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Abstract: Receptor tyrosine kinases (RTKs) regulate cellular processes by converting signals from the
extracellular environment to the cytoplasm and nucleus. Tyro3, Axl, and Mer (TAM) receptors form
an RTK family that plays an intricate role in tissue maintenance, phagocytosis, and inflammation
as well as cell proliferation, survival, migration, and development. Defects in TAM signaling are
associated with numerous autoimmune diseases and different types of cancers. Here, we review
the structure of TAM receptors, their ligands, and their biological functions. We discuss the role of
TAM receptors and soluble circulating TAM receptors in the autoimmune diseases systemic lupus
erythematosus (SLE) and multiple sclerosis (MS). Lastly, we discuss the effect of TAM receptor
deregulation in cancer and explore the therapeutic potential of TAM receptors in the treatment
of diseases.
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1. Introduction

Receptor tyrosine kinases (RTKs) regulate normal cellular processes, including growth, survival,
differentiation, motility, and adhesion by converting signals from the extracellular environment to
the cytoplasm and nucleus [1]. The TAM family of RTKs has three members: Tyro3, Axl, and Mer.
In mice, TAM receptors have no essential embryonic function, since single-, double-, and even
triple-knockout mice are viable, showing no obvious development defects at birth [2]. Conversely,
in all adult knockouts (even single knockouts), mice show a multitude of irregularities, indicating
an essential role in maintenance and homeostatic balance in a wide variety of mature organ systems
that are subjected to renewal throughout adult life. These include the mature immune, hematopoietic,
nervous, vascular, and reproductive systems [2].

TAM receptors have been reported to play a role in a broad spectrum of human autoimmune
disorders such as rheumatoid arthritis [3], multiple sclerosis (MS) [4], and systemic lupus
erythematosus (SLE) [5], as well in cancer (reviewed in [6]). In cancer, overexpression of TAM receptors
has been associated with chemo-resistance [7], metastasis [8], and poor survival outcomes [9].

In this review we will discuss the biological function of TAM receptors and their ligands.
We explore the deregulation of TAM receptors in the autoimmune diseases and in cancer. We provide
a description of the pathways involved in the different diseases, the role of TAM receptor deregulation
in disease therapy, and, finally, strategies that target TAM receptors.
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2. Structure of TAM Receptors and Their Ligands

All RTKs, including the TAM receptors, have an extracellular domain, a transmembrane domain,
and a conserved intracellular kinase domain. The unique conserved sequence KW(I/L)A(I/L)ES in
the kinase domain and the unique configuration of two immunoglobulin-like and two fibronectin type
III domains within the extracellular domain distinguish TAM receptors from other RTKs [10–12].

The two best characterized TAM ligands are the vitamin K-dependent proteins growth
arrest-specific 6 (Gas6) and protein S (ProS). The two ligands have a similar domain structure, with an
N-terminal γ-carboxyglutamic acid domain that mediates Ca2+-dependent binding to a negative
charge phosphatidylserine (PtdSer)-presenting membrane, a loop-region, four epidermal growth factor
(EGF)-like repeats, and a C-terminal sex hormone-binding globulin (SHBG) domain [13]. The SHBG
domain has two globular laminin G-like domains and mediates ligand-receptor binding. Gas6 can
bind to all three of the TAM receptors, while ProS only binds to Tyro3 and Mer [14,15]. A recent
study, however, showed that ProS can physically bind and activate Axl in glioma sphere cultures [16].
Abboud-Jarrous et al. [17] found that ProS can modulate Axl transcription and expression in oral
squamous cell carcinoma (OSCC) cell lines. ProS has a thrombin cleavage site and is a plasma
glycoprotein that plays a critical negative regulatory role in blood coagulation [18–20].

Other TAM ligands are galectin-3 and tubby, which bind to Mer, and tubby-like protein 1,
which can bind to all three receptors [21,22]. These ligands were identified to facilitate phagocytosis
in retinal pigment epithelium and macrophages. Double knockout of ProS and Gas6 ligands leads to
loss of Mer-dependent retinal pigment epithelium phagocytosis in mice [23]. The presence of these
ligands (galectin-3, tubby, and tubby-like protein 1) therefore do not restore normal function in retinal
pigment epithelium.

The binding of ligand to receptor leads to the formation of a tetrameric complex with a 2:2
stoichiometry [24]. Maximum activation of the receptor requires both the binding by the ligand and
the presence of PtdSer-presenting membrane (such as apoptotic cells, enveloped virus, or PtdSer
liposomes) [15]. Activation leads to autophosphorylation of tyrosine residues adjacent to conserved
sequence in the cytosolic kinase domain. This in turn increases the catalytic efficiency, leading to
recruitment and phosphorylation of several signaling molecules with Src homology-2 (SH2), protein
tyrosine binding (PTB), and other phosphotyrosine-binding domains [1].

Activation of TAM receptors is linked to several signal transduction pathways such as
phosphoinositide 3 kinase (PI3K)/Akt, mitogen-activated protein kinase (MAP kinase), nuclear factor
κ-light-chain-enhancer of activated B cells (NF-κB), signal transducer and activator of transcription
protein (STAT), phospholipase c-γ (PLC-γ), growth factor receptor-bound protein 2 (Grb2), Raf-1,
extracellular-signal-regulated kinase (ERK) and others [25–34].

3. Biological Functions

The three TAM receptors are differentially expressed in different tissue types. Tyro3 is expressed
in breast, kidney, lung, testis, osteoclasts, ovary, retina, monocytes, macrophages, platelets [2,35–40]
and adult central nervous system (CNS) tissue, in particular the cerebral cortex, hippocampal neurons,
amygdala, cerebellum, and olfactory bulbs [37,41–43]. Axl is expressed near-ubiquitously [10] in
various organs including the adult brain (hippocampus and cerebellum), testis, breast, bone marrow
stromal cells, platelets, peripheral monocytes, and macrophages [2,35,38,39,44,45]. Mer expression
has been reported in the brain, heart, kidney, lung, ovary, prostate, retina, skeletal muscle, testis,
and hematopoietic lineages (peripheral blood and bone marrow mononuclear cells, platelets,
monocytes, macrophages, dendritic cells, natural killer (NK) cells, and megakaryocytes) [2,11,35,38–40].
Even though some cell types such as spermatids, spermatocytes, B cells and T cells are severely affected
by the loss of TAM receptors, they do not express these receptors.

TAM signaling pathways play an essential role in hemostasis by stabilizing platelets, regulating
inflammation, and promoting phagocytosis of apoptotic cells and cellular debris, as well as maintaining
vascular smooth-muscle homeostasis [28,46–51].
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The TAM receptor/ligand complex, together with adenosine diphosphate (ADP) receptor P2Y12,
leads to PI3K and Akt phosphorylation. This results in persistent activation of the fibrinogen receptor
integrin αIIbβ3, leading to thrombogenesis and platelet stabilization [52–54] (Figure 1).
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Figure 1. Function of Tyro3, Axl, and Mer (TAM) receptors in hemostasis. In platelets, the activation of
TAM receptors and the adenosine diphosphate (ADP) receptor (P2Y12) leads to the phosphorylation of
phosphoinositide 3 kinase (PI3K) and Akt, resulting in persistent activation of the fibrinogen receptor
integrin αIIbβ3 and leading to thrombogenesis and platelet stabilization.

Cell death by apoptosis is necessary in many biological processes such as tissue development,
homeostasis, lymphocyte maturation, and pathological responses to inflammation. Phagocytosis to
clear the apoptotic cells and cellular debris is critical in avoiding tissue necrosis and the release of
intracellular content that leads to inflammation and autoantibody production. Loss of TAM receptor
function results in a multitude of autoimmune diseases including rheumatoid arthritis and lupus,
that are the result of failure to clear apoptotic cells [2,3,5,28]. Macrophage and dendritic cells are
responsible for TAM receptor-mediated phagocytosis of apoptotic cells [50]. TAM receptors function
as bridges between phagocytes and apoptotic cells that they engulf, with the receptor located on the
phagocyte and the TAM ligand bound to the PtdSer-presenting membrane of the apoptotic cell [49].

Besides the role of phagocytosis in immune response, TAM-dependent phagocytosis is also crucial
for mediating clearance of apoptotic cells and cell fragments in a variety of other tissues. In the testes,
TAM-dependent phagocytosis by Sertoli cells is essential for clearing apoptotic germ line cells and
residual bodies of sperm during spermatogenesis [55]. In the retina, retinal pigment epithelial cells are
specialized phagocytes that remove used photoreceptor outer segments, preventing accumulation of
phototransduction waste [23,56–59]. A total of 79 genetic variations in the Mer gene has been linked
to inherited retinal degenerative diseases that result from the failure to remove the photoreceptor
outer segment [60]. In the CNS, astrocytes express Mer, which plays a role in clearing debris and
remodeling of synapses [61]. After nerve injury, Schwann cells assist in the clearing of myelin debris
in an Axl/Mer-dependent manner [62]. Recent studies have reported that Axl and Mer mediate
the removal of apoptotic eosinophils to clear allergic airway inflammation and may play a role in
asthma [63,64].

TAM receptors and their ligands function at the interface of the adaptive and innate immune
response [65]. The innate immune response is the first-line response against pathogens and leads
to the activation of the adaptive immune response. It is crucial that the magnitude and length of
the innate immune response is tightly controlled since an overactive immune response can lead to
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chronic inflammation and autoimmune diseases [66]. After the activation of the innate immune
response by pathogens, type I interferon is upregulated. This activates the type I interferon receptor
(IFNAR)/Janus kinases (JAK)/STAT pathway that not only increases cytokine production, but also
Axl transcription [67]. Dendritic cells play an essential role in presenting antigens on their surface,
leading to the activation of T helper cells and the engagement of the adaptive immune response.
Upon activation, T cells express the TAM ligand ProS [65]. Additionally, ProS is upregulated in
macrophages [68]. The TAM receptor/ligand complex associates with activated IFNARs, leading to the
transcription of suppressor of cytokine signaling 1 (SOCS1) and SOCS3 [28]. SOCS1 and SOCS3 inhibit
toll-like receptors (TLRs) and type I IFNAR/JAK/STAT-dependent upregulation of proinflammatory
molecules [69] (Figure 2). The interaction between activated TAM receptors and IFNAR leads to the
inhibition of multiple points in the TLR signaling cascade. This includes the down regulation of
TLR3-, TLR4-, and TLR9-induced activation of MAP kinase and NF-κB, as well as the inhibition of the
TLR-induced ubiquitylation and activation of TNF receptor-associated factors (TRAF6 and TRAF3) [28].
TAM receptors and their ligands protect against autoimmune diseases by down regulating the innate
immune response and inflammation.
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Figure 2. Activation of TAM receptors in dendritic cells down regulate inflammation. Activation
of the type I interferon receptor (IFNAR) leads to cytokine amplification, a subsequent increase in
inflammation, and the upregulation of Axl transcription. The association of the TAM/ligand complex
with IFNAR leads to the transcription of SOCS1 and SOCS3. SOCS1 and SOCS3 inhibit the TLR3, TLR4,
and TLR9 pathways as well as cytokine receptors to resolve inflammation. TLR: toll-like receptor; JAK:
Janus kinases; STAT: signal transducer and activator of transcription protein; SOCS: suppressor of
cytokine signaling.

The role of TAM receptors and their ligands in cell proliferation, survival, and migration is vital
in neural development and myelination (reviewed in [70]). Upon activation of Axl, Grb2 and SOS are
recruited, which leads to the activation of ERK, cell migration and proliferation [71]. Additionally,
activated Axl and Mer lead to the phosphorylation of PI3K and Akt that activate the NF-κB signaling
pathway leading to cell survival [29,72] (Figure 3).

Alternative splicing [10,73–75] or proteolytic cleavage by metalloproteinase [76,77] can result in
soluble circulating TAM receptors (sTyro3, sAxl, and sMer). Alternative splicing influences the location
and function of receptors, while proteolytic cleavage inactivates receptors. Circulating receptors may
also bind ligands to act as a decoy [78]. Circulating receptors can influence signaling pathways and
impair phagocytosis of monocytes/macrophage [50].



Cells 2018, 7, 166 5 of 19

Abnormal levels of TAM receptors are linked to several disease states. The loss of TAM receptor
function results in autoimmune diseases, while increased TAM expression leads to chemo-resistance,
metastasis, and high mortality in cancer patients. In this review we discuss both theses aspects, as they
are two sides of the same coin.
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Figure 3. TAM receptor activation results in cell proliferation and survival that are essential for normal
neural development. Activation of the PI3K/Akt/NF-κB pathway leads to cell survival, while the
activation of SOS/ growth factor receptor-bound protein (Grb2) / extracellular-signal-regulated kinase
(ERK) pathway leads to cell proliferation. NF-κB: nuclear factor κ-light-chain-enhancer of activated
B cells.

4. TAM Receptors and Autoimmune Diseases

Autoimmunity is the result of the organism’s failure to recognize its own constituent parts as
belonging to itself, leading to immune response against its own cells and tissues. As previously
described, phagocytes must clear apoptotic cells. Failure to do this exposes the immune system
to the accumulated intracellular components, including nuclear antigens. This can lead to the
formation of immune complexes and autoreactive B cells that produce autoantibodies [79,80].
The aforementioned process, together with enhanced activation of dendritic cells and the type I
interferon (IFN) response, contribute to autoimmunity [81–83]. The loss of TAM signaling prevents
optimal phagocytosis of apoptotic cells, thus leading to an overactive inflammatory response that can
cause autoimmunity [50,84]. Mice lacking TAM receptors display traits of systemic autoimmunity,
including high titers of circulating anti-chromatin, anti-double stranded DNA, anti-single stranded
DNA, and anti-phospholipid antibodies [39,85].

The role of TAM receptors in autoimmune disease has been studied in diseases such as systemic
lupus erythematosus (SLE) and multiple sclerosis (MS). SLE is a chronic systemic autoimmune disease
that affects multiple organs including the heart, joints, skin, lungs, blood vessels, liver, kidneys, and
nervous system [80,86]. The course of the disease is unpredictable, with periods of illness alternating
with remissions [87].

