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Abstract
Importance of the field—Axl and/or Mer expression correlates with poor prognosis in several
cancers. Until recently, the specific role of these receptor tyrosine kinases (RTKs) in the
development and progression of cancer remained unexplained. Studies demonstrating that Axl and
Mer contribute to mechanisms of cell survival, migration, invasion, metastasis, and
chemosensitivity justify further investigation of Axl and Mer as novel therapeutic targets in
cancer.

Areas covered in this review—Axl and Mer signaling pathways in cancer cells are
summarized and evidence validating these RTKs as therapeutic targets in glioblastoma
multiforme, non-small cell lung cancer, and breast cancer is examined. A comprehensive
discussion of Axl and/or Mer inhibitors in development is also provided.

What the reader will gain—Potential toxicities associated with Axl or Mer inhibition are
addressed. We hypothesize that the probable action of Mer and Axl inhibitors on cells within the
tumor microenvironment will provide a unique therapeutic opportunity to target both tumor cells
and the stromal components which facilitate disease progression.

Take home message—Axl and Mer mediate multiple oncogenic phenotypes and activation of
these RTKs constitutes a mechanism of chemoresistance in a variety of solid tumors. Targeted
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inhibition of these RTKs may be effective as anti-tumor and/or anti-metastatic therapy,
particularly if combined with standard cytotoxic therapies.
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Article Highlights

• Axl and/or Mer receptor tyrosine kinases and their ligands are aberrantly
expressed in numerous human cancers. In the absence of described activating
mutations, the oncogenic potential of these kinases is thought to arise from
autocrine and/or paracrine activation.

• Signaling networks downstream of Axl and Mer contribute to a variety of
oncogenic mechanisms including cell survival and proliferation, migration and
invasion, angiogenesis, chemoresistance, and metastasis.

• Axl and Mer inhibition constitutes a novel therapeutic strategy that may enhance
the efficacy of standard chemotherapy in glioblastoma multiforme, non-small
cell lung cancer, and breast cancer.

• Several Axl/Mer inhibitors are currently in development including small
molecule tyrosine kinase inhibitors, monoclonal antibodies, and fusion proteins.

1. Introduction
Although age-adjusted cancer death rates in the US have declined over recent decades,
cancer remains the second most common cause of death, killing 1,500 Americans every day.
Solid tumors of the lung, colon, pancreas, breast, and prostate account for over 50% of all
new cancer cases and deaths. While central nervous system tumors are less prevalent,
glioblastoma multilforme (GBM) represents the most common brain tumor and is one of the
deadliest cancers diagnosed [1]. These sobering facts clearly demonstrate that novel
therapeutic strategies must be pursued to reduce cancer-associated morbidity and mortality.

Cancer treatment traditionally involves highly cytotoxic chemotherapeutics, which non-
specifically kill any actively dividing cell. These treatments are associated with common
toxicities and only short-term efficacy in metastatic disease. New strategies are evolving
drugs designed to selectively target oncogenic pathways and molecules dysregulated (e.g.,
by mutation, aberrant expression, etc.) in specific cancers. Kinases are the most common
class of molecules targeted by these new agents. A stunning example is imatinib, approved
in 2001 for treatment of chronic myelogenous leukemia (CML), a disease caused by
chromosomal translocation (Philadelphia (Ph) chromosome) that results in the BCR-ABL
fusion protein, which exhibits constitutive ABL tyrosine kinase activity. Since introduction
of this tyrosine kinase inhibitor (TKI), 5-year survival rates for CML have soared to 90%. In
addition to its activity against BCR-ABL, imatinib inhibits KIT receptor tyrosine kinase and
platelet-derived growth factor receptor alpha (PDGFRα). Nearly all gastrointestinal stromal
tumors harbor activating mutations of KIT or PDGFRα and imatinib dramatically improves
outcome for patients with this type of solid tumor [2]. Rapid progress over the last decade
has lead to FDA approval of numerous biologically targeted anticancer agents [3,4]. Nearly
two-thirds of these novel agents inhibit kinases, including epidermal growth factor receptor
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(EGFR), Src, and mammalian target of rapamycin (mTOR). In this article, we will introduce
the receptor tyrosine kinases (RTKs) Mer and Axl as novel targets for anticancer therapy.

