK)/STAT signalling pathway in
melanoma.®® A microarray analysis demonstrated that Mer is
a strong inducer of chemokines such as interleukin (IL)-8 in
human prostate cancer cells.>” Wu et al.®® found that Mer
activation, either with or without Gas6, induces Src-mediated
tyrosine phosphorylation of focal adhesion kinase (FAK) and
its recruitment to the integrin af5. FAK is a focal adhesion-
associated protein kinase involved in cellular adhesion and
spreading processes. When FAK is blocked, breast cancer
cells become less metastatic due to decreased mobility.
Integrin aB5 also has a role in cell migration. To summarize,
Mer is involved in cancer cell survival and migration.

Tyro3 receptor: Tyro3 was first identified in 1993 and was
primarily found in the central nervous system (CNS).%°
Although information on the status of Tyro3 expression in
human cancer is scant, Tyro3 has been detected in several
human leukaemia cell lines and blasts of acute myeloid
leukaemia patients® and is overexpressed in myeloma cells
compared with its expression in autologous B-lymphoblastoid
cell lines.®! Tyro3, a receptor tyrosine kinase, transduces
signals from the extracellular matrix into the cytoplasm by
binding to Gas6. Ligand binding at the cell surface induces
dimerization and autophosphorylation of Tyro3 at its intracel-
lular domain, which provides docking sites for downstream
signalling molecules (see Figure 2).52% Subsequently, the
Akt survival pathway is activated, the nuclear translocation of
NF-kB is induced, and the target genes of NF-kB are
upregulated. Through Akt/NF-kB signalling, Tyro3 exerts
prosurvival effects and promotes cancer cell survival (see
Figure 2). Thus, the Tyro3 receptor regulates cell survival and
is involved in the progression of several cancers.®° Several
studies have shown that Tyro3 is significantly upregulated in
thyroid cancer cells and melanoma cells,®*%° but few studies
have examined the importance of Tyro3 overexpression.
Further studies are needed in the future.

Cell Death and Disease

Role of Gas6/TAM in Different Organ System

Gas6 in cancers of the locomotor system. In the
locomotor system, Gas6/AxI has been shown involved in
osteosarcoma progress.®® Specifically, osteosarcoma, the
most common histological form of primary bone cancer,®” is a
type of aggressive malignant neoplasm that arises from
primitive transformed cells of mesenchymal origin (and thus a
sarcoma), exhibits osteoblastic differentiation and produces
malignant osteoid.®® Expression of Axl has been detected in
osteosarcoma tissues with a high reactivity rate compared
with adjacent non-cancerous tissues,®® and Axl expression
has been shown to be significantly correlated with recurrence
and lung metastasis in osteosarcoma patients.?® High
expression of activated Axl is an independent predictor of a
worse prognosis in osteosarcoma.®® In the osteosarcoma cell
lines MG63 and U20S, recombinant human Gas6 (rhGas6)
can cause a remarkable increase in phosphorylated-Axl
(p-Axl) expression. In both cell lines, Axl activation by rhGas6
can protect tumour cells from apoptosis caused by serum
starvation and promote tumour cell migration and invasion
in vitro. Knockdown of Axl inhibits the proliferation and
induces apoptosis of osteosarcoma cells, possibly through
the downregulation of the Akt pathway. In addition, a strong
positive correlation between p-Axl and matrix metalloprotei-
nase (MMP)-9 expression was confirmed in these osteosar-
coma patients,®® and proteins of the MMP family are involved
in the breakdown of extracellular matrix associated with
metastasis.”® All these results implicate Gas6/Ax| in osteo-
sarcoma, and further basic and clinical studies are needed to
investigate whether the inhibition of Gas6/AxI could lead to
positive results.