Reduced TAM signaling has been described as contributing to the development of SLE (reviewed
in [88]). The accumulation of apoptotic cells in lymph nodes of SLE patients is associated with ProS
levels in circulation [81,89,90]. The role of TAM receptors in scavenging apoptotic cells is consistent
with the correlation between the decreased ProS levels and lupus disease activity [90]. ProS has a more
important function in SLE patients than Gas6, since Gas6 forms a stable complex with sAxl in human
serum. In serum, the molar concentration of sAxl is higher than that of Gas6, blocking the activity of
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the ligand [91]. Gas6 activates the recycling of Axl in the cell membrane [92]. Gas6 activation of Axl
and Mer has been shown to downregulate the inflammatory innate response for several of its cellular
components, including dendritic cells, NK cells and macrophages [93].

Ballantine et al. [94] investigated the role of Mer and the three soluble TAM receptors in
the phagocytosis potential of monocytes and macrophages in juvenile SLE (JSLE). They observed
significantly increased levels of sMer, sAxl, and sTyro3 in JSLE plasma, with reduced levels of
Mer receptors on JSLE monocytes. Mer is also the main receptor used by mouse macrophages to
phagocytose apoptotic cells [50]. Knockout of Mer abolished phagocytosis of apoptotic cells, whereas
Tyro3 or Axl knockout reduced macrophage phagocytosis by about 50% in mice [50]. The increased
cleavage of the Mer, and consequently increased sMer, has a major impact on the phagocytosis rate
within JSLE [94]. sMer inhibits phagocytosis in vitro [78] and correlates with disease activity in adult
SLE [95]. This may be the cause of significant deficit in apoptotic cell clearance found in adult SLE.

MS is an autoimmune inflammatory disease resulting from an autoimmune attack against CNS
myelin antigens. This causes damage to myelin and leads to neurological dysfunction. The disease
mainly affects young adult women between the ages 20 and 40 years [96–98]. In the CNS, all three
TAM receptors are expressed [99].

The Gas6/TAM complex is important to brain development during embryogenesis. It also plays
a role in clearing cellular and myelin debris from inflammatory demyelination. This is an important
initial step to recover myelin fibers [100]. Additionally, the Gas6/TAM complex promotes survival of
neuron and glial cell in the CNS, contributing to the process of myelination [100].

Cuprizone (bis-cyclohexanone-oxaldihydrazone)-treated mice are used as a model to study
MS. Cuprizone causes toxic demyelination without altering the blood/brain barrier. In cuprizone
damaged tissue, oligodendrocytes and microglial/macrophages fail to accumulate [100–102]. In mice,
cuprizone treatment results in decreased Tyro3 and increased Gas6, Axl, and Mer transcription [100,103].
More severe demyelination, a greater reduction in oligodendrocyte number, and an overactivation of
microglia was found in mice lacking Gas6 [103]. Gas6 was demonstrated to promote the generation
of oligodendrocytes and myelin in the white matter of the adult mouse optic nerve, indicating an
important role for Gas6 in promoting CNS repair after demyelination and is a potential target for
therapeutic approaches for MS [104].

5. TAM Receptors and Cancer

In the last decade, the number of reports describing the role of TAM receptors in cancer
progression and development, as well as their role in therapeutic strategies has increased considerably.
Since their initial description, TAM receptors have been linked to several types of cancer. As with
Mer and Axl, information regarding Tyro3 and its role in human cancer is scarce. It is upregulated
in leukemia [105], thyroid cancer [106], metastatic colorectal tumors [107] and melanoma [108].
On the other hand, Mer has been described as being upregulated in several types of cancer, such as
non-small cell lung cancer (NSCLC) [109], melanoma [109,110], acute myeloid leukemia (AML) [111],
and schwannoma [112]. Among members of TAM receptors, Axl has been extensively studied in
several types of cancers [113]. Reports have demonstrated Axl upregulation in tumors such as
prostate [114–117], ovarian [118–123], NSCLC [124,125], OSCC [126–128], osteosarcoma [129–131],
AML [132], schwannoma [112], glioma [16,133–135], and thyroid cancer cell lines [106,136].

It is important to note that overexpression of TAMs can drive conventional oncogenic signaling
and survival pathways in cancers [105], while also playing an important role in epithelial to
mesenchymal transition (EMT) and metastasis [137,138]. Axl activation has been linked to signaling
cascades closely related to progression and development of tumors. Furthermore, Axl protects cells
from apoptosis [139], a characteristic that has been described in different types of cancers. A strong
positive correlation between phosphorylated Axl and matrix metalloproteinase (MMP)-9 expression
has been described in osteosarcoma patients and in breast cancer models [140,141]. It is important to
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highlight that proteins of the matrix metalloproteinase (MMP) family are involved in the breakdown
of the extracellular matrix which is closely associated with metastatic potential.

The role of TAM receptor Axl has been described in both prostate cancer and OSCC [116,126].
In prostate cancer, Paccez et al. [116] demonstrated that Axl levels are expressively higher in both
androgen-insensitive and androgen-sensitive prostate carcinoma cell lines. Axl was found to be
upregulated in about half of human prostate tumors. Its blockage inhibited proliferation, invasion and
migration of prostate cancer cell lines, as well as reduced tumor formation in a xenograft mice model.
Axl inhibition leads to inactivation of the NF-κB pathway through inhibition of Akt and inhibitor of
NF-κB kinase subunit alpha (IKKα) activity, which, in turn, blocks the interleukin 6 (IL-6)/STAT-3
signaling pathway [116].

In addition, Paccez et al. [126] demonstrated that Axl is overexpressed in OSCC cell lines and
human tumor samples in the South African population. Repression of Axl expression leads to
Akt/NF-κB inhibition and the induction of glycogen synthase kinase 3β (GSK3β) activity, resulting in
the loss of mesenchymal markers and the induction of epithelial markers [126]. These findings have
an impact on the biology of both prostate and esophageal cancers, supporting the notion that Axl may
be employed as a therapeutic target for treatment of these diseases.

Recently, another pathway related to tumor progression has been described. TAM receptors are
expressed on infiltrating myeloid-suppressor cells, macrophages and NK cells that contribute to tumor
progression since these cells may affect immune escape [8,142,143]. Infiltration of Mer-expressing NK
and M2 macrophages is associated with suppression of anti-tumor immune responses, demonstrating
that TAM receptors are not only involved with the deregulating pathway through conventional
tumorigenesis, but may also play a role in inhibiting signals, promoting tolerance and immune
suppression in the tumor microenvironment [144]. The immune checkpoint molecule, programmed
cell death ligand 1 (PD-L1), is upregulated in tumor cells by TAM receptors that enable immune
escape [145]. Some tumors secrete ProS, that can bind to Mer and Tyro3 on resident macrophages,
inhibiting their capacity to assume an antitumor phenotype [146].

Tumor heterogeneity states the presence of different cell populations (i.e., cells with distinct
genotypes and phenotypes). These subpopulations of cells may display different biological behaviors
within a primary tumor and its metastases, or between tumors of the same histopathological subtype
(intra- and inter-tumor, respectively). In fact, heterogeneous tumors show partial therapy responses
which may allow the emergence of drug-resistant clones. In the last decade, a common feature of
drug-resistant cancer is the expression of high levels of Axl [109,147–150]. Activation of tyrosine
kinases such as Axl, MET, and epidermal growth factor receptor (EGFR), lead to EMT, which is
linked to the development of drug resistance [151–156]. In this context, Axl expression enables
resistance to target agents; specifically, inhibitors of other RTKs. Schoumacher and Burbridge [157]
describe two interesting mechanisms by which TAM receptors may contribute to drug resistance:
(1) maintenance of the same pathway activity via alternative effectors, and (2) activation of distinct
signaling networks [157].

Muller et al. [158] and Konieczkowski et al. [159] found that melanoma cells expressing high
levels of Axl are resistant to MAP kinase pathway inhibitors [158,159]. Zhang et al. [148] describe
Axl upregulation in EGFR inhibitor-refractory lung cancer. There are also reports of upregulation
of Axl in anti-HER2-resistant breast cancer, unitinib-resistant renal cell cancer [160], and anaplastic
lymphoma kinase (ALK) inhibitor-resistant neuroblastoma [138,161], as well as in head and neck cancer
resistant to PI3K inhibitors [149]. In a recent report, Lin et al. [162] demonstrated that Axl mediates
docetaxel resistance in prostate cancer. The authors found that overexpression of Axl can induce
resistance to docetaxel and that the activation of Axl is independent of Gas6 in docetaxel-resistant
prostate cancer cells [162]. Activation of Axl in RTK-resistant cancer such as EGFR may occur due to
bypassing of the RTK inhibitor effect. In drug-resistant cancer, a bypass (activation of a secondary RTK)
reactivates downstream pathways while the primary oncogene is still inhibited, leading to continued
proliferation/survival in the presence of the inhibitor.
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Other than simply correlating Axl expression to induction of resistance in cancer, several reports
described the ability of Axl to dimerize with other receptors, such as EGFR, MET, and platelet-derived
growth factor (PDGFR) [147,163,164]. This heterodimerization allows the triggering of signals that
increase proliferation, migration and invasion of cancer cells. Vouri et al. [156] described the interaction
between EGFR and Axl. They demonstrated different sets of gene expression patterns regulated by
EGFR–EGFR, Axl–Axl, and EGFR–Axl dimerization. For instance, genes promoting invasion were
regulated by the EGFR–Axl axis, while the EGFR–EGFR axis regulated the cell cycle and Axl–Axl
regulated invasion [156]. In this context, the development of resistance to EGFR-inhibitors may be
induced by EGFR–Axl transactivation in order to amplify signals important in inducing cell invasion,
but that are not activated by EGFR–EGFR activation.

Targeting TAM Receptors

As previously discussed, increased activity of TAM receptors, other than activating oncogenic
signals, may lead to drug resistance, increase tumor progression and aggressiveness. In this regard, the
development of therapy targeting this class of proteins may represent improvement in the treatment
outcome of several types of cancer. The development of TAM inhibitors includes: (1) small molecule
tyrosine kinase inhibitors, (2) antagonistic monoclonal antibodies, (3) TAM-fragment crystallizable
region of antibody (Fc) soluble decoy receptors, and (4) aptamers. Although promising, each of the
approaches has positive and negative points that must be considered.

The development of small molecules demonstrated strong inhibitory activity, however, most are
not specific to the TAM receptors [165]. The Axl inhibitor BGB324 has been shown to inhibit both Mer
and Tyro3 at high concentrations [166], while the Mer inhibitors UNC569 and UNC1666 also have
inhibitory effects on Axl and Tyro3 [167,168]. These inhibitors have also been described as possessing
off-target effects in other proteins such as vascular endothelial growth factor receptor (VEGFR), Abelson
tyrosine-protein kinase (Abl), tunica internal endothelial cell kinase 2 (Tie-2), MET, Fms-like tyrosine
kinase (Flt3), and rearranged during transfection (RET) protein [165,167,168].

The development of strategies to inhibit TAM receptors are more prominent using Axl as a
model. Some clinical trials involving BGB324 have been employed in NSCLC (NCT02424617 and
NCT02922777), AML (NCT02488408), and triple-negative breast cancer (NCT03184558). BGB324,
a small molecule inhibitor of Axl developed by Holland et al. [169], blocks Axl-dependent signaling
events, reduces the EMT transcriptional regulator Snail, and inhibits angiogenesis and tumor
formation [169]. BGB324 can also inhibit survival and proliferation of glioblastoma cell lines in a
concentration-dependent manner [170] and increase survival of immunocompromised mice bearing
glioma sphere culture-derived mesenchymal glioblastoma-like tumors [16]. BMS-777607, a selective
and potent small-molecule MET inhibitor, has similar effects on these cell lines and mice models,
as an Axl-inhibitor [171]. Another small molecule named TP-0903 induces apoptosis in primary
chronic lymphocytic leukemia (CLL) B-cells by targeting Axl without inhibiting phosphorylated Tyro3,
overcoming bone marrow stromal cell protection of the leukemic B-cells [172]. In spite of targeted
small molecular inhibitors having good toxicity profiles, patients who enter treatment may develop
severe toxicities [173].

The pipeline for the development of specific target inhibitors is costly. Alternatively, natural
compounds have been identified as specific TAM inhibitors. Han et al. [174] demonstrated that MTE,
water extract of Marsdenia tenacissima, is able to restore erlotinib/gefitinib sensitivity in tyrosine kinase
inhibitor (TKI)-resistant non-small cell lung cancer cells driven by Axl and MET [174].

Ye et al. [175] developed a monoclonal antibody (YW327.6S2) against Axl, which recognizes
the receptor with high affinity, diminishing xenograft tumor growth and potentiating the effect of
anti-VEGF treatment [175]. Recently, an antibody–drug conjugate, AXL-107-MMAE, was developed
that linked a human Axl antibody with the microtubule-disrupting agent monomethyl auristatin E.
Treatment with AXL-107-MMAE has in vivo anti-tumor activity in melanoma, lung, pancreas and
cervical cancer xenograft models [176].
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Furthermore, Liu et al. [177] described the use of a monoclonal antibody (MAb173), that not only
induces Axl degradation in vitro and leads to inhibition of Kaposi sarcoma cell invasion, but also
reduces tumor growth, increases tumor cell apoptosis, decreasing the Axl level in in vivo xenograft
studies [177]. The same group developed a humanized version of this monoclonal antibody (hMAb173)
that can induce renal cell carcinoma apoptosis ex vivo and in vivo [178].

Soluble TAM receptors generated from proteolytic cleavage or alternative splicing can quench
available ligands, limiting TAM signaling [179]. Kariolis et al. [180] engineered an Axl decoy receptor
that binds Gas6 with high affinity. By neutralizing ligands this decoy could inhibit Gas6/Axl signaling,
metastasis, and disease progression in vivo [180].

Aptamers are molecules (stable nucleic acid) that bind targets with high affinity and specificity.
In this sense, aptamers may represent alternatives with potentially fewer toxic effects than current
standard therapies [181]. The advantages of aptamers are high affinity for its target [182,183] and low
sensitivity to endo-nucleases when engineered to include chemical modifications, such as fluoro and
phosphorothioate modifications [184].

Cerchia et al. [185] developed an RNA aptamer, GL21.T, specific to inhibiting Axl that also binds
to the Tyro3 ectodomain [185]. Kanlikilicer et al. [181] demonstrated that a chemically modified
DNA aptamer inhibited Axl in vivo. They also demonstrated reduction in antitumor/metastasis and
enhanced the efficacy of chemotherapy (paclitaxel) in ovarian cancer tumor models [181].