Together with Tyro3, Axl and Mer compose the TAM family of RTKs. Axl and Mer were
initially cloned from leukemic cells and the role of these proteins in hematologic
malignancies has been discussed elsewhere [5–12]. Axl and Mer share a unique domain
structure consisting of extracellular immunoglobulin and fibronectin type III motifs and an
intracellular tyrosine kinase domain (Figure 1). Both receptors share the ligand Gas6, which
binds Mer with 3–10 fold lower affinity than Axl [13–15]. A second ligand, Protein S,
activates Mer but not Axl [16]. Normal functions for Mer and Axl have been described in
macrophages and platelets including clearance of apoptotic cells, cytokine secretion, and
platelet aggregation (reviewed in [17]). Axl, Mer, and Gas6 are also expressed by erythroid
cells and have been implicated in regulation of erythropoiesis [18,19]. Additionally, natural
killer cells require Axl and Mer for differentiation and maturation [20,21].

Axl and Mer are overexpressed in many human cancers, including various leukemias and
numerous solid tumors (Table 1). In non-small cell lung cancer (NSCLC), acute myeloid
leukemia (AML), breast cancer, and pancreatic cancer, Axl overexpression is associated
with a poor clinical prognosis [12,22–24]. In gastric cancer, co-expression of Axl and Mer
correlated inversely with patient prognosis [25]. The ligands Gas6 and Protein S are also
upregulated in some tumors. Furthermore, Gas6 and Protein S are secreted by multiple
organs and found in serum [26,27] suggesting that high levels of Axl and Mer
inappropriately expressed on cancer cells may lead to persistent receptor activation. The
oncogenic potential of Axl and Mer is attributed to the anti-apoptotic and proliferative
signaling pathways (Figure 2) triggered by activation of the tyrosine kinase domain [28,29].
More specifically, Gas6-dependent signaling through Axl or Mer results in phosphorylation
of Akt and Erk 1/2 [8,30,31]. Furthermore, anti-apoptotic Bcl-2 family members (e.g.,
Bcl-2) are upregulated while pro-apoptotic family members (e.g., BAD) are inactivated
[8,31]. Inhibition of either Axl or Mer blocks signaling through the Akt and Erk 1/2
pathways [10,24,32], indicating the therapeutic potential of targeting these RTKs. In some
instances, complete inactivation of Akt and Erk requires concomitant inhibition of Axl/Mer
and other RTKs such as EGFR family members [33,34], implying cross-talk or alternative
activation between the RTK signaling pathways. Consistent with this hypothesis, network
modeling of phosphoproteomic data suggests that Axl may be downstream of human
epidermal growth factor receptor 2 (HER2) [35]. Furthermore, a recent study indicates that
EGFR requires Mer for functional expression in multiple cell lines derived from solid
tumors [36]. Agents that target the EGFR family are commonly used to treat specific subsets
of NSCLC and breast cancer; Axl and Mer inhibitors may represent additional treatment
options in specific patient populations.

In addition to the canonical PI3K/Akt and MAPK/Erk pathways, Axl and Mer may play key
roles in cancer progression by regulating tumor-stromal cell interactions. For example, Mer
or Axl activation induces proinflammatory cytokine (IL-8, CXCL1, CXCL2, and others)
secretion from prostate cancer cells. IL-8 expression is regulated at both transcriptional and
posttranscriptional levels downstream of Mer via Erk signaling [37]. These findings suggest
that important distinctions exist between physiologic and oncogenic signaling pathways
downstream of Axl and Mer, as these receptors normally attenuate the inflammatory
response in macrophages (reviewed in [17]). Proinflammatory cytokines influence cancer
invasion and metastasis by stimulating adhesion molecules and metalloproteases. Murine
breast tumors treated with an Axl inhibitor exhibit reduced secretion of pro-inflammatory
cytokines (GM-CSF, IL-1β, IL-6, and macrophage inflammatory protein-1α) and fewer
metastases [38]. Axl inhibition also blocks angiogenesis in vivo [38,39]. These studies
demonstrate proof of concept that Axl inhibitors may be useful as anti-metastatic agents.
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Epithelial-to-mesenchymal transition (EMT) is a normal developmental program but
contributes to metastatic potential when dysregulated in cancer. Axl expression can be
induced during EMT and Axl signaling may play a role in maintenance of the mesenchymal
phenotype. Axl can be transcriptionally regulated by myeloid zinc finger 1 (MZF1) [40], a
transcription factor that also regulates expression of the mesenchymal marker N-cadherin
[41]. EMT is thought to promote metastasis by giving cells the ability to migrate through
extracellular matrix and intravasate into blood vessels. Axl mediates MZF1-induced
invasion and metastasis in colorectal cancer [40], effects that may result from extracellular
matrix breakdown through Axl activation of matrix metalloproteinase 9 (MMP-9) via MEK-
Erk 1/2-NFκB signaling and Brg-1-mediated chromatin remodeling [42]. Additional data
supporting roles for Mer and Axl in cellular migration/invasion will be discussed in detail in
the following sections.