Gas6 in cancers of haematological systems. In the
haematological system, Gas6/TAM receptors have been
shown to be involved in the development of acute
leukaemia.®""'="* Gas6/TAM expression is mostly observed
in AML and ALL.3"""7* More specifically, overexpression of
Axl mRNA and protein and Mer protein is observed in AML
patients and AML cell lines.”"”® The Mer protein was found to
be abnormally expressed in approximately half of paediatric
T-cell leukaemia patient samples and T-ALL cell lines.”®
However, few studies have examined the expression of Tyro3
in leukaemia. Unlike the expression of Axl and Mer, Gas6
expression is low in AML cells, similar to the situation in
healthy haematopoietic cells.”® In contrast, Gas6 is abundant
in AML bone marrow (BM) stromal cells with a fibroblastic/
mesenchymal morphology (referred to as BMDSCs),
whereas its expression is lower in control BMDSCs.”
Therefore, the mechanism of Gas6/TAM overexpression in
acute leukaemia remains unclear. Interestingly, in an in vitro
study, Ben-Batalla et al.”’ found that M-CSF and IL-10,
mediated by AML, instruct BMDSCs to secret Gas6.”®
Notably, overexpression of Gas6/TAM is associated with an
adverse prognosis in AML.”"7* It has been shown that
patients expressing Gas6 (Gas6+), especially those with
ages >60 years, more often fail to achieve complete
remission (CR) compared with those who do not express
Gas6. In all patients, Gas6+ patients exhibit shorter disease-
free (DFS) and overall survival (OS) than those patients



without Gas6 expression (Gas6—).”* In addition, patients
expressing Axl at levels above the median value show
significantly shorter OS than patients expressing Axl levels
below the median.”! To investigate the function of Gas6/TAM
expression, researchers have inhibited Gas6/TAM signalling
using a short-hairpin RNA (shRNA) or a specific inhibitor as
well as in animal experiments. For example, the clinically
applicable small-molecule Axl kinase inhibitor BGB324
(formerly named R428) inhibits the phosphorylation of Axl
in AML cells. Application of BGB324 monotherapy inhibits the
proliferation of FLT3-mutated MV4-11 cells.”" When two
independent shRNA constructs were used to decrease Mer
expression in the AML cell lines Nomo-1 and Kasumi-1,” the
reduction of Mer protein levels significantly increased the rate
of myeloblast apoptosis by two- to three-fold in response to
serum starvation. NOD-SCID-gamma mice transplanted with
Nomo-1 myeloblasts with reduced levels of Mer exhibited
significant prolongation of survival compared with mice
transplanted with the parental or control cell lines.” These
results indicate that Axl and the Mer kinase receptor promote
the survival or proliferation of AML cells. Significantly, a
paracrine effect of Gas6 might be required for Axl activation in
AML cell lines, as Gas6 is abundant in AML bone marrow
(BM) stromal cells. AML cells instruct BMDSCs to upregulate
Gas6, which fosters their growth and chemoresistance.”’ The
functional significance of Gas6/TAM was demonstrated
through the pharmacologic inhibition of the Gas6/TAM
signalling pathway. However, genetic approaches may be
required to render these findings more definitive. There are
few studies on the genetic upstream signalling and genetic
multiplication of Gas6/TAM. However, several studies have
indicated downstream signalling involved in the biological
effects of Gas6/TAM.”®"7*76 Whitman et al”* derived a
Gas6-associated gene-expression signature in GAS6+
patients who included overexpression of BAALC and MN1
(known to confer an adverse prognosis in AML) as well as
CXCL12 (encoding a stromal cell-derived factor) and its
receptor genes, chemokine (C-X-C motif) receptor 4
(CXCR4) and CXCRY7. Another study showed that following
the stimulation of an AML cell line with Gas6, prosurvival and
proliferative signalling pathways were activated, including the
phosphorylation of ERK1/2, p38, mitogen- and stress-active
protein kinase 1 (MSK1), cAMP-response element binding
protein (CREB), ATF-1, Akt and STAT6.”® In conclusion, all
these results indicate that the expression of Gas6/TAM
promotes the development of acute leukaemia.