6. Conclusions

TAM receptors and their ligands play an intricate role in tissue maintenance and development.
TAM signaling is highly regulated. Loss of function is associated with disarray in homeostasis that
leads to autoimmune diseases, while increased activity is associated with poor prognosis, resistance
and metastasis in cancer patients. Inhibition of TAM signaling has shown promise in cancer treatment.
TAM inhibitors can restore drug sensitivity, inhibit angiogenesis, reduce tumor growth, and inhibit
tumor formation. The consequences of long-term inhibition of TAM signaling are unexplored in the
light of disease development due to loss of function. Understanding the role of these receptors in
diseases can aid in the development of more rational, therapeutic modalities. The development of
targeted TAM therapies for the treatment of cancer without affecting other cells and tissue in which
their role is crucial remains paramount.

Author Contributions: Conceptualization, M.W., J.D.P., and L.F.Z.; Resources, M.W., J.D.P., and L.F.Z.;
Writing—original Draft preparation, M.W., J.D.P., and L.F.Z.; Writing—review and editing, M.W., J.D.P., and L.F.Z.;
Visualization, M.W., J.D.P., and L.F.Z.; Supervision, L.F.Z. Funding acquisition, L.F.Z.

Funding: This research was funded by International Centre for Genetic Engineering and Technology (ICGEB).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Linger, R.M.; Keating, A.K.; Earp, H.S.; Graham, D.K. Tam receptor tyrosine kinases: Biologic functions,
signaling, and potential therapeutic targeting in human cancer. Adv. Cancer Res. 2008, 100, 35–83. [PubMed]

2. Lu, Q.; Gore, M.; Zhang, Q.; Camenisch, T.; Boast, S.; Casagranda, F.; Lai, C.; Skinner, M.K.; Klein, R.;
Matsushima, G.K.; et al. Tyro-3 family receptors are essential regulators of mammalian spermatogenesis.
Nature 1999, 398, 723–728. [CrossRef] [PubMed]

3. Xu, L.; Hu, F.; Zhu, H.; Liu, X.; Shi, L.; Li, Y.; Zhong, H.; Su, Y. Soluble tam receptor tyrosine kinases in
rheumatoid arthritis: Correlation with disease activity and bone destruction. Clin. Exp. Immunol. 2018, 192,
95–103. [CrossRef] [PubMed]

4. Weinger, J.G.; Omari, K.M.; Marsden, K.; Raine, C.S.; Shafit-Zagardo, B. Up-regulation of soluble axl and mer
receptor tyrosine kinases negatively correlates with gas6 in established multiple sclerosis lesions. Am. J. Pathol.
2009, 175, 283–293. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/18620092
http://dx.doi.org/10.1038/19554
http://www.ncbi.nlm.nih.gov/pubmed/10227296
http://dx.doi.org/10.1111/cei.13082
http://www.ncbi.nlm.nih.gov/pubmed/29148078
http://dx.doi.org/10.2353/ajpath.2009.080807
http://www.ncbi.nlm.nih.gov/pubmed/19541935


Cells 2018, 7, 166 10 of 19

5. Zhu, H.; Sun, X.; Zhu, L.; Hu, F.; Shi, L.; Li, Z.; Su, Y. The expression and clinical significance of different
forms of mer receptor tyrosine kinase in systemic lupus erythematosus. J. Immunol. Res. 2014, 2014, 431896.
[CrossRef] [PubMed]

6. Graham, D.K.; DeRyckere, D.; Davies, K.D.; Earp, H.S. The tam family: Phosphatidylserine sensing receptor
tyrosine kinases gone awry in cancer. Nat. Rev. Cancer 2014, 14, 769–785. [CrossRef] [PubMed]

7. Mahadevan, D.; Cooke, L.; Riley, C.; Swart, R.; Simons, B.; Della Croce, K.; Wisner, L.; Iorio, M.; Shakalya, K.;
Garewal, H.; et al. A novel tyrosine kinase switch is a mechanism of imatinib resistance in gastrointestinal
stromal tumors. Oncogene 2007, 26, 3909–3919. [CrossRef] [PubMed]

8. Paolino, M.; Choidas, A.; Wallner, S.; Pranjic, B.; Uribesalgo, I.; Loeser, S.; Jamieson, A.M.; Langdon, W.Y.;
Ikeda, F.; Fededa, J.P.; et al. The e3 ligase cbl-b and tam receptors regulate cancer metastasis via natural killer
cells. Nature 2014, 507, 508–512. [CrossRef] [PubMed]

9. Gjerdrum, C.; Tiron, C.; Hoiby, T.; Stefansson, I.; Haugen, H.; Sandal, T.; Collett, K.; Li, S.; McCormack, E.;
Gjertsen, B.T.; et al. Axl is an essential epithelial-to-mesenchymal transition-induced regulator of breast
cancer metastasis and patient survival. Proc. Natl. Acad. Sci. USA 2010, 107, 1124–1129. [CrossRef] [PubMed]

10. O’Bryan, J.P.; Frye, R.A.; Cogswell, P.C.; Neubauer, A.; Kitch, B.; Prokop, C.; Espinosa, R., 3rd; Le Beau, M.M.;
Earp, H.S.; Liu, E.T. Axl, a transforming gene isolated from primary human myeloid leukemia cells, encodes
a novel receptor tyrosine kinase. Mol. Cell. Biol. 1991, 11, 5016–5031. [CrossRef] [PubMed]

11. Graham, D.K.; Dawson, T.L.; Mullaney, D.L.; Snodgrass, H.R.; Earp, H.S. Cloning and mrna expression
analysis of a novel human protooncogene, c-mer. Cell Growth Differ. 1994, 5, 647–657. [PubMed]

12. Lai, C.; Gore, M.; Lemke, G. Structure, expression, and activity of tyro 3, a neural adhesion-related receptor
tyrosine kinase. Oncogene 1994, 9, 2567–2578. [PubMed]

13. Hafizi, S.; Dahlback, B. Gas6 and protein s. Vitamin k-dependent ligands for the axl receptor tyrosine kinase
subfamily. FEBS J. 2006, 273, 5231–5244. [CrossRef] [PubMed]

14. Tsou, W.I.; Nguyen, K.Q.; Calarese, D.A.; Garforth, S.J.; Antes, A.L.; Smirnov, S.V.; Almo, S.C.; Birge, R.B.;
Kotenko, S.V. Receptor tyrosine kinases, tyro3, axl, and mer, demonstrate distinct patterns and complex
regulation of ligand-induced activation. J. Biol. Chem. 2014, 289, 25750–25763. [CrossRef] [PubMed]

15. Lew, E.D.; Oh, J.; Burrola, P.G.; Lax, I.; Zagórska, A.; Través, P.G.; Schlessinger, J.; Lemke, G. Differential
tam receptor–ligand–phospholipid interactions delimit differential tam bioactivities. Elife 2014, 3, e03385.
[CrossRef] [PubMed]

16. Sadahiro, H.; Kang, K.D.; Gibson, J.T.; Minata, M.; Yu, H.; Shi, J.; Chhipa, R.; Chen, Z.; Lu, S.; Simoni, Y.;
et al. Activation of the receptor tyrosine kinase axl regulates the immune microenvironment in glioblastoma.
Cancer Res. 2018, 78, 3002–3013. [CrossRef] [PubMed]

17. Abboud-Jarrous, G.; Priya, S.; Maimon, A.; Fischman, S.; Cohen-Elisha, M.; Czerninski, R.; Burstyn-Cohen, T.
Protein s drives oral squamous cell carcinoma tumorigenicity through regulation of axl. Oncotarget 2017, 8,
13986–14002. [CrossRef] [PubMed]

18. Burstyn-Cohen, T.; Heeb, M.J.; Lemke, G. Lack of protein s in mice causes embryonic lethal coagulopathy
and vascular dysgenesis. J. Clin. Investig. 2009, 119, 2942–2953. [CrossRef] [PubMed]

19. Nakano, T.; Kawamoto, K.; Kishino, J.; Nomura, K.; Higashino, K.; Arita, H. Requirement of
gamma-carboxyglutamic acid residues for the biological activity of gas6: Contribution of endogenous
gas6 to the proliferation of vascular smooth muscle cells. Biochem. J. 1997, 323 (Pt 2), 387–392. [CrossRef]

20. Hasanbasic, I.; Rajotte, I.; Blostein, M. The role of gamma-carboxylation in the anti-apoptotic function of
gas6. JTH 2005, 3, 2790–2797. [CrossRef] [PubMed]

21. Caberoy, N.B.; Zhou, Y.; Li, W. Tubby and tubby-like protein 1 are new mertk ligands for phagocytosis.
EMBO J. 2010, 29, 3898–3910. [CrossRef] [PubMed]

22. Caberoy, N.B.; Alvarado, G.; Bigcas, J.L.; Li, W. Galectin-3 is a new mertk-specific eat-me signal. J. Cell. Physiol.
2012, 227, 401–407. [CrossRef] [PubMed]

23. Burstyn-Cohen, T.; Lew, E.D.; Traves, P.G.; Burrola, P.G.; Hash, J.C.; Lemke, G. Genetic dissection of tam
receptor-ligand interaction in retinal pigment epithelial cell phagocytosis. Neuron 2012, 76, 1123–1132.
[CrossRef] [PubMed]

24. Sasaki, T.; Knyazev, P.G.; Clout, N.J.; Cheburkin, Y.; Göhring, W.; Ullrich, A.; Timpl, R.; Hohenester, E.
Structural basis for gas6–axl signalling. EMBO J. 2006, 25, 80–87. [CrossRef] [PubMed]

http://dx.doi.org/10.1155/2014/431896
http://www.ncbi.nlm.nih.gov/pubmed/24741600
http://dx.doi.org/10.1038/nrc3847
http://www.ncbi.nlm.nih.gov/pubmed/25568918
http://dx.doi.org/10.1038/sj.onc.1210173
http://www.ncbi.nlm.nih.gov/pubmed/17325667
http://dx.doi.org/10.1038/nature12998
http://www.ncbi.nlm.nih.gov/pubmed/24553136
http://dx.doi.org/10.1073/pnas.0909333107
http://www.ncbi.nlm.nih.gov/pubmed/20080645
http://dx.doi.org/10.1128/MCB.11.10.5016
http://www.ncbi.nlm.nih.gov/pubmed/1656220
http://www.ncbi.nlm.nih.gov/pubmed/8086340
http://www.ncbi.nlm.nih.gov/pubmed/8058320
http://dx.doi.org/10.1111/j.1742-4658.2006.05529.x
http://www.ncbi.nlm.nih.gov/pubmed/17064312
http://dx.doi.org/10.1074/jbc.M114.569020
http://www.ncbi.nlm.nih.gov/pubmed/25074926
http://dx.doi.org/10.7554/eLife.03385
http://www.ncbi.nlm.nih.gov/pubmed/25265470
http://dx.doi.org/10.1158/0008-5472.CAN-17-2433
http://www.ncbi.nlm.nih.gov/pubmed/29531161
http://dx.doi.org/10.18632/oncotarget.14753
http://www.ncbi.nlm.nih.gov/pubmed/28118606
http://dx.doi.org/10.1172/JCI39325
http://www.ncbi.nlm.nih.gov/pubmed/19729839
http://dx.doi.org/10.1042/bj3230387
http://dx.doi.org/10.1111/j.1538-7836.2005.01662.x
http://www.ncbi.nlm.nih.gov/pubmed/16359517
http://dx.doi.org/10.1038/emboj.2010.265
http://www.ncbi.nlm.nih.gov/pubmed/20978472
http://dx.doi.org/10.1002/jcp.22955
http://www.ncbi.nlm.nih.gov/pubmed/21792939
http://dx.doi.org/10.1016/j.neuron.2012.10.015
http://www.ncbi.nlm.nih.gov/pubmed/23259948
http://dx.doi.org/10.1038/sj.emboj.7600912
http://www.ncbi.nlm.nih.gov/pubmed/16362042


Cells 2018, 7, 166 11 of 19

25. Todt, J.C.; Hu, B.; Curtis, J.L. The receptor tyrosine kinase mertk activates phospholipase c gamma2 during
recognition of apoptotic thymocytes by murine macrophages. J. Leukoc. Biol. 2004, 75, 705–713. [CrossRef]
[PubMed]

26. Besser, D.; Bromberg, J.F.; Darnell, J.E., Jr.; Hanafusa, H. A single amino acid substitution in the v-eyk
intracellular domain results in activation of stat3 and enhances cellular transformation. Mol. Cell. Biol. 1999,
19, 1401–1409. [CrossRef] [PubMed]

27. Guttridge, K.L.; Luft, J.C.; Dawson, T.L.; Kozlowska, E.; Mahajan, N.P.; Varnum, B.; Earp, H.S. Mer receptor
tyrosine kinase signaling: Prevention of apoptosis and alteration of cytoskeletal architecture without
stimulation or proliferation. J. Biol. Chem. 2002, 277, 24057–24066. [CrossRef] [PubMed]

28. Rothlin, C.V.; Ghosh, S.; Zuniga, E.I.; Oldstone, M.B.; Lemke, G. Tam receptors are pleiotropic inhibitors of
the innate immune response. Cell 2007, 131, 1124–1136. [CrossRef] [PubMed]

29. Weinger, J.G.; Gohari, P.; Yan, Y.; Backer, J.M.; Varnum, B.; Shafit-Zagardo, B. In brain, axl recruits grb2
and the p85 regulatory subunit of pi3 kinase; in vitro mutagenesis defines the requisite binding sites for
downstream akt activation. J. Neurochem. 2008, 106, 134–146. [CrossRef] [PubMed]

30. Axelrod, H.; Pienta, K.J. Axl as a mediator of cellular growth and survival. Oncotarget 2014, 5, 1–35. [CrossRef]
[PubMed]

31. Lemke, G. Biology of the tam receptors. Cold Spring Harb. Perspect. Biol. 2013, 5, a009076. [CrossRef]
[PubMed]

32. Goruppi, S.; Ruaro, E.; Schneider, C. Gas6, the ligand of axl tyrosine kinase receptor, has mitogenic and
survival activities for serum starved nih3t3 fibroblasts. Oncogene 1996, 12, 471–480. [PubMed]