In addition to the oncogenic signaling pathways downstream of the intracellular kinase
domains of Axl and Mer, numerous studies have explored the functional roles of Axl and
Mer in various solid tumors. Here, we review recent evidence validating Axl and Mer as
therapeutic targets in GBM, NSCLC, and breast cancer. Therapeutic compounds currently in
development as Axl and/or Mer antagonists and potential benefits and liabilities associated
with their clinical use are discussed subsequently.

2. Mer and Axl in glioblastoma multiforme
GBM is a central nervous system tumor that is difficult to treat because of its profound
proliferative and migratory capacities. Despite multimodal aggressive therapy with
chemotherapy, radiation and surgery, fewer than 10% of patients survive 5 years beyond
diagnosis [43]. Current investigations aim to uncover novel therapeutic approaches by
exploring the oncogenic mechanisms and unique potential targets of GBM [44]. Initial
research concentrated on amplification, overexpression, and mutation of EGFR in this
malignant phenotype [45]. Multiple strategies for EGFR blockade have been successful in
vitro, such as small molecule TKIs (gefitinib and erlotinib), downregulation of expression or
signaling with the monoclonal antibody cetuximab, or inhibition of the downstream mTOR
pathway with sirolimus and temsirolimus. Other biologically targeted agents tested in GBM
include the anti-vascular endothelial growth factor (VEGF) antibody bevacizumab and other
compounds inhibiting PDGFR, PI3K, PKC, Met, and FGFR kinases. However, to date, there
has been only minimal success in clinical trials. The current task entails finding efficacious
combinations of biologically targeted and cytotoxic approaches.

The TAM family of RTKs has recently been implicated in gliomagenesis and in the growth,
invasion, and chemoresistance of this challenging tumor. TAM RTKs are upstream of the
PTEN/PI3K and MAPK pathways, key players in cellular dysregulation and transformation
into malignant glioma [1,46,47]. Stimulation of these pathways, whether by mutation [48–
51] or upstream activation, correlates with higher grade [52] and poor prognosis [53].
Previous investigations found that Axl is constitutively phosphorylated in many glioma cell
lines, and the downstream MAPK and PI3K pathways are also activated. Additionally,
activated Axl was present in murine xenograft tumors and primary patient tumor samples
[54]. Patient samples also highly expressed the ligand Gas6, suggesting the potential for
autocrine activation of TAM family receptors overexpressed by the tumor. Furthermore,
immunohistochemical analysis of Axl and Gas6 demonstrated that co-expression of these
proteins correlates with recurrence and progression of the tumor [55].

Studies to further validate targeting TAM RTKs as a potential therapeutic model have been
quite promising. Expression of an Axl dominant-negative mutant in a glioma cell line leads
to decreased cell growth in vitro and smaller tumor volumes in xenografts. Additionally, in
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vivo tumor growth is notably less migratory and invasive, and overall animal survival is
prolonged in xenografts containing dominant negative Axl [56]. More recent investigations
by Keating et al. [32] confirmed Axl expression in GBM and reported a novel finding, Mer
overexpression, with co-expression of both RTKs in the majority of GBM cell lines and
patient samples. Downregulation of either Mer or Axl expression using shRNA abrogated
signaling through the PI3K and MAPK pathways and functionally increased apoptosis and
autophagy. Furthermore, decreased expression of Mer or Axl triggered a profound
phenotypic change, with significantly impaired long-term anchorage independent growth,
and markedly improved responsiveness to chemotherapy [32]. A major challenge in GBM
pathogenesis is the remarkable migratory and invasive phenotype. Recent findings
demonstrated that inhibition of Mer significantly reduces migration of GBM cells in vitro
[57] suggesting that Mer targeted therapy may diminish GBM invasion. Overall, these data
indicate a potential therapeutic benefit for Mer and/or Axl inhibition in the treatment of
GBM.