Gasb6 in cancers of the nervous system. In the nervous
system, the functions of Gas6/TAM in schwannomas and
gliomas have been extensively researched 32597779
Schwannomas are homogeneous tumours consisting only
of Schwann cells.”” Gliomas arise from glial cells and
originate in the brain or spine. Glioblastoma multiforme
(GBM) is a malignant astrocytoma constituting one type of
glioma.?° Several studies have indicated that Gas6/TAM is
overexpressed in schwannomas and gliomas.%%:5%77-79
Specifically, Axl, Tyro3, Mer and their ligand Gas6 are
expressed at higher levels in human primary schwannoma
compared with those in normal Schwann cells.”” In addition,
high expression levels of Axl mRNA have been found in the
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majority of the tested glioma cell lines, and a Northern blot
analysis demonstrated coordinated expression of Axl and
Gas6 mRNA in the majority of glioma cell lines.® Immuno-
histochemical staining with an anti-Axl antibody revealed
abundant Axl protein expression in glioma cells. Significantly,
Axl and Gas6 are frequently overexpressed in both glioma
and vascular cells and predict a poor prognosis in GBM
patients.® The genetic mechanisms of Gas6/TAM over-
expression are not clear. However, the biological functions of
Gas6/TAM in schwannoma and glioma have been demon-
strated through the inhibition of Gas6/TAM signalling. For
example, Vajkoczy et al.”® revealed that Axl promotes glioma
growth and invasion by introducing a truncated form of
human Axl lacking the intracellular RTK-bearing domain into
SF126 cells (AxI-DN). To determine whether Axl signalling is
relevant to tumour growth, these authors performed sub-
cutaneous xenografts in nude mice. Compared with control
cells and AxI-WT cells, the tumorigenicity of AxI-DN cells was
found to be dramatically impaired. Vajkoczy et al.”® obtained
similar results in vitro studies, showing that the overexpres-
sion of AxI-DN conferred a 50% or 30% growth disadvantage
relative to mock or AxI-WT cells, respectively. Another study
revealed that the downstream signalling pathway of Gas6/AxI
includes Src, FAK and NF-«kB. NF-«kB regulates the Gas6/AxI-
mediated overexpression of survivin, cyclin D1 and FAK,
leading to the proliferation of schwannoma cells, cell-matrix
adhesion and enhanced survival.””

Gas6 in cancers of the endocrine system. Within the
endocrine system, involvement of Gas6/TAM in thyroid
cancer has been demonstrated.®33* Thyroid cancer origi-
nates from follicular or parafollicular thyroid cells. These cells
give rise to both well-differentiated cancers and anaplastic
thyroid cancer. Expression of Gas6, Axl and Tyro3 is
observed in thyroid cancer according to relevant
studies.®>3*%* Avilla et al®* found that Tyro3 and Axl are
significantly upregulated and activated in thyroid cancer cells.
Tyro3 and Axl protein levels are undetectable in normal
thyroid cells, whereas they show significant expression in
cancer cell lines,®* which was also confirmed in RT-
polymerase chain reaction (RT-PCR) experiments. Many
thyroid cancer cell lines (850-5C, NIM and CAL62) have
been demonstrated to express the Axl ligand Gas6.** In
addition, this study showed that human thyroid cancer
specimens express Axl and Gas6.%* Specifically, Axl positivity
was observed primarily in tumoral cells, while tumoural
stroma and nontumoral adjacent tissues were negative. Most
of the analysed specimens were scored as positive for Gas6.
Although Gas6 staining was cytosolic and primarily found in
carcinoma cells, some samples also displayed stromal
positivity, suggesting that the ligand can also be provided
by the tumour microenvironment. Preliminary data failed to
show gene mutations or amplifications in thyroid cancer cell
lines, and thus, other possible mechanisms of Axl expression
in thyroid cancer must be investigated.®* Inhibition of Tyro3,
Axl or Gas6 reduced cell proliferation and increased the rate
of apoptosis. Axl silencing in 850-5C ATC cells dramatically
reduced the invasive ability of thyroid cancer cells.®* In vivo,
Avilla et al.®* selected 850-5C cells based on their ability to
induce tumour formation in immunodeficient mice. They

Cell Death and Disease



Molecular insights of Gas6/TAM in cancer
G Wu etal

stably transfected these cells with a pool of vectors
expressing five different shRNAs directed against Axl or
vectors expressing control nontargeting shRNAs and found
that Axl silencing inhibited experimental tumour growth.
These results suggested that Gas6/Axl and Tyro3 promote
the development of thyroid cancer and that targeting Gas6/
Axl and Tyro3 may offer a novel therapeutic approach for this
cancer.®*