33. Goruppi, S.; Ruaro, E.; Varnum, B.; Schneider, C. Requirement of phosphatidylinositol 3-kinase-dependent
pathway and src for gas6-axl mitogenic and survival activities in nih 3t3 fibroblasts. Mol. Cell. Biol. 1997, 17,
4442–4453. [CrossRef] [PubMed]

34. Goruppi, S.; Yamane, H.; Marcandalli, P.; Garcia, A.; Clogston, C.; Gostissa, M.; Varnum, B.; Schneider, C.
The product of a gas6 splice variant allows the release of the domain responsible for axl tyrosine kinase
receptor activation. FEBS Lett. 1997, 415, 59–63. [CrossRef]

35. Angelillo-Scherrer, A.; de Frutos, P.; Aparicio, C.; Melis, E.; Savi, P.; Lupu, F.; Arnout, J.; Dewerchin, M.;
Hoylaerts, M.; Herbert, J.; et al. Deficiency or inhibition of gas6 causes platelet dysfunction and protects
mice against thrombosis. Nat. Med. 2001, 7, 215–221. [CrossRef] [PubMed]

36. Katagiri, M.; Hakeda, Y.; Chikazu, D.; Ogasawara, T.; Takato, T.; Kumegawa, M.; Nakamura, K.;
Kawaguchi, H. Mechanism of stimulation of osteoclastic bone resorption through gas6/tyro 3, a receptor
tyrosine kinase signaling, in mouse osteoclasts. J. Biol. Chem. 2001, 276, 7376–7382. [CrossRef] [PubMed]

37. Schulz, N.T.; Paulhiac, C.I.; Lee, L.; Zhou, R. Isolation and expression analysis of tyro3, a murine growth
factor receptor tyrosine kinase preferentially expressed in adult brain. Brain Res. Mol. Brain Res. 1995, 28,
273–280. [CrossRef]

38. Wang, H.; Chen, Y.; Ge, Y.; Ma, P.; Ma, Q.; Ma, J.; Wang, H.; Xue, S.; Han, D. Immunoexpression of tyro
3 family receptors—Tyro 3, axl, and mer—And their ligand gas6 in postnatal developing mouse testis.
J. Histochem. Cytochem. 2005, 53, 1355–1364. [CrossRef] [PubMed]

39. Lu, Q.; Lemke, G. Homeostatic regulation of the immune system by receptor tyrosine kinases of the tyro 3
family. Science 2001, 293, 306–311. [CrossRef] [PubMed]

40. Prasad, D.; Rothlin, C.V.; Burrola, P.; Burstyn-Cohen, T.; Lu, Q.; Garcia de Frutos, P.; Lemke, G. Tam receptor
function in the retinal pigment epithelium. Mol. Cell. Neurosci. 2006, 33, 96–108. [CrossRef] [PubMed]

41. Prieto, A.L.; O’Dell, S.; Varnum, B.; Lai, C. Localization and signaling of the receptor protein tyrosine kinase
tyro3 in cortical and hippocampal neurons. Neuroscience 2007, 150, 319–334. [CrossRef] [PubMed]

42. Pierce, A.; Bliesner, B.; Xu, M.; Nielsen-Preiss, S.; Lemke, G.; Tobet, S.; Wierman, M.E. Axl and tyro3 modulate
female reproduction by influencing gonadotropin-releasing hormone neuron survival and migration. Mol.
Endocrinol. 2008, 22, 2481–2495. [CrossRef] [PubMed]

43. Mark, M.R.; Scadden, D.T.; Wang, Z.G.; Gu, Q.M.; Goddard, A.; Godowski, P.J. Rse, a novel receptor-type
tyrosine kinase with homology to axl/ufo, is expressed at high-levels in the brain. J. Biol. Chem. 1994, 269,
10720–10728. [PubMed]

44. Bellosta, P.; Costa, M.; Lin, D.A.; Basilico, C. The receptor tyrosine kinase ark mediates cell aggregation by
homophilic binding. Mol. Cell. Biol. 1995, 15, 614–625. [CrossRef] [PubMed]

http://dx.doi.org/10.1189/jlb.0903439
http://www.ncbi.nlm.nih.gov/pubmed/14704368
http://dx.doi.org/10.1128/MCB.19.2.1401
http://www.ncbi.nlm.nih.gov/pubmed/9891073
http://dx.doi.org/10.1074/jbc.M112086200
http://www.ncbi.nlm.nih.gov/pubmed/11929866
http://dx.doi.org/10.1016/j.cell.2007.10.034
http://www.ncbi.nlm.nih.gov/pubmed/18083102
http://dx.doi.org/10.1111/j.1471-4159.2008.05343.x
http://www.ncbi.nlm.nih.gov/pubmed/18346204
http://dx.doi.org/10.18632/oncotarget.2422
http://www.ncbi.nlm.nih.gov/pubmed/25344858
http://dx.doi.org/10.1101/cshperspect.a009076
http://www.ncbi.nlm.nih.gov/pubmed/24186067
http://www.ncbi.nlm.nih.gov/pubmed/8637702
http://dx.doi.org/10.1128/MCB.17.8.4442
http://www.ncbi.nlm.nih.gov/pubmed/9234702
http://dx.doi.org/10.1016/S0014-5793(97)01093-4
http://dx.doi.org/10.1038/84667
http://www.ncbi.nlm.nih.gov/pubmed/11175853
http://dx.doi.org/10.1074/jbc.M007393200
http://www.ncbi.nlm.nih.gov/pubmed/11084030
http://dx.doi.org/10.1016/0169-328X(94)00216-2
http://dx.doi.org/10.1369/jhc.5A6637.2005
http://www.ncbi.nlm.nih.gov/pubmed/15956026
http://dx.doi.org/10.1126/science.1061663
http://www.ncbi.nlm.nih.gov/pubmed/11452127
http://dx.doi.org/10.1016/j.mcn.2006.06.011
http://www.ncbi.nlm.nih.gov/pubmed/16901715
http://dx.doi.org/10.1016/j.neuroscience.2007.09.047
http://www.ncbi.nlm.nih.gov/pubmed/17980494
http://dx.doi.org/10.1210/me.2008-0169
http://www.ncbi.nlm.nih.gov/pubmed/18787040
http://www.ncbi.nlm.nih.gov/pubmed/7511603
http://dx.doi.org/10.1128/MCB.15.2.614
http://www.ncbi.nlm.nih.gov/pubmed/7823930


Cells 2018, 7, 166 12 of 19

45. Berclaz, G.; Altermatt, H.J.; Rohrbach, V.; Kieffer, I.; Dreher, E.; Andres, A.C. Estrogen dependent expression
of the receptor tyrosine kinase axl in normal and malignant human breast. Ann. Oncol. 2001, 12, 819–824.
[CrossRef] [PubMed]

46. Melaragno, M.G.; Wuthrich, D.A.; Poppa, V.; Gill, D.; Lindner, V.; Berk, B.C.; Corson, M.A. Increased
expression of axl tyrosine kinase after vascular injury and regulation by g protein–coupled receptor agonists
in rats. Circ. Res. 1998, 83, 697–704. [CrossRef] [PubMed]

47. Batchu, S.N.; Xia, J.; Ko, K.A.; Doyley, M.M.; Abe, J.; Morrell, C.N.; Korshunov, V.A. Axl modulates immune
activation of smooth muscle cells in vein graft remodeling. Am. J. Physiol. Heart Circ. Physiol. 2015, 309,
H1048–H1058. [CrossRef] [PubMed]

48. Angelillo-Scherrer, A.; Burnier, L.; Flores, N.; Savi, P.; DeMol, M.; Schaeffer, P.; Herbert, J.M.; Lemke, G.;
Goff, S.P.; Matsushima, G.K.; et al. Role of gas6 receptors in platelet signaling during thrombus stabilization
and implications for antithrombotic therapy. J. Clin. Investig. 2005, 115, 237–246. [CrossRef] [PubMed]

49. Lemke, G.; Burstyn-Cohen, T. Tam receptors and the clearance of apoptotic cells. Ann. N. Y. Acad. Sci. 2010,
1209, 23–29. [CrossRef] [PubMed]

50. Seitz, H.M.; Camenisch, T.D.; Lemke, G.; Earp, H.S.; Matsushima, G.K. Macrophages and dendritic cells
use different axl/mertk/tyro3 receptors in clearance of apoptotic cells. J. Immunol. 2007, 178, 5635–5642.
[CrossRef] [PubMed]

51. Sharif, M.N.; Sosic, D.; Rothlin, C.V.; Kelly, E.; Lemke, G.; Olson, E.N.; Ivashkiv, L.B. Twist mediates
suppression of inflammation by type i ifns and axl. J. Exp. Med. 2006, 203, 1891–1901. [CrossRef] [PubMed]

52. van der Meer, J.H.; van der Poll, T.; van’t Veer, C. Tam receptors, gas6, and protein s: Roles in inflammation
and hemostasis. Blood 2014, 123, 2460–2469. [CrossRef] [PubMed]

53. Cosemans, J.M.; Van Kruchten, R.; Olieslagers, S.; Schurgers, L.J.; Verheyen, F.K.; Munnix, I.C.;
Waltenberger, J.; Angelillo-Scherrer, A.; Hoylaerts, M.F.; Carmeliet, P.; et al. Potentiating role of gas6
and tyro3, axl and mer (tam) receptors in human and murine platelet activation and thrombus stabilization.
JTH 2010, 8, 1797–1808. [CrossRef] [PubMed]

54. Law, L.A.; Graham, D.K.; Di Paola, J.; Branchford, B.R. Gas6/tam pathway signaling in hemostasis and
thrombosis. Front. Med. 2018, 5, 137. [CrossRef] [PubMed]

55. Deng, T.; Chen, Q.; Han, D. The roles of tam receptor tyrosine kinases in the mammalian testis and
immunoprivileged sites. Front. Biosci. 2016, 21, 316–327.

56. Penberthy, K.K.; Lysiak, J.J.; Ravichandran, K.S. Rethinking phagocytes: Clues from the retina and testes.
Trends Cell Biol. 2018, 28, 317–327. [CrossRef] [PubMed]

57. D’Cruz, P.M.; Yasumura, D.; Weir, J.; Matthes, M.T.; Abderrahim, H.; LaVail, M.M.; Vollrath, D. Mutation of
the receptor tyrosine kinase gene mertk in the retinal dystrophic rcs rat. Hum. Mol. Genet. 2000, 9, 645–651.
[CrossRef] [PubMed]

58. Duncan, J.L.; LaVail, M.M.; Yasumura, D.; Matthes, M.T.; Yang, H.; Trautmann, N.; Chappelow, A.V.; Feng, W.;
Earp, H.S.; Matsushima, G.K.; et al. An rcs-like retinal dystrophy phenotype in mer knockout mice. Investig.
Ophthalmol. Vis. Sci. 2003, 44, 826–838. [CrossRef]

59. Gal, A.; Li, Y.; Thompson, D.A.; Weir, J.; Orth, U.; Jacobson, S.G.; Apfelstedt-Sylla, E.; Vollrath, D. Mutations
in mertk, the human orthologue of the rcs rat retinal dystrophy gene, cause retinitis pigmentosa. Nat. Genet.
2000, 26, 270–271. [CrossRef] [PubMed]

60. Audo, I.; Mohand-Said, S.; Boulanger-Scemama, E.; Zanlonghi, X.; Condroyer, C.; Demontant, V.; Boyard, F.;
Antonio, A.; Mejecase, C.; El Shamieh, S.; et al. Mertk mutation update in inherited retinal diseases.
Hum. Mutat. 2018, 39, 887–913. [CrossRef] [PubMed]

61. Chung, W.S.; Clarke, L.E.; Wang, G.X.; Stafford, B.K.; Sher, A.; Chakraborty, C.; Joung, J.; Foo, L.C.;
Thompson, A.; Chen, C.F.; et al. Astrocytes mediate synapse elimination through megf10 and mertk
pathways. Nature 2013, 504, 394. [CrossRef] [PubMed]

62. Brosius Lutz, A.; Chung, W.S.; Sloan, S.A.; Carson, G.A.; Zhou, L.; Lovelett, E.; Posada, S.; Zuchero, J.B.;
Barres, B.A. Schwann cells use tam receptor-mediated phagocytosis in addition to autophagy to clear myelin
in a mouse model of nerve injury. Proc. Natl. Acad. Sci. USA 2017, 114, E8072–E8080. [CrossRef] [PubMed]

63. Felton, J.M.; Lucas, C.D.; Dorward, D.A.; Duffin, R.; Kipari, T.; Vermeren, S.; Robb, C.T.; MacLeod, K.G.;
Serrels, B.; Schwarze, J.; et al. Mer-mediated eosinophil efferocytosis regulates resolution of allergic airway
inflammation. J. Allergy Clin. Immunol. 2018, in press. [CrossRef] [PubMed]

http://dx.doi.org/10.1023/A:1011126330233
http://www.ncbi.nlm.nih.gov/pubmed/11484958
http://dx.doi.org/10.1161/01.RES.83.7.697
http://www.ncbi.nlm.nih.gov/pubmed/9758639
http://dx.doi.org/10.1152/ajpheart.00495.2015
http://www.ncbi.nlm.nih.gov/pubmed/26276821
http://dx.doi.org/10.1172/JCI22079
http://www.ncbi.nlm.nih.gov/pubmed/15650770
http://dx.doi.org/10.1111/j.1749-6632.2010.05744.x
http://www.ncbi.nlm.nih.gov/pubmed/20958312
http://dx.doi.org/10.4049/jimmunol.178.9.5635
http://www.ncbi.nlm.nih.gov/pubmed/17442946
http://dx.doi.org/10.1084/jem.20051725
http://www.ncbi.nlm.nih.gov/pubmed/16831897
http://dx.doi.org/10.1182/blood-2013-09-528752
http://www.ncbi.nlm.nih.gov/pubmed/24596417
http://dx.doi.org/10.1111/j.1538-7836.2010.03935.x
http://www.ncbi.nlm.nih.gov/pubmed/20546121
http://dx.doi.org/10.3389/fmed.2018.00137
http://www.ncbi.nlm.nih.gov/pubmed/29868590
http://dx.doi.org/10.1016/j.tcb.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/29454661
http://dx.doi.org/10.1093/hmg/9.4.645
http://www.ncbi.nlm.nih.gov/pubmed/10699188
http://dx.doi.org/10.1167/iovs.02-0438
http://dx.doi.org/10.1038/81555
http://www.ncbi.nlm.nih.gov/pubmed/11062461
http://dx.doi.org/10.1002/humu.23431
http://www.ncbi.nlm.nih.gov/pubmed/29659094
http://dx.doi.org/10.1038/nature12776
http://www.ncbi.nlm.nih.gov/pubmed/24270812
http://dx.doi.org/10.1073/pnas.1710566114
http://www.ncbi.nlm.nih.gov/pubmed/28874532
http://dx.doi.org/10.1016/j.jaci.2018.01.029
http://www.ncbi.nlm.nih.gov/pubmed/29428392