3. Mer and Axl in non-small cell lung cancer
NSCLC is the primary cause of cancer mortality in the US and killed more men and women
in 2009 than breast, prostate, and colorectal cancers combined. It is well known that
cigarette smoking causes lung cancer, yet 10–25% of patients diagnosed with lung cancer
are never smokers [58,59]. Two-thirds of patients present with advanced stage disease and
over 50% are metastatic where the 5-year relative survival is only 3.5% [60]. Treatment in
these cases is palliative, rather than curative, and primarily consists of platinum-based
doublet chemotherapy, resulting in a median survival of 10.3 months with only 15% of
patients surviving 2 years. A handful of biologically targeted agents have received FDA
approval for use in NSCLC either alone or in combination with standard chemotherapies.
Bevacizumab significantly improves survival for approximately one-third of patients with
advanced NSCLC (those with non-squamous histology, < 70 years of age, and no prior
hemoptysis) when used in combination with a platinum-based doublet [61]. Erlotinib and
gefitinib are now the preferred single agent first-line therapy for patients with somatic
activating EGFR mutations [62–64]. The multi-kinase small-molecule inhibitor PF-2341066
is currently being investigated in Phase III trials and has shown benefit in NSCLC tumors
harboring echinoderm microtubule-associated protein like-4 (EML4)-anaplastic lymphoma
kinase (ALK) chromosomal translocations [65]. While these promising new targeted agents
validate RTK inhibition as a therapeutic strategy in NSCLC, activating EGFR mutations and
ALK translocations are present in approximately 10% and 5% of lung cancers, respectively,
in an unselected Western population. Clearly, further investigation is necessary to identify
additional targeted biologic therapies that will improve survival for additional subsets of
NSCLC.

Axl, and to a lesser extent Mer, have been the subject of such investigations. Initial studies
suggested that high levels of Axl and the ligands Gas6 and Protein S could be found in over
50% of NSCLC cell lines evaluated [66,67]. Recent data from our laboratory indicate that
Mer is also highly expressed in NSCLC cell lines [68]. Much like the scenario in GBM
tumors, the expression of both receptors and ligands suggest that Mer and Axl may be
continuously activated in NSCLC via autocrine or paracrine mechanisms. Indeed, Axl and
Mer are among the most highly phosphorylated RTKs in NSCLC cell lines and tumors
[54,69]. Axl protein expression was observed in 28 of 58 (48.3%) patient samples of lung
adenocarcinoma. Furthermore, expression of Axl correlates with lymph node involvement
and higher clinical stage indicating that Axl expression is a poor prognostic factor in
NSCLC [23]. Mer is also highly expressed in NSCLC tumors and ongoing studies will
evaluate the prognostic value of Mer expression in NSCLC [68].
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Several studies have begun to elucidate the molecular mechanisms by which Axl and Mer
contribute to the development and progression of NSCLC. RNAi-mediated silencing of Axl
reduces the viability of NSCLC cells in vitro and inhibits tumor growth in xenograft models
[70]. Additional data demonstrate that inhibition of either Axl or Mer reduces long-term
growth of NSCLC cells in vitro [68]. Axl expression correlates with NSCLC cell
invasiveness and migration in vitro [23,70], effects that may be mediated by Axl-dependent
upregulation of MMP-9 expression [42]. Decreased Mer expression leads to increased
induction of cell death [68]. Additional in vitroassays demonstrated that inhibition of Mer or
Axl significantly increases the sensitivity of NSCLC cells to numerous chemotherapeutic
agents. These data are consistent with the hypothesis that Axl and Mer mediate the
proliferation, survival, and migration of NSCLC cells. Taken together, these results suggest
that inhibition of Axl and/or Mer may be a viable therapeutic approach to enhance
chemotherapy efficacy in NSCLC.