Gas6 in cancers of the respiratory system. Within the
respiratory system, the functions of Gas6/TAM in lung cancer
have been extensively investigated.®3*368182 The two main
types are SCLC and NSCLC.®® Wimmel et al.® have shown
that Axl is expressed in approximately 60% of NSCLC cell
lines and in normal bronchial epithelial cells (NHBE) but not in
SCLC cell lines. Expression of the Axl ligand, Gas6, was
detected in approximately 80% of the investigated cell lines.
As NHBEs also expresses Axl, these authors suggested that
the observed absence of Axl expression in SCLC tumour
cells is an aberrant feature. Linger et al*® evaluated 88
human NSCLC tumours that were of diverse histology and
identified Mer and Axl overexpression in 69 and 93% of the
tumours, respectively, relative to that in the surrounding
normal lung tissue. Mer and Axl were also found to be
frequently overexpressed and activated in NSCLC cell
lines.®® Interestingly, combining protein expression analysis
of CD68 and Gas6 with tumour (T), lymph node (N) and
metastasis (M), using Cox regression or ISIR, improves the
prediction of NSCLC.** In addition, increased expression of
Axl, as well as its ligand Gas6 in some cases, was found in
EGFR-mutant lung cancers obtained from patients with
acquired EGFR tyrosine kinase inhibitor (TKI) resistance.®?
Wimmel et al.® found that shRNA knockdown of Mer or AxI
significantly reduced NSCLC colony formation and the growth
of subcutaneous xenografts in nude mice. Mer or Axl
knockdown also improved in vitro NSCLC sensitivity to
chemotherapeutic agents by promoting apoptosis. Signifi-
cantly, when the effects of Mer and Axl knockdown were
compared, Mer inhibition was found to achieve a more
complete blockade of tumour growth, while Axl knockdown
improved chemosensitivity more robustly.® These results
indicate that Axl and Mer can promote the survival of NSCLC
and enhance chemoresistance. These authors also showed
that ligand-dependent Mer or Axl activation stimulated the
mitogen-activated protein kinase (MAPK), Akt and FAK
signalling pathways, indicating roles for Mer and Axl in
multiple oncogenic processes.® Presently, there has been
little research on the roles of Tyro3 in lung cancer.

Gasb in cancers of the digestive system. In the digestive
system, Gas6 is involved in OSCC, gastric cancer, PDA,
intestinal tumours and hepatocellular carcinoma.8'3:15.84-86
Gas6/Axl is detected in OSCC, and Axl can be a prognostic
marker for OSCC.'® Jiang et al®” explored the level and
clinical significance of serum Gas6 in patients with OSCC
and found that Gas6 increases the metastatic capacity of
OSCC cells and that serum Gas6 could be a biomarker for
diagnostic and prognostic use in OSCC patients. Gas6
expression is significantly associated with lymph node
metastasis in gastric cancer tissues and cell lines.®® The
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combination of Mer expression with Ax| expression inversely
correlates with patient prognosis.®® In a study analysing the
expression of Gas6 in PDA, Gas6 and Axl were frequently
overexpressed in PDA cells and associated with poor
prognosis in patients with stage Il PDA."® Gas6 and Axl
promote the progression of hepatocellular carcinoma by
enhancing the expression of the EMT-inducing transcription
factor Slug, which is essential for the invasion-promoting
activity of AxI.%® Interestingly, a study revealed an inhibitory
role of Gas6 in vivo during the progression of intestinal
tumours that was associated with the suppression of stromal
immune reactions.® In that study, compared with Gas6™'*
mice, Gas6~/~ mice exhibited enhanced azoxymethane/
dextran sulphate sodium (DSS)-induced tumorigenesis and
had shorter survival. Gas6™/~ mice also exhibited more
severe DSS-induced colitis.

Gas6 in cancers of the urinary system. Accumulating
studies have indicated that Gasé is critical for the progression
of prostate cancer and renal cell carcinoma in the urinary
system.'214.1689-93 The Gas6-Axl interaction promotes
mitogenic activity in undifferentiated metastatic human
prostatic cancer cell lines by inducing the phosphorylation
of Akt and MAPK.'* Bone is the preferred metastatic site of
advanced prostate cancer. A study investigated the molecular
basis of dormancy in the bone marrow microenvironment and
found that in an osseous environment, a human prostate
cancer cell line grew significantly better in vertebral body
transplants derived from the Gas6~/~ animals than in those
derived from the Gas6** animals. These results indicate that
Gas6 may be the molecular basis of bone marrow
dormancy.®* In addition, the binding of prostate cancer to
annexin Il induces the expression of the Gas6 receptors Axl
and Mer, which induce dormancy in the haematopoietic
system.?® How disseminated tumour cells (DTCs) become
dormant in the marrow and how dormant DTCs escape
dormancy remain unclear. Interestingly, Taichman et al.*?
found that when Tyro3 expression exceeds Axl expression,
the prostate cancer cells exhibit rapid growth. However, when
the expression of Axl predominates, prostate cells remain
largely quiescent.*? These findings suggest that a balance
between the expression of Axl and Tyro3 is associated with a
molecular switch between a dormant and a proliferative
phenotype in prostate cancer metastases.*? Similarly, the
differential expression of Axl and Gas6 in renal cell carcinoma
reflects tumour advancement and survival.'? Serum levels of
soluble Axl and Gasé6 protein and Gasé mRNA level correlate
with survival, metastasis and disease severity. However, no
correlation between Axl protein expression in the tumour
tissue and survival has yet been found.