Cells 2018, 7, 166 13 of 19

64. Grabiec, A.M.; Denny, N.; Doherty, J.A.; Happonen, K.E.; Hankinson, J.; Connolly, E.; Fife, M.E.; Fujimori, T.;
Fujino, N.; Goenka, A.; et al. Diminished airway macrophage expression of the axl receptor tyrosine kinase
is associated with defective efferocytosis in asthma. J. Allergy Clin. Immunol. 2017, 140, 1144–1146. [CrossRef]
[PubMed]

65. Carrera Silva, E.A.; Chan, P.Y.; Joannas, L.; Errasti, A.E.; Gagliani, N.; Bosurgi, L.; Jabbour, M.; Perry, A.;
Smith-Chakmakova, F.; Mucida, D.; et al. T cell-derived protein s engages tam receptor signaling in dendritic
cells to control the magnitude of the immune response. Immunity 2013, 39, 160–170. [CrossRef] [PubMed]

66. Marshak-Rothstein, A. Toll-like receptors in systemic autoimmune disease. Nat. Rev. Immunol. 2006, 6,
823–835. [CrossRef] [PubMed]

67. Scutera, S.; Fraone, T.; Musso, T.; Cappello, P.; Rossi, S.; Pierobon, D.; Orinska, Z.; Paus, R.; Bulfone-Paus, S.;
Giovarelli, M. Survival and migration of human dendritic cells are regulated by an ifn-α-inducible axl/gas6
pathway. J. Immunol. 2009. [CrossRef] [PubMed]

68. Lumbroso, D.; Soboh, S.; Maimon, A.; Schif-Zuck, S.; Ariel, A.; Burstyn-Cohen, T. Macrophage-derived
protein s facilitates apoptotic polymorphonuclear cell clearance by resolution phase macrophages and
supports their reprogramming. Front. Immunol. 2018, 9, 358. [CrossRef] [PubMed]

69. Bonjardim, C.A.; Ferreira, P.C.; Kroon, E.G. Interferons: Signaling, antiviral and viral evasion. Immunol. Lett.
2009, 122, 1–11. [CrossRef] [PubMed]

70. Zhang, J.; Qi, X. The role of the tam family of receptor tyrosine kinases in neural development and disorders.
Neuropsychiatry 2018, 8, 428–437. [CrossRef]

71. Allen, M.P.; Zeng, C.; Schneider, K.; Xiong, X.Y.; Meintzer, M.K.; Bellosta, P.; Basilico, C.; Varnum, B.;
Heidenreich, K.A.; Wierman, M.E. Growth arrest-specific gene 6 (gas6)/adhesion related kinase (ark)
signaling promotes gonadotropin-releasing hormone neuronal survival via extracellular signal-regulated
kinase (erk) and akt. Mol. Endocrinol. 1999, 13, 191–201. [CrossRef] [PubMed]

72. Fridell, Y.W.C.; Jin, Y.; Quilliam, L.A.; Burchert, A.; McCloskey, P.; Spizz, G.; Varnum, B.; Der, C.; Liu, E.T.
Differential activation of the ras/extracellular-signal-regulated protein kinase pathway is responsible for
the biological consequences induced by the axl receptor tyrosine kinase. Mol. Cell. Biol. 1996, 16, 135–145.
[CrossRef] [PubMed]

73. Graham, D.K.; Bowman, G.W.; Dawson, T.L.; Stanford, W.L.; Earp, H.S.; Snodgrass, H.R. Cloning and
developmental expression analysis of the murine c-mer tyrosine kinase. Oncogene 1995, 10, 2349–2359.
[PubMed]

74. Biesecker, L.G.; Giannola, D.M.; Emerson, S.G. Identification of alternative exons, including a novel exon, in
the tyrosine kinase receptor gene etk2/tyro3 that explain differences in 5’ cdna sequences. Oncogene 1995, 10,
2239–2242. [PubMed]

75. Schulz, A.S.; Schleithoff, L.; Faust, M.; Bartram, C.R.; Janssen, J.W. The genomic structure of the human ufo
receptor. Oncogene 1993, 8, 509–513. [PubMed]

76. O’Bryan, J.P.; Fridell, Y.W.; Koski, R.; Varnum, B.; Liu, E.T. The transforming receptor tyrosine kinase, axl, is
post-translationally regulated by proteolytic cleavage. J. Biol. Chem. 1995, 270, 551–557. [CrossRef] [PubMed]

77. Thorp, E.; Vaisar, T.; Subramanian, M.; Mautner, L.; Blobel, C.; Tabas, I. Shedding of the mer tyrosine kinase
receptor is mediated by adam17 protein through a pathway involving reactive oxygen species, protein kinase
cdelta, and p38 mitogen-activated protein kinase (mapk). J. Biol. Chem. 2011, 286, 33335–33344. [CrossRef]
[PubMed]

78. Sather, S.; Kenyon, K.D.; Lefkowitz, J.B.; Liang, X.; Varnum, B.C.; Henson, P.M.; Graham, D.K. A soluble form
of the mer receptor tyrosine kinase inhibits macrophage clearance of apoptotic cells and platelet aggregation.
Blood 2007, 109, 1026–1033. [CrossRef] [PubMed]

79. Kang, S.; Rogers, J.L.; Monteith, A.J.; Jiang, C.; Schmitz, J.; Clarke, S.H.; Tarrant, T.K.; Truong, Y.K.; Diaz, M.;
Fedoriw, Y.; et al. Apoptotic debris accumulates on hematopoietic cells and promotes disease in murine and
human systemic lupus erythematosus. J. Immunol. 2016, 196, 4030–4039. [CrossRef] [PubMed]

80. Zharkova, O.; Celhar, T.; Cravens, P.D.; Satterthwaite, A.B.; Fairhurst, A.M.; Davis, L.S. Pathways leading
to an immunological disease: Systemic lupus erythematosus. Rheumatology 2017, 56, i55–i66. [CrossRef]
[PubMed]

81. Gaipl, U.S.; Kuhn, A.; Sheriff, A.; Munoz, L.E.; Franz, S.; Voll, R.E.; Kalden, J.R.; Herrmann, M. Clearance of
apoptotic cells in human sle. Curr. Dir. Autoimmun. 2006, 9, 173–187. [PubMed]

http://dx.doi.org/10.1016/j.jaci.2017.03.024
http://www.ncbi.nlm.nih.gov/pubmed/28412392
http://dx.doi.org/10.1016/j.immuni.2013.06.010
http://www.ncbi.nlm.nih.gov/pubmed/23850380
http://dx.doi.org/10.1038/nri1957
http://www.ncbi.nlm.nih.gov/pubmed/17063184
http://dx.doi.org/10.4049/jimmunol.0804384
http://www.ncbi.nlm.nih.gov/pubmed/19657094
http://dx.doi.org/10.3389/fimmu.2018.00358
http://www.ncbi.nlm.nih.gov/pubmed/29545796
http://dx.doi.org/10.1016/j.imlet.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19059436
http://dx.doi.org/10.4172/Neuropsychiatry.1000363
http://dx.doi.org/10.1210/mend.13.2.0230
http://www.ncbi.nlm.nih.gov/pubmed/9973250
http://dx.doi.org/10.1128/MCB.16.1.135
http://www.ncbi.nlm.nih.gov/pubmed/8524290
http://www.ncbi.nlm.nih.gov/pubmed/7784083
http://www.ncbi.nlm.nih.gov/pubmed/7784069
http://www.ncbi.nlm.nih.gov/pubmed/8381225
http://dx.doi.org/10.1074/jbc.270.2.551
http://www.ncbi.nlm.nih.gov/pubmed/7822279
http://dx.doi.org/10.1074/jbc.M111.263020
http://www.ncbi.nlm.nih.gov/pubmed/21828049
http://dx.doi.org/10.1182/blood-2006-05-021634
http://www.ncbi.nlm.nih.gov/pubmed/17047157
http://dx.doi.org/10.4049/jimmunol.1500418
http://www.ncbi.nlm.nih.gov/pubmed/27059595
http://dx.doi.org/10.1093/rheumatology/kew427
http://www.ncbi.nlm.nih.gov/pubmed/28375453
http://www.ncbi.nlm.nih.gov/pubmed/16394661


Cells 2018, 7, 166 14 of 19

82. Ronnblom, L.; Pascual, V. The innate immune system in sle: Type i interferons and dendritic cells. Lupus
2008, 17, 394–399. [CrossRef] [PubMed]

83. Nagata, S.; Hanayama, R.; Kawane, K. Autoimmunity and the clearance of dead cells. Cell 2010, 140, 619–630.
[CrossRef] [PubMed]

84. Scott, R.S.; McMahon, E.J.; Pop, S.M.; Reap, E.A.; Caricchio, R.; Cohen, P.L.; Earp, H.S.; Matsushima, G.K.
Phagocytosis and clearance of apoptotic cells is mediated by mer. Nature 2001, 411, 207–211. [CrossRef]
[PubMed]

85. Cohen, P.L.; Caricchio, R.; Abraham, V.; Camenisch, T.D.; Jennette, J.C.; Roubey, R.A.; Earp, H.S.;
Matsushima, G.; Reap, E.A. Delayed apoptotic cell clearance and lupus-like autoimmunity in mice lacking
the c-mer membrane tyrosine kinase. J. Exp. Med. 2002, 196, 135–140. [CrossRef] [PubMed]

86. Heinlen, L.D.; McClain, M.T.; Merrill, J.; Akbarali, Y.W.; Edgerton, C.C.; Harley, J.B.; James, J.A. Clinical
criteria for systemic lupus erythematosus precede diagnosis, and associated autoantibodies are present
before clinical symptoms. Arthritis Rheum. 2007, 56, 2344–2351. [CrossRef] [PubMed]

87. Lahita, R. Lupus: Systemic Erythematosus; Academic Press: Cambridge, MA, USA, 2003.
88. Rothlin, C.V.; Lemke, G. Tam receptor signaling and autoimmune disease. Curr. Opin. Immunol. 2010, 22,

740–746. [CrossRef] [PubMed]
89. Song, K.S.; Park, Y.S.; Kim, H.K. Prevalence of anti-protein s antibodies in patients with systemic lupus

erythematosus. Arthritis Rheum. 2000, 43, 557–560. [CrossRef]
90. Suh, C.H.; Hilliard, B.; Li, S.; Merrill, J.T.; Cohen, P.L. Tam receptor ligands in lupus: Protein s but not gas6

levels reflect disease activity in systemic lupus erythematosus. Arthritis Res. Ther. 2010, 12, R146. [CrossRef]
[PubMed]

91. Roman, M.J.; Shanker, B.A.; Davis, A.; Lockshin, M.D.; Sammaritano, L.; Simantov, R.; Crow, M.K.;
Schwartz, J.E.; Paget, S.A.; Devereux, R.B.; et al. Prevalence and correlates of accelerated atherosclerosis in
systemic lupus erythematosus. N. Engl. J. Med. 2003, 349, 2399–2406. [CrossRef] [PubMed]

92. Dahlback, B. Interaction between complement component c4b-binding protein and the vitamin k-dependent
protein s. A link between blood coagulation and the complement system. Scand. J. Clin. Lab. Investig. Suppl.
1985, 177, 33–41.

93. Lemke, G.; Rothlin, C.V. Immunobiology of the tam receptors. Nat. Rev. Immunol. 2008, 8, 327–336. [CrossRef]
[PubMed]

94. Ballantine, L.; Midgley, A.; Harris, D.; Richards, E.; Burgess, S.; Beresford, M.W. Increased soluble phagocytic
receptors smer, styro3 and saxl and reduced phagocytosis in juvenile-onset systemic lupus erythematosus.
Pediatr. Rheumatol. Online J. 2015, 13, 10. [CrossRef] [PubMed]

95. Recarte-Pelz, P.; Tassies, D.; Espinosa, G.; Hurtado, B.; Sala, N.; Cervera, R.; Reverter, J.C.; de Frutos, P.G.
Vitamin k-dependent protein s gas6 and proteins and tam receptors in patients of systemic lupus
erythematosus: Correlation with common genetic variants and disease activity. Arthritis Res. Ther. 2013, 15,
R41. [CrossRef] [PubMed]

96. Waxman, S.G. Demyelinating diseases—New pathological insights, new therapeutic targets. N. Engl. J. Med.
1998, 338, 323–325. [PubMed]

97. Noseworthy, J.H.; Lucchinetti, C.; Rodriguez, M.; Weinshenker, B.G. Multiple sclerosis. N. Engl. J. Med. 2000,
343, 938–952. [CrossRef] [PubMed]

98. Compston, A.; Coles, A. Multiple sclerosis. Lancet 2002, 359, 1221–1231. [CrossRef]
99. Lai, C.; Lemke, G. An extended family of protein-tyrosine kinase genes differentially expressed in the

vertebrate nervous system. Neuron 1991, 6, 691–704. [CrossRef]
100. Bellan, M.; Pirisi, M.; Sainaghi, P.P. The gas6/tam system and multiple sclerosis. Int. J. Mol. Sci. 2016, 17.

[CrossRef] [PubMed]
101. Procaccini, C.; De Rosa, V.; Pucino, V.; Formisano, L.; Matarese, G. Animal models of multiple sclerosis.

Eur. J. Pharmacol. 2015, 759, 182–191. [CrossRef] [PubMed]
102. Hiremath, M.M.; Saito, Y.; Knapp, G.W.; Ting, J.P.; Suzuki, K.; Matsushima, G.K. Microglial/macrophage

accumulation during cuprizone-induced demyelination in c57bl/6 mice. J. Neuroimmunol. 1998, 92, 38–49.
[CrossRef]

103. Binder, M.D.; Cate, H.S.; Prieto, A.L.; Kemper, D.; Butzkueven, H.; Gresle, M.M.; Cipriani, T.; Jokubaitis, V.G.;
Carmeliet, P.; Kilpatrick, T.J. Gas6 deficiency increases oligodendrocyte loss and microglial activation in
response to cuprizone-induced demyelination. J. Neurosci. 2008, 28, 5195–5206. [CrossRef] [PubMed]

http://dx.doi.org/10.1177/0961203308090020
http://www.ncbi.nlm.nih.gov/pubmed/18490415
http://dx.doi.org/10.1016/j.cell.2010.02.014
http://www.ncbi.nlm.nih.gov/pubmed/20211132
http://dx.doi.org/10.1038/35075603
http://www.ncbi.nlm.nih.gov/pubmed/11346799
http://dx.doi.org/10.1084/jem.20012094
http://www.ncbi.nlm.nih.gov/pubmed/12093878
http://dx.doi.org/10.1002/art.22665
http://www.ncbi.nlm.nih.gov/pubmed/17599763
http://dx.doi.org/10.1016/j.coi.2010.10.001
http://www.ncbi.nlm.nih.gov/pubmed/21030229
http://dx.doi.org/10.1002/1529-0131(200003)43:3&lt;557::AID-ANR11&gt;3.0.CO;2-O
http://dx.doi.org/10.1186/ar3088
http://www.ncbi.nlm.nih.gov/pubmed/20637106
http://dx.doi.org/10.1056/NEJMoa035471
http://www.ncbi.nlm.nih.gov/pubmed/14681505
http://dx.doi.org/10.1038/nri2303
http://www.ncbi.nlm.nih.gov/pubmed/18421305
http://dx.doi.org/10.1186/s12969-015-0007-y
http://www.ncbi.nlm.nih.gov/pubmed/25878564
http://dx.doi.org/10.1186/ar4199
http://www.ncbi.nlm.nih.gov/pubmed/23497733
http://www.ncbi.nlm.nih.gov/pubmed/9445415
http://dx.doi.org/10.1056/NEJM200009283431307
http://www.ncbi.nlm.nih.gov/pubmed/11006371
http://dx.doi.org/10.1016/S0140-6736(02)08220-X
http://dx.doi.org/10.1016/0896-6273(91)90167-X
http://dx.doi.org/10.3390/ijms17111807
http://www.ncbi.nlm.nih.gov/pubmed/27801848
http://dx.doi.org/10.1016/j.ejphar.2015.03.042
http://www.ncbi.nlm.nih.gov/pubmed/25823807
http://dx.doi.org/10.1016/S0165-5728(98)00168-4
http://dx.doi.org/10.1523/JNEUROSCI.1180-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18480276


Cells 2018, 7, 166 15 of 19

104. Goudarzi, S.; Rivera, A.; Butt, A.M.; Hafizi, S. Gas6 promotes oligodendrogenesis and myelination in the
adult central nervous system and after lysolecithin-induced demyelination. ASN Neuro 2016, 8. [CrossRef]
[PubMed]

105. Crosier, P.S.; Hall, L.R.; Vitas, M.R.; Lewis, P.M.; Crosier, K.E. Identification of a novel receptor tyrosine
kinase expressed in acute myeloid leukemic blasts. Leuk. Lymphoma 1995, 18, 443–449. [CrossRef] [PubMed]

106. Avilla, E.; Guarino, V.; Visciano, C.; Liotti, F.; Svelto, M.; Krishnamoorthy, G.; Franco, R.; Melillo, R.M.
Activation of tyro3/axl tyrosine kinase receptors in thyroid cancer. Cancer Res. 2011, 71, 1792–1804.
[CrossRef] [PubMed]

107. Schmitz, R.; Valls, A.F.; Yerbes, R.; von Richter, S.; Kahlert, C.; Loges, S.; Weitz, J.; Schneider, M.; Ruiz de
Almodovar, C.; Ulrich, A.; et al. Tam receptors tyro3 and mer as novel targets in colorectal cancer. Oncotarget
2016, 7, 56355–56370. [CrossRef] [PubMed]

108. Demarest, S.J.; Gardner, J.; Vendel, M.C.; Ailor, E.; Szak, S.; Huang, F.; Doern, A.; Tan, X.; Yang, W.;
Grueneberg, D.A.; et al. Evaluation of tyro3 expression, gas6-mediated akt phosphorylation, and the impact
of anti-tyro3 antibodies in melanoma cell lines. Biochemistry 2013, 52, 3102–3118. [CrossRef] [PubMed]

109. Xie, S.; Li, Y.; Li, X.; Wang, L.; Yang, N.; Wang, Y.; Wei, H. Mer receptor tyrosine kinase is frequently
overexpressed in human non-small cell lung cancer, confirming resistance to erlotinib. Oncotarget 2015, 6,
9206–9219. [CrossRef] [PubMed]

110. Tworkoski, K.A.; Platt, J.T.; Bacchiocchi, A.; Bosenberg, M.; Boggon, T.J.; Stern, D.F. Mertk controls melanoma
cell migration and survival and differentially regulates cell behavior relative to axl. Pigment Cell Melanoma
Res. 2013, 26, 527–541. [CrossRef] [PubMed]

111. Lee-Sherick, A.B.; Eisenman, K.M.; Sather, S.; McGranahan, A.; Armistead, P.M.; McGary, C.S.;
Hunsucker, S.A.; Schlegel, J.; Martinson, H.; Cannon, C.; et al. Aberrant mer receptor tyrosine kinase
expression contributes to leukemogenesis in acute myeloid leukemia. Oncogene 2013, 32, 5359–5368.
[CrossRef] [PubMed]

112. Ammoun, S.; Provenzano, L.; Zhou, L.; Barczyk, M.; Evans, K.; Hilton, D.A.; Hafizi, S.; Hanemann, C.O.
Axl/gas6/nfkappab signalling in schwannoma pathological proliferation, adhesion and survival. Oncogene
2014, 33, 336–346. [CrossRef] [PubMed]

113. Paccez, J.D.; Vogelsang, M.; Parker, M.I.; Zerbini, L.F. The receptor tyrosine kinase axl in cancer: Biological
functions and therapeutic implications. Int. J. Cancer 2014, 134, 1024–1033. [CrossRef] [PubMed]

114. Shiozawa, Y.; Pedersen, E.A.; Patel, L.R.; Ziegler, A.M.; Havens, A.M.; Jung, Y.; Wang, J.; Zalucha, S.;
Loberg, R.D.; Pienta, K.J.; et al. Gas6/axl axis regulates prostate cancer invasion, proliferation, and survival
in the bone marrow niche. Neoplasia 2010, 12, 116–127. [CrossRef] [PubMed]

115. Jacob, A.N.; Kalapurakal, J.; Davidson, W.R.; Kandpal, G.; Dunson, N.; Prashar, Y.; Kandpal, R.P. A receptor
tyrosine kinase, ufo/axl, and other genes isolated by a modified differential display pcr are overexpressed in
metastatic prostatic carcinoma cell line du145. Cancer Detect. Prev. 1999, 23, 325–332. [CrossRef] [PubMed]

116. Paccez, J.D.; Vasques, G.J.; Correa, R.G.; Vasconcellos, J.F.; Duncan, K.; Gu, X.; Bhasin, M.; Libermann, T.A.;
Zerbini, L.F. The receptor tyrosine kinase axl is an essential regulator of prostate cancer proliferation and
tumor growth and represents a new therapeutic target. Oncogene 2013, 32, 689–698. [CrossRef] [PubMed]

117. Mishra, A.; Wang, J.; Shiozawa, Y.; McGee, S.; Kim, J.; Jung, Y.; Joseph, J.; Berry, J.E.; Havens, A.; Pienta, K.J.;
et al. Hypoxia stabilizes gas6/axl signaling in metastatic prostate cancer. Mol. Cancer Res. 2012, 10, 703–712.
[CrossRef] [PubMed]

118. Antony, J.; Zanini, E.; Kelly, Z.; Tan, T.Z.; Karali, E.; Alomary, M.; Jung, Y.; Nixon, K.; Cunnea, P.;
Fotopoulou, C.; et al. The tumour suppressor opcml promotes axl inactivation by the phosphatase ptprg in
ovarian cancer. EMBO Rep. 2018, 19, e45670. [CrossRef] [PubMed]

119. Huang, R.Y.; Antony, J.; Tan, T.Z.; Tan, D.S. Targeting the axl signaling pathway in ovarian cancer. Mol. Cell. Oncol.
2017, 4, e1263716. [CrossRef] [PubMed]

120. Sun, W.S.; Misao, R.; Iwagaki, S.; Fujimoto, J.; Tamaya, T. Coexpression of growth arrest-specific gene 6 and receptor
tyrosine kinases, axl and sky, in human uterine endometrium and ovarian endometriosis. Mol. Hum. Reprod. 2002, 8,
552–558. [CrossRef] [PubMed]

121. Sun, W.; Fujimoto, J.; Tamaya, T. Coexpression of gas6/axl in human ovarian cancers. Oncology 2004, 66,
450–457. [CrossRef] [PubMed]

122. Chen, P.X.; Li, Q.Y.; Yang, Z. Axl and prostasin are biomarkers for prognosis of ovarian adenocarcinoma.
Ann. Diagn. Pathol. 2013, 17, 425–429. [CrossRef] [PubMed]

http://dx.doi.org/10.1177/1759091416668430
http://www.ncbi.nlm.nih.gov/pubmed/27630207
http://dx.doi.org/10.3109/10428199509059643
http://www.ncbi.nlm.nih.gov/pubmed/8528051
http://dx.doi.org/10.1158/0008-5472.CAN-10-2186
http://www.ncbi.nlm.nih.gov/pubmed/21343401
http://dx.doi.org/10.18632/oncotarget.10889
http://www.ncbi.nlm.nih.gov/pubmed/27486820
http://dx.doi.org/10.1021/bi301588c
http://www.ncbi.nlm.nih.gov/pubmed/23570341
http://dx.doi.org/10.18632/oncotarget.3280
http://www.ncbi.nlm.nih.gov/pubmed/25826078
http://dx.doi.org/10.1111/pcmr.12110
http://www.ncbi.nlm.nih.gov/pubmed/23617806
http://dx.doi.org/10.1038/onc.2013.40
http://www.ncbi.nlm.nih.gov/pubmed/23474756
http://dx.doi.org/10.1038/onc.2012.587
http://www.ncbi.nlm.nih.gov/pubmed/23318455
http://dx.doi.org/10.1002/ijc.28246
http://www.ncbi.nlm.nih.gov/pubmed/23649974
http://dx.doi.org/10.1593/neo.91384
http://www.ncbi.nlm.nih.gov/pubmed/20126470
http://dx.doi.org/10.1046/j.1525-1500.1999.99034.x
http://www.ncbi.nlm.nih.gov/pubmed/10403904
http://dx.doi.org/10.1038/onc.2012.89
http://www.ncbi.nlm.nih.gov/pubmed/22410775
http://dx.doi.org/10.1158/1541-7786.MCR-11-0569
http://www.ncbi.nlm.nih.gov/pubmed/22516347
http://dx.doi.org/10.15252/embr.201745670
http://www.ncbi.nlm.nih.gov/pubmed/29907679
http://dx.doi.org/10.1080/23723556.2016.1263716
http://www.ncbi.nlm.nih.gov/pubmed/28401178
http://dx.doi.org/10.1093/molehr/8.6.552
http://www.ncbi.nlm.nih.gov/pubmed/12029073
http://dx.doi.org/10.1159/000079499
http://www.ncbi.nlm.nih.gov/pubmed/15452374
http://dx.doi.org/10.1016/j.anndiagpath.2013.01.005
http://www.ncbi.nlm.nih.gov/pubmed/23707658


Cells 2018, 7, 166 16 of 19

123. Rankin, E.B.; Fuh, K.C.; Taylor, T.E.; Krieg, A.J.; Musser, M.; Yuan, J.; Wei, K.; Kuo, C.J.; Longacre, T.A.;
Giaccia, A.J. Axl is an essential factor and therapeutic target for metastatic ovarian cancer. Cancer Res. 2010,
70, 7570–7579. [CrossRef] [PubMed]

124. Zhang, G.; Wang, M.; Zhao, H.; Cui, W. Function of axl receptor tyrosine kinase in non-small cell lung cancer.
Oncol. Lett. 2018, 15, 2726–2734. [CrossRef] [PubMed]

125. Shieh, Y.S.; Lai, C.Y.; Kao, Y.R.; Shiah, S.G.; Chu, Y.W.; Lee, H.S.; Wu, C.W. Expression of axl in lung
adenocarcinoma and correlation with tumor progression. Neoplasia 2005, 7, 1058–1064. [PubMed]

126. Paccez, J.D.; Duncan, K.; Vava, A.; Correa, R.G.; Libermann, T.A.; Parker, M.I.; Zerbini, L.F. Inactivation of
gsk3beta and activation of nf-kappab pathway via axl represents an important mediator of tumorigenesis in
esophageal squamous cell carcinoma. Mol. Biol. Cell 2015, 26, 821–831. [CrossRef] [PubMed]

127. Hector, A.; Montgomery, E.A.; Karikari, C.; Canto, M.; Dunbar, K.B.; Wang, J.S.; Feldmann, G.; Hong, S.M.;
Haffner, M.C.; Meeker, A.K.; et al. The axl receptor tyrosine kinase is an adverse prognostic factor and
a therapeutic target in esophageal adenocarcinoma. Cancer Biol. Ther. 2010, 10, 1009–1018. [CrossRef]
[PubMed]

128. Hsieh, M.S.; Yang, P.W.; Wong, L.F.; Lee, J.M. The axl receptor tyrosine kinase is associated with adverse
prognosis and distant metastasis in esophageal squamous cell carcinoma. Oncotarget 2016, 7, 36956–36970.
[CrossRef] [PubMed]