Gas6 in cancers of the reproductive system. In the
reproductive system, Gas6, Axl and Tyro3 mRNA levels are
significantly higher in uterine leiomyoma than in normal uterine
myometrium.®®>°® Gas6 expression is evaluated in ovarian
tumour tissues and is higher in tumours from patients with
residual disease compared with those without residual
disease. Therefore, Gas6 can be an independent potential
biomarker for ovarian cancer both at the mRNA and protein
levels.®” It has been suggested that Gas6, Axl and Tyro3 signal



transduction is aberrantly stimulated in uterine leiomyoma and
could possibly be related to tumour growth. Gas6/TAM also
has a critical role in ovarian carcinoma.®” Therapeutically, the
promotion of growth and invasion by Gas6 can be repressed
by sodium butyrate in ovarian carcinoma cells.3>%”

Gasb in other cancers. Gas6/TAM have critical roles in other
cancers, such as breast cancer and melanoma.*%-56:65.98-101
Gasb is overexpressed and amplified in breast cancer and can
be upregulated by progesterone via progesterone receptor B
(PRB).*® By using quantitative realtime PCR analysis of the
levels of Gas6 MRNA expression in 49 primary breast
carcinomas and evaluating the expression of the PRB protein
immunohistochemically with a commercially available PRB
antibody, one study showed a positive association between
the PRB protein and Gas6 mRNA levels. Clinically, the level of
Gas6 mRNA correlates positively with a number of favourable
prognostic variables in breast cancer, including lymph node
metastasis negativity, younger age at diagnosis, smaller size of
tumours, lower Nottingham prognostic index scores and lower
nuclear morphology score.?® Metastatic melanoma is one of the

Table 2 Effects of Gas6 in various cancers
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most aggressive forms of cutaneous cancers. Melanoma cell
lines have relatively high expression of TAM receptors
compared with normal cells, and TAM receptors have onco-
genic properties in melanomas.®®%%'%° However, the mechan-
isms underlying melanoma development induced by the
different receptors vary. Gas6 induces Tyro3 phosphorylation
and downstream Akt phosphorylation without apparent effects
on ERK.®® In contrast, the stimulation of melanoma cells with
Gasb results in the activation of several downstream signalling
pathways, including MAPK/ERK, PI3K/Akt and JAK/STAT.®

In summary, numerous studies have shown that Gas6
promote development of cancers from different systems
(see Table 2), and targeting Gas6 therapy in the future can
be more feasible.

Targeting Gas6 and Receptors in Cancer Therapy

As noted above, Gas6/TAM has a significant role in the
development of numerous cancer types,®'33366.72.77
highlighting Gas6/TAM as attractive targets for therapeutic
development. Numerous researches considering shRNA

Underlying mechanism Reference no.

System Tumour type Effect of Gas6 on
tumour development
Locomotor system Osteosarcoma Promotion
Circulatory system  Acute myeloid leukaemia  Promotion
Acute lymphoblastic Promotion
leukaemia
Nervous system Schwannoma Promotion
Glioma Promotion
Endocrine system Thyroid carcinoma Promotion
Respiratory system  Lung cancer Promotion
Digestive system Oral squamous cell Promotion
carcinoma
Gastric cancer Promotion
Pancreatic ductal Promotion
adenocarcinoma
Intestinal tumour Inhibition
Hepatocellular carcinoma  Promotion
Urinary system Prostate cancer Promotion
Renal cell carcinoma Promotion
Reproductive system Uterine leiomyoma Promotion
Ovarian carcinoma Promotion
Other cancers Breast cancer Promotion
Melanoma Promotion

Akt activation 66

ERK1/2, P38, MSK1 and CREB phosphorylation s
ATF-1, Akt and STAT6 activation

Binding of Gas6 to Mer 7
Src, FAK and NF-kB recruitment i
Binding of Gas6 to Axl 32
Gas6-Tyro3/Axl autocrine circuit 64
Binding of Gas6 to Ax °
Binding of Gas6 to Ax 13
Binding of Gas6 to AxI 86

Akt activation 15

Slug expression 85

Akt and MAPK phosphorylation 14
Binding of Gas6 to Axl 12
Binding of Gas6 to Ax o6
Binding of Gas6 to TAM o7
Expression of PRB and Gas6 99
MAPK/ERK, PI3K/Akt, JAK/STAT activation 56