129. Tian, R.; Xie, X.; Han, J.; Luo, C.; Yong, B.; Peng, H.; Shen, J.; Peng, T. Mir-199a-3p negatively regulates the
progression of osteosarcoma through targeting axl. Am. J. Cancer Res. 2014, 4, 738–750. [PubMed]

130. Zhang, Y.; Tang, Y.J.; Man, Y.; Pan, F.; Li, Z.H.; Jia, L.S. Knockdown of axl receptor tyrosine kinase in
osteosarcoma cells leads to decreased proliferation and increased apoptosis. Int. J. Immunopathol. Pharmacol.
2013, 26, 179–188. [CrossRef] [PubMed]

131. Han, J.; Tian, R.; Yong, B.; Luo, C.; Tan, P.; Shen, J.; Peng, T. Gas6/axl mediates tumor cell apoptosis, migration
and invasion and predicts the clinical outcome of osteosarcoma patients. Biochem. Biophys. Res. Commun.
2013, 435, 493–500. [CrossRef] [PubMed]

132. Ben-Batalla, I.; Schultze, A.; Wroblewski, M.; Erdmann, R.; Heuser, M.; Waizenegger, J.S.; Riecken, K.;
Binder, M.; Schewe, D.; Sawall, S.; et al. Axl, a prognostic and therapeutic target in acute myeloid leukemia
mediates paracrine crosstalk of leukemia cells with bone marrow stroma. Blood 2013, 122, 2443–2452.
[CrossRef] [PubMed]

133. Hutterer, M.; Knyazev, P.; Abate, A.; Reschke, M.; Maier, H.; Stefanova, N.; Knyazeva, T.; Barbieri, V.;
Reindl, M.; Muigg, A.; et al. Axl and growth arrest-specific gene 6 are frequently overexpressed in human
gliomas and predict poor prognosis in patients with glioblastoma multiforme. Clin. Cancer Res. 2008, 14,
130–138. [CrossRef] [PubMed]

134. Keating, A.K.; Kim, G.K.; Jones, A.E.; Donson, A.M.; Ware, K.; Mulcahy, J.M.; Salzberg, D.B.; Foreman, N.K.;
Liang, X.; Thorburn, A.; et al. Inhibition of mer and axl receptor tyrosine kinases in astrocytoma cells leads
to increased apoptosis and improved chemosensitivity. Mol. Cancer Ther. 2010, 9, 1298–1307. [CrossRef]
[PubMed]

135. Vajkoczy, P.; Knyazev, P.; Kunkel, A.; Capelle, H.H.; Behrndt, S.; von Tengg-Kobligk, H.; Kiessling, F.;
Eichelsbacher, U.; Essig, M.; Read, T.A.; et al. Dominant-negative inhibition of the axl receptor tyrosine
kinase suppresses brain tumor cell growth and invasion and prolongs survival. Proc. Natl. Acad. Sci. USA
2006, 103, 5799–5804. [CrossRef] [PubMed]

136. Ito, M.; Nakashima, M.; Nakayama, T.; Ohtsuru, A.; Nagayama, Y.; Takamura, N.; Demedchik, E.P.; Sekine, I.;
Yamashita, S. Expression of receptor-type tyrosine kinase, axl, and its ligand, gas6, in pediatric thyroid
carcinomas around chernobyl. Thyroid 2002, 12, 971–975. [CrossRef] [PubMed]

137. Vuoriluoto, K.; Haugen, H.; Kiviluoto, S.; Mpindi, J.P.; Nevo, J.; Gjerdrum, C.; Tiron, C.; Lorens, J.B.; Ivaska, J.
Vimentin regulates emt induction by slug and oncogenic h-ras and migration by governing axl expression in
breast cancer. Oncogene 2011, 30, 1436–1448. [CrossRef] [PubMed]

138. Debruyne, D.N.; Bhatnagar, N.; Sharma, B.; Luther, W.; Moore, N.F.; Cheung, N.K.; Gray, N.S.; George, R.E.
Alk inhibitor resistance in alk(f1174l)-driven neuroblastoma is associated with axl activation and induction
of emt. Oncogene 2016, 35, 3681–3691. [CrossRef] [PubMed]

139. Bellosta, P.; Zhang, Q.; Goff, S.P.; Basilico, C. Signaling through the ark tyrosine kinase receptor protects from
apoptosis in the absence of growth stimulation. Oncogene 1997, 15, 2387–2397. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/0008-5472.CAN-10-1267
http://www.ncbi.nlm.nih.gov/pubmed/20858715
http://dx.doi.org/10.3892/ol.2017.7694
http://www.ncbi.nlm.nih.gov/pubmed/29434997
http://www.ncbi.nlm.nih.gov/pubmed/16354588
http://dx.doi.org/10.1091/mbc.e14-04-0868
http://www.ncbi.nlm.nih.gov/pubmed/25568334
http://dx.doi.org/10.4161/cbt.10.10.13248
http://www.ncbi.nlm.nih.gov/pubmed/20818175
http://dx.doi.org/10.18632/oncotarget.9231
http://www.ncbi.nlm.nih.gov/pubmed/27172793
http://www.ncbi.nlm.nih.gov/pubmed/25520864
http://dx.doi.org/10.1177/039463201302600117
http://www.ncbi.nlm.nih.gov/pubmed/23527720
http://dx.doi.org/10.1016/j.bbrc.2013.05.019
http://www.ncbi.nlm.nih.gov/pubmed/23684620
http://dx.doi.org/10.1182/blood-2013-03-491431
http://www.ncbi.nlm.nih.gov/pubmed/23982172
http://dx.doi.org/10.1158/1078-0432.CCR-07-0862
http://www.ncbi.nlm.nih.gov/pubmed/18172262
http://dx.doi.org/10.1158/1535-7163.MCT-09-0707
http://www.ncbi.nlm.nih.gov/pubmed/20423999
http://dx.doi.org/10.1073/pnas.0510923103
http://www.ncbi.nlm.nih.gov/pubmed/16585512
http://dx.doi.org/10.1089/105072502320908303
http://www.ncbi.nlm.nih.gov/pubmed/12490074
http://dx.doi.org/10.1038/onc.2010.509
http://www.ncbi.nlm.nih.gov/pubmed/21057535
http://dx.doi.org/10.1038/onc.2015.434
http://www.ncbi.nlm.nih.gov/pubmed/26616860
http://dx.doi.org/10.1038/sj.onc.1201419
http://www.ncbi.nlm.nih.gov/pubmed/9395235


Cells 2018, 7, 166 17 of 19

140. Koorstra, J.B.; Karikari, C.A.; Feldmann, G.; Bisht, S.; Rojas, P.L.; Offerhaus, G.J.; Alvarez, H.; Maitra, A.
The axl receptor tyrosine kinase confers an adverse prognostic influence in pancreatic cancer and represents
a new therapeutic target. Cancer Biol. Ther. 2009, 8, 618–626. [CrossRef] [PubMed]

141. Tai, K.Y.; Shieh, Y.S.; Lee, C.S.; Shiah, S.G.; Wu, C.W. Axl promotes cell invasion by inducing mmp-9 activity
through activation of nf-kappab and brg-1. Oncogene 2008, 27, 4044–4055. [CrossRef] [PubMed]

142. Rothlin, C.V.; Carrera-Silva, E.A.; Bosurgi, L.; Ghosh, S. Tam receptor signaling in immune homeostasis.
Annu. Rev. Immunol. 2015, 33, 355–391. [CrossRef] [PubMed]

143. Zagorska, A.; Traves, P.G.; Lew, E.D.; Dransfield, I.; Lemke, G. Diversification of tam receptor tyrosine kinase
function. Nat. Immunol. 2014, 15, 920–928. [CrossRef] [PubMed]

144. Crittenden, M.R.; Baird, J.; Friedman, D.; Savage, T.; Uhde, L.; Alice, A.; Cottam, B.; Young, K.; Newell, P.;
Nguyen, C.; et al. Mertk on tumor macrophages is a therapeutic target to prevent tumor recurrence following
radiation therapy. Oncotarget 2016, 7, 78653–78666. [CrossRef] [PubMed]

145. Kasikara, C.; Kumar, S.; Kimani, S.; Tsou, W.I.; Geng, K.; Davra, V.; Sriram, G.; Devoe, C.; Nguyen, K.N.;
Antes, A.; et al. Phosphatidylserine sensing by tam receptors regulates akt-dependent chemoresistance and
pd-l1 expression. Mol. Cancer Res. 2017, 15, 753–764. [CrossRef] [PubMed]

146. Ubil, E.; Caskey, L.; Holtzhausen, A.; Hunter, D.; Story, C.; Earp, H.S. Tumor-secreted pros1 inhibits
macrophage m1 polarization to reduce antitumor immune response. J. Clin. Investig. 2018, 128, 2356–2369.
[CrossRef] [PubMed]

147. Meyer, A.S.; Miller, M.A.; Gertler, F.B.; Lauffenburger, D.A. The receptor axl diversifies egfr signaling and
limits the response to egfr-targeted inhibitors in triple-negative breast cancer cells. Sci. Signal. 2013, 6, ra66.
[CrossRef] [PubMed]

148. Zhang, Z.; Lee, J.C.; Lin, L.; Olivas, V.; Au, V.; LaFramboise, T.; Abdel-Rahman, M.; Wang, X.; Levine, A.D.;
Rho, J.K.; et al. Activation of the axl kinase causes resistance to egfr-targeted therapy in lung cancer.
Nat. Genet. 2012, 44, 852–860. [CrossRef] [PubMed]

149. Elkabets, M.; Pazarentzos, E.; Juric, D.; Sheng, Q.; Pelossof, R.A.; Brook, S.; Benzaken, A.O.; Rodon, J.;
Morse, N.; Yan, J.J.; et al. Axl mediates resistance to pi3kalpha inhibition by activating the egfr/pkc/mtor
axis in head and neck and esophageal squamous cell carcinomas. Cancer Cell 2015, 27, 533–546. [CrossRef]
[PubMed]

150. Park, I.K.; Mundy-Bosse, B.; Whitman, S.P.; Zhang, X.; Warner, S.L.; Bearss, D.J.; Blum, W.; Marcucci, G.;
Caligiuri, M.A. Receptor tyrosine kinase axl is required for resistance of leukemic cells to flt3-targeted
therapy in acute myeloid leukemia. Leukemia 2015, 29, 2382–2389. [CrossRef] [PubMed]

151. Asiedu, M.K.; Beauchamp-Perez, F.D.; Ingle, J.N.; Behrens, M.D.; Radisky, D.C.; Knutson, K.L. Axl induces
epithelial-to-mesenchymal transition and regulates the function of breast cancer stem cells. Oncogene 2014,
33, 1316–1324. [CrossRef] [PubMed]

152. Ji, W.; Choi, C.M.; Rho, J.K.; Jang, S.J.; Park, Y.S.; Chun, S.M.; Kim, W.S.; Lee, J.S.; Kim, S.W.; Lee, D.H.; et al.
Mechanisms of acquired resistance to egfr-tyrosine kinase inhibitor in korean patients with lung cancer.
BMC Cancer 2013, 13, 606. [CrossRef] [PubMed]

153. Wu, F.; Li, J.; Jang, C.; Wang, J.; Xiong, J. The role of axl in drug resistance and epithelial-to-mesenchymal
transition of non-small cell lung carcinoma. Int. J. Clin. Exp. Pathol. 2014, 7, 6653–6661. [PubMed]

154. Bansal, N.; Mishra, P.J.; Stein, M.; DiPaola, R.S.; Bertino, J.R. Axl receptor tyrosine kinase is up-regulated in
metformin resistant prostate cancer cells. Oncotarget 2015, 6, 15321–15331. [CrossRef] [PubMed]

155. Martinho, O.; Zucca, L.E.; Reis, R.M. Axl as a modulator of sunitinib response in glioblastoma cell lines.
Exp. Cell Res. 2015, 332, 1–10. [CrossRef] [PubMed]

156. Vouri, M.; Croucher, D.R.; Kennedy, S.P.; An, Q.; Pilkington, G.J.; Hafizi, S. Axl-egfr receptor tyrosine kinase
hetero-interaction provides egfr with access to pro-invasive signalling in cancer cells. Oncogenesis 2016, 5,
e266. [CrossRef] [PubMed]

157. Schoumacher, M.; Burbridge, M. Key roles of axl and mer receptor tyrosine kinases in resistance to multiple
anticancer therapies. Curr. Oncol. Rep. 2017, 19, 19. [CrossRef] [PubMed]

158. Muller, J.; Krijgsman, O.; Tsoi, J.; Robert, L.; Hugo, W.; Song, C.; Kong, X.; Possik, P.A.;
Cornelissen-Steijger, P.D.; Geukes Foppen, M.H.; et al. Low mitf/axl ratio predicts early resistance to
multiple targeted drugs in melanoma. Nat. Commun. 2014, 5, 5712. [CrossRef] [PubMed]

http://dx.doi.org/10.4161/cbt.8.7.7923
http://www.ncbi.nlm.nih.gov/pubmed/19252414
http://dx.doi.org/10.1038/onc.2008.57
http://www.ncbi.nlm.nih.gov/pubmed/18345028
http://dx.doi.org/10.1146/annurev-immunol-032414-112103
http://www.ncbi.nlm.nih.gov/pubmed/25594431
http://dx.doi.org/10.1038/ni.2986
http://www.ncbi.nlm.nih.gov/pubmed/25194421
http://dx.doi.org/10.18632/oncotarget.11823
http://www.ncbi.nlm.nih.gov/pubmed/27602953
http://dx.doi.org/10.1158/1541-7786.MCR-16-0350
http://www.ncbi.nlm.nih.gov/pubmed/28184013
http://dx.doi.org/10.1172/JCI97354
http://www.ncbi.nlm.nih.gov/pubmed/29708510
http://dx.doi.org/10.1126/scisignal.2004155
http://www.ncbi.nlm.nih.gov/pubmed/23921085
http://dx.doi.org/10.1038/ng.2330
http://www.ncbi.nlm.nih.gov/pubmed/22751098
http://dx.doi.org/10.1016/j.ccell.2015.03.010
http://www.ncbi.nlm.nih.gov/pubmed/25873175
http://dx.doi.org/10.1038/leu.2015.147
http://www.ncbi.nlm.nih.gov/pubmed/26172401
http://dx.doi.org/10.1038/onc.2013.57
http://www.ncbi.nlm.nih.gov/pubmed/23474758
http://dx.doi.org/10.1186/1471-2407-13-606
http://www.ncbi.nlm.nih.gov/pubmed/24369725
http://www.ncbi.nlm.nih.gov/pubmed/25400744
http://dx.doi.org/10.18632/oncotarget.4148
http://www.ncbi.nlm.nih.gov/pubmed/26036314
http://dx.doi.org/10.1016/j.yexcr.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/25637219
http://dx.doi.org/10.1038/oncsis.2016.66
http://www.ncbi.nlm.nih.gov/pubmed/27775700
http://dx.doi.org/10.1007/s11912-017-0579-4
http://www.ncbi.nlm.nih.gov/pubmed/28251492
http://dx.doi.org/10.1038/ncomms6712
http://www.ncbi.nlm.nih.gov/pubmed/25502142


Cells 2018, 7, 166 18 of 19

159. Konieczkowski, D.J.; Johannessen, C.M.; Abudayyeh, O.; Kim, J.W.; Cooper, Z.A.; Piris, A.; Frederick, D.T.;
Barzily-Rokni, M.; Straussman, R.; Haq, R.; et al. A melanoma cell state distinction influences sensitivity to
mapk pathway inhibitors. Cancer Discov. 2014, 4, 816–827. [CrossRef] [PubMed]

160. Liu, L.; Greger, J.; Shi, H.; Liu, Y.; Greshock, J.; Annan, R.; Halsey, W.; Sathe, G.M.; Martin, A.M.; Gilmer, T.M.
Novel mechanism of lapatinib resistance in her2-positive breast tumor cells: Activation of axl. Cancer Res.
2009, 69, 6871–6878. [CrossRef] [PubMed]

161. Xu, F.; Li, H.; Sun, Y. Inhibition of axl improves the targeted therapy against alk-mutated neuroblastoma.
Biochem. Biophys. Res. Commun. 2014, 454, 566–571. [CrossRef] [PubMed]

162. Lin, J.Z.; Wang, Z.J.; De, W.; Zheng, M.; Xu, W.Z.; Wu, H.F.; Armstrong, A.; Zhu, J.G. Targeting axl overcomes
resistance to docetaxel therapy in advanced prostate cancer. Oncotarget 2017, 8, 41064–41077. [CrossRef]
[PubMed]

163. Yeh, C.Y.; Shin, S.M.; Yeh, H.H.; Wu, T.J.; Shin, J.W.; Chang, T.Y.; Raghavaraju, G.; Lee, C.T.; Chiang, J.H.;
Tseng, V.S.; et al. Transcriptional activation of the axl and pdgfr-alpha by c-met through a ras- and
src-independent mechanism in human bladder cancer. BMC Cancer 2011, 11, 139. [CrossRef] [PubMed]

164. Gusenbauer, S.; Vlaicu, P.; Ullrich, A. Hgf induces novel egfr functions involved in resistance formation to
tyrosine kinase inhibitors. Oncogene 2013, 32, 3846–3856. [CrossRef] [PubMed]

165. Myers, S.H.; Brunton, V.G.; Unciti-Broceta, A. Axl inhibitors in cancer: A medicinal chemistry perspective.
J. Med. Chem. 2016, 59, 3593–3608. [CrossRef] [PubMed]

166. Kimani, S.G.; Kumar, S.; Bansal, N.; Singh, K.; Kholodovych, V.; Comollo, T.; Peng, Y.; Kotenko, S.V.;
Sarafianos, S.G.; Bertino, J.R.; et al. Small molecule inhibitors block gas6-inducible tam activation and
tumorigenicity. Sci. Rep. 2017, 7, 43908. [CrossRef] [PubMed]

167. Lee-Sherick, A.B.; Zhang, W.; Menachof, K.K.; Hill, A.A.; Rinella, S.; Kirkpatrick, G.; Page, L.S.; Stashko, M.A.;
Jordan, C.T.; Wei, Q.; et al. Efficacy of a mer and flt3 tyrosine kinase small molecule inhibitor, unc1666, in
acute myeloid leukemia. Oncotarget 2015, 6, 6722–6736. [CrossRef] [PubMed]

168. Liu, J.; Yang, C.; Simpson, C.; Deryckere, D.; Van Deusen, A.; Miley, M.J.; Kireev, D.; Norris-Drouin, J.;
Sather, S.; Hunter, D.; et al. Discovery of novel small molecule mer kinase inhibitors for the treatment of
pediatric acute lymphoblastic leukemia. ACS Med. Chem. Lett. 2012, 3, 129–134. [CrossRef] [PubMed]

169. Holland, S.J.; Pan, A.; Franci, C.; Hu, Y.; Chang, B.; Li, W.; Duan, M.; Torneros, A.; Yu, J.; Heckrodt, T.J.;
et al. R428, a selective small molecule inhibitor of axl kinase, blocks tumor spread and prolongs survival in
models of metastatic breast cancer. Cancer Res. 2010, 70, 1544–1554. [CrossRef] [PubMed]

170. Vouri, M.; An, Q.; Birt, M.; Pilkington, G.J.; Hafizi, S. Small molecule inhibition of axl receptor tyrosine
kinase potently suppresses multiple malignant properties of glioma cells. Oncotarget 2015, 6, 16183–16197.
[CrossRef] [PubMed]

171. Onken, J.; Torka, R.; Korsing, S.; Radke, J.; Krementeskaia, I.; Nieminen, M.; Bai, X.; Ullrich, A.; Heppner, F.;
Vajkoczy, P. Inhibiting receptor tyrosine kinase axl with small molecule inhibitor bms-777607 reduces
glioblastoma growth, migration, and invasion in vitro and in vivo. Oncotarget 2016, 7, 9876–9889. [CrossRef]
[PubMed]

172. Sinha, S.; Boysen, J.; Nelson, M.; Secreto, C.; Warner, S.L.; Bearss, D.J.; Lesnick, C.; Shanafelt, T.D.; Kay, N.E.;
Ghosh, A.K. Targeted axl inhibition primes chronic lymphocytic leukemia b cells to apoptosis and shows
synergistic/additive effects in combination with btk inhibitors. Clin. Cancer Res. 2015, 21, 2115–2126.
[CrossRef] [PubMed]

173. Widakowich, C.; de Castro, G., Jr.; de Azambuja, E.; Dinh, P.; Awada, A. Review: Side effects of approved
molecular targeted therapies in solid cancers. Oncologist 2007, 12, 1443–1455. [CrossRef] [PubMed]

174. Han, S.Y.; Zhao, W.; Han, H.B.; Sun, H.; Xue, D.; Jiao, Y.N.; He, X.R.; Jiang, S.T.; Li, P.P. Marsdenia tenacissima
extract overcomes axl- and met-mediated erlotinib and gefitinib cross-resistance in non-small cell lung cancer
cells. Oncotarget 2017, 8, 56893–56905. [CrossRef] [PubMed]

175. Ye, X.; Li, Y.; Stawicki, S.; Couto, S.; Eastham-Anderson, J.; Kallop, D.; Weimer, R.; Wu, Y.; Pei, L. An anti-axl
monoclonal antibody attenuates xenograft tumor growth and enhances the effect of multiple anticancer
therapies. Oncogene 2010, 29, 5254–5264. [CrossRef] [PubMed]

176. Boshuizen, J.; Koopman, L.A.; Krijgsman, O.; Shahrabi, A.; van den Heuvel, E.G.; Ligtenberg, M.A.;
Vredevoogd, D.W.; Kemper, K.; Kuilman, T.; Song, J.Y.; et al. Cooperative targeting of melanoma
heterogeneity with an axl antibody-drug conjugate and braf/mek inhibitors. Nat. Med. 2018, 24, 203–212.
[CrossRef] [PubMed]

http://dx.doi.org/10.1158/2159-8290.CD-13-0424
http://www.ncbi.nlm.nih.gov/pubmed/24771846
http://dx.doi.org/10.1158/0008-5472.CAN-08-4490
http://www.ncbi.nlm.nih.gov/pubmed/19671800
http://dx.doi.org/10.1016/j.bbrc.2014.10.126
http://www.ncbi.nlm.nih.gov/pubmed/25450694
http://dx.doi.org/10.18632/oncotarget.17026
http://www.ncbi.nlm.nih.gov/pubmed/28455956
http://dx.doi.org/10.1186/1471-2407-11-139
http://www.ncbi.nlm.nih.gov/pubmed/21496277
http://dx.doi.org/10.1038/onc.2012.396
http://www.ncbi.nlm.nih.gov/pubmed/23045285
http://dx.doi.org/10.1021/acs.jmedchem.5b01273
http://www.ncbi.nlm.nih.gov/pubmed/26555154
http://dx.doi.org/10.1038/srep43908
http://www.ncbi.nlm.nih.gov/pubmed/28272423
http://dx.doi.org/10.18632/oncotarget.3156
http://www.ncbi.nlm.nih.gov/pubmed/25762638
http://dx.doi.org/10.1021/ml200239k
http://www.ncbi.nlm.nih.gov/pubmed/22662287
http://dx.doi.org/10.1158/0008-5472.CAN-09-2997
http://www.ncbi.nlm.nih.gov/pubmed/20145120
http://dx.doi.org/10.18632/oncotarget.3952
http://www.ncbi.nlm.nih.gov/pubmed/25980499
http://dx.doi.org/10.18632/oncotarget.7130
http://www.ncbi.nlm.nih.gov/pubmed/26848524
http://dx.doi.org/10.1158/1078-0432.CCR-14-1892
http://www.ncbi.nlm.nih.gov/pubmed/25673699
http://dx.doi.org/10.1634/theoncologist.12-12-1443
http://www.ncbi.nlm.nih.gov/pubmed/18165622
http://dx.doi.org/10.18632/oncotarget.18137
http://www.ncbi.nlm.nih.gov/pubmed/28915640
http://dx.doi.org/10.1038/onc.2010.268
http://www.ncbi.nlm.nih.gov/pubmed/20603615
http://dx.doi.org/10.1038/nm.4472
http://www.ncbi.nlm.nih.gov/pubmed/29334371


Cells 2018, 7, 166 19 of 19

177. Liu, R.; Gong, M.; Li, X.; Zhou, Y.; Gao, W.; Tulpule, A.; Chaudhary, P.M.; Jung, J.; Gill, P.S. Induction,
regulation, and biologic function of axl receptor tyrosine kinase in kaposi sarcoma. Blood 2010, 116, 297–305.
[CrossRef] [PubMed]

178. Yu, H.; Liu, R.; Ma, B.; Li, X.; Yen, H.Y.; Zhou, Y.; Krasnoperov, V.; Xia, Z.; Zhang, X.; Bove, A.M.; et al.
Axl receptor tyrosine kinase is a potential therapeutic target in renal cell carcinoma. Br. J. Cancer 2015, 113,
616–625. [CrossRef] [PubMed]

179. Costa, M.; Bellosta, P.; Basilico, C. Cleavage and release of a soluble form of the receptor tyrosine kinase ark
in vitro and in vivo. J. Cell. Physiol. 1996, 168, 737–744. [CrossRef]

180. Kariolis, M.S.; Miao, Y.R.; Jones, D.S., 2nd; Kapur, S.; Mathews, I.I.; Giaccia, A.J.; Cochran, J.R. An engineered
axl ‘decoy receptor’ effectively silences the gas6-axl signaling axis. Nat. Chem. Biol. 2014, 10, 977–983.
[CrossRef] [PubMed]

181. Kanlikilicer, P.; Ozpolat, B.; Aslan, B.; Bayraktar, R.; Gurbuz, N.; Rodriguez-Aguayo, C.; Bayraktar, E.;
Denizli, M.; Gonzalez-Villasana, V.; Ivan, C.; et al. Therapeutic targeting of axl receptor tyrosine kinase
inhibits tumor growth and intraperitoneal metastasis in ovarian cancer models. Mol. Ther. Nucl. Acids 2017,
9, 251–262. [CrossRef] [PubMed]

182. Cao, H.Y.; Yuan, A.H.; Chen, W.; Shi, X.S.; Miao, Y. A DNA aptamer with high affinity and specificity
for molecular recognition and targeting therapy of gastric cancer. BMC Cancer 2014, 14, 699. [CrossRef]
[PubMed]

183. Keefe, A.D.; Pai, S.; Ellington, A. Aptamers as therapeutics. Nat. Rev. Drug Discov. 2010, 9, 537–550.
[CrossRef] [PubMed]

184. Wang, R.E.; Wu, H.; Niu, Y.; Cai, J. Improving the stability of aptamers by chemical modification. Curr. Med. Chem.
2011, 18, 4126–4138. [CrossRef] [PubMed]

185. Cerchia, L.; Esposito, C.L.; Camorani, S.; Rienzo, A.; Stasio, L.; Insabato, L.; Affuso, A.; de Franciscis, V.
Targeting axl with an high-affinity inhibitory aptamer. Mol. Ther. 2012, 20, 2291–2303. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1182/blood-2009-12-257154
http://www.ncbi.nlm.nih.gov/pubmed/20442363
http://dx.doi.org/10.1038/bjc.2015.237
http://www.ncbi.nlm.nih.gov/pubmed/26180925
http://dx.doi.org/10.1002/(SICI)1097-4652(199609)168:3&lt;737::AID-JCP27&gt;3.0.CO;2-U
http://dx.doi.org/10.1038/nchembio.1636
http://www.ncbi.nlm.nih.gov/pubmed/25242553
http://dx.doi.org/10.1016/j.omtn.2017.06.023
http://www.ncbi.nlm.nih.gov/pubmed/29246304
http://dx.doi.org/10.1186/1471-2407-14-699
http://www.ncbi.nlm.nih.gov/pubmed/25248985
http://dx.doi.org/10.1038/nrd3141
http://www.ncbi.nlm.nih.gov/pubmed/20592747
http://dx.doi.org/10.2174/092986711797189565
http://www.ncbi.nlm.nih.gov/pubmed/21838692
http://dx.doi.org/10.1038/mt.2012.163
http://www.ncbi.nlm.nih.gov/pubmed/22910292
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Structure of TAM Receptors and Their Ligands 
	Biological Functions 
	TAM Receptors and Autoimmune Diseases 
	TAM Receptors and Cancer 
	Conclusions 
	References