Abbreviations: Akt, protein kinase B; ATF-1, activating transcription factor-1; CREB, cAMP-response element binding protein; ERK, extracellular signal-regulated
kinase; FAK, focal adhesion kinase; Gas6, growth arrest-specific gene 6; JAK, Janus tyrosine kinase; MAPK, mitogen-activated protein kinase; MSK1, mitogen-and
stress-active protein kinase 1; NF-«B, nuclear factor kappa-light-chain-enhancer of activated B cells; PI3K, phosphatidylinositol 3-kinase; PRB, progesterone receptor
B; STAT, signal transducer and activator of transcription; STAT1, signal transducer and activator of transcription 1
Gas6/TAM has a critical role in oncogenesis in many tissues, and most studies indicate that Gas6 promotes cancer. Interestingly, one study revealed a unique in vivo
inhibitory role of Gas6 during the progression of intestinal tumours. The underlying mechanisms are mostly clear

Table 3 The ongoing clinical trials on R428 in cancers

Identifiers Start date Cancers Time frame Phase Status
NCT02922777 November 2016 Non-small cell lung carcinoma 42 days Phase 1 Recruiting
NCT02488408 September 2014 Acute myeloid leukaemia 15 months Phase 1 Recruiting
NCT02424617 March 2015 Non-small cell lung cancer 3 months Phase 1/2 Recruiting
NCT02872259 September 2016 Melanoma An average of 1 year Phase 1/2 Not yet recruiting

Ongoing clinical trials of R428 in various cancer types
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knockdown of TAM receptors have been shown effective in
inhibition of different kinds of tumours including breast
carcinoma, melanoma, PDA, osteosarcoma, NSCLC, thyroid
cancer and AML.571556.6469.102 |4 aqdition, selective small-
molecule inhibitors of Axl and Mer have been generated.
R428, a potent and selective Axl inhibitor blocks AxI-
dependent events, including Akt phosphorylation, breast
cancer cell invasion and proinflammatory cytokine
production.’™® R428 is now in clinical development. Several
ongoing controlled trials involving R428 at various clinical
centres are registered at ClinicalTrails.gov (ldentifier:
NCT02922777, NCT02488408, NCT02424617 and
NCT02872259), which are aimed at identifying its maximum
tolerated dose. These studies include trials of R428 in NSCLC,
AML and metastatic melanoma. All of these trials are
underway, and their results are expected (see Table 3).
UNC1062, a novel Mer-selective small-molecule tyrosine
kinase inhibitor, has been shown to reduce Mer-mediated
downstream signalling activation, induce apoptosis in culture,
reduce colony formation in soft agar and inhibit the invasion of
melanoma cells.>® Moreover, an improved Mer-selective
small-molecule tyrosine kinase inhibitor, UNC2025, has been
shown to exert antitumour effects in GBM lines."® Intriguingly,
although there is no existing research on Gas6-specific
inhibitors, a recent study has exploited a novel way to inhibit
Gas6/Axl signalling, which may inspire the development of
better cancer therapies.'®® The authors engineered an Axl
'decoy receptor' that binds Gas6 with a high affinity to inhibit its
function, allowing effective sequestration of Gas6 and specific
abrogation of Axl signalling. Moreover, the increased Gas6-
binding affinity is critical and correlates with the ability of decoy
receptors to potently inhibit metastasis and disease progres-
sion in vivo. The results suggest a novel method for inhibiting
Gas6/Axl signaling.'®®

Conclusions

In earlier studies, Gas6/TAM was shown to promote cell
survival, aggregation, migration and growth. Recently, the role
of Gas6 in various cancers has become clearer. Gas6/TAM is
involved in the development of many cancers, including AML,
ALL, schwannoma, glioma, thyroid carcinoma, ovarian
carcinoma, lung cancer, gastric cancer, prostate cancer, renal
cell carcinoma, breast cancer and melanoma. Gas6 generally
promotes cancer advancement. Clinically, the expression of
Gas6é and TAM consistently predicts poor prognosis.
Altogether, these findings provide a rationale for the continued
development of Gas6-targeted therapies.

Numerous experimental studies on Gas6- and TAM-
targeted treatments have shown reduced tumour progression,
almost all of which have been conducted in vitro. In the future,
more studies should focus on in vivo and clinical research. The
methods targeting Gas6 and TAM receptors will become more
diversified and will involve shRNA or siRNA knockdown, the
use of monoclonal antibodies and classic drugs found to
target Gas6.
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