4. Mer and Axl in breast cancer
The most commonly diagnosed tumor in American women is breast cancer. Treatment
options include surgery, radiation therapy, chemotherapy, and endocrine therapy. The
absence or presence of estrogen receptor (ER), progesterone receptor (PR), and HER2
within the tumor is commonly used to guide treatment selection. The majority of breast
cancers are positive for hormone receptors (ER and/or PR). These tumors respond to
endocrine therapy and carry a good prognosis. Another 20% of breast cancers exhibit high
expression of HER2, a member of the EGF family of RTKs, and until recently these women
had a poorer prognosis. Trastuzumab, an anti-HER2 monoclonal antibody, was the first
agent targeting a RTK to receive approval as anti-cancer therapy (1998) and improves
outcome for patients whose tumors express HER2 in the adjuvant and metastatic setting.
The HER2 small-molecule inhibitor lapatinib has shown benefit in patients who progress on
trastuzumab. Together with successful screening programs, the currently available therapies
have dramatically improved breast cancer survival rates over the past two decades.
However, subsets of breast cancer persist for which treatment options are limited and
prognosis is grim. For example, as many as 11–20% of breast cancers are described as triple
negative, meaning that they do not express ER, PR, or HER2 [71]. Surgery, radiation, and
chemotherapy are the only treatment options for these patients. Despite an increased
sensitivity to chemotherapy, triple negative breast cancer carries a significantly worse
prognosis. Chemotherapy is also the only option for hormone receptor positive tumors that
have progressed on hormone therapy. In order to develop new therapies for these types of
breast cancer, novel targets must be identified.

Axl is overexpressed in human breast carcinoma cell lines and patient samples and
correlates with advanced tumor stage [72,73]. Furthermore, high Axl expression is
statistically associated with poor survival and Axl expression is upregulated in metastases
relative to primary tumors [22]. Mer is also upregulated in metastatic relative to non-
metastatic breast cancer cells and this upregulation may be due, at least in part, to loss of
miR-335 [74]. The prognostic and predictive value of Mer has not been investigated in
patient samples of breast cancer. Interestingly, Axl expression is only found in ER+ patient
samples, and ER antagonists reduce Axl expression in breast cancer cells [33,72]. It has not
been determined whether ER binds to the Axl promoter, but Gas6 expression is
transcriptionally regulated by ER [75]. Gas6 mRNA expression is also upregulated by PR
stimulation in breast cancer cells [76] and PR expression correlates with Gas6 mRNA levels
in human breast tumors [77]. Much like PR positivity, high Gas6 mRNA levels correlate
with favorable prognostic variables; however Gas6 expression does not correlate with
survival [77,78].
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The contribution of Axl to the development and progression of breast cancer has been an
active area of research in recent years. RNAi-mediated knockdown of Axl reduces viability
of triple negative MDA-MB-231 human breast cancer cells and inhibits their orthotopic
growth in immunodeficient mice [22,39,70]. Axl inhibition also reduces migration and
invasion of breast cancer cells in vitro [22,79]. The effect of Axl on invasion may be
mediated by Axl-dependent expression of MMP-9 [42]. In support of this idea, expression of
Axl correlates with expression of MMP-9 in human breast tumors.

An early study demonstrated that increased expression of Axl in Ras-transformed breast
epithelial cells correlates with anchorage-independent growth and loss of E-cadherin [80],
common indicators of EMT. Recent studies have more specifically evaluated the role of Axl
in EMT and metastasis of breast cancer cells. Overexpression of EMT-associated
transcription factors Twist, Snail, and Slug in premalignant breast epithelial cells that do not
express Axl resulted in EMT marked by loss of E-Cadherin and β-catenin, up-regulation of
N-cadherin and Vimentin, and de novo expression of Axl on the cell surface [22].
Interestingly, murine breast tumors treated with an Axl inhibitor exhibit reduced Snail
expression in vivo [38]. Axl expression and activation also correlate with expression of
EMT-associated transcription factors in AML and pancreatic cancer cells [8,24]. These data
suggest that a positive feedback loop between Axl and EMT transcription factors may
perpetuate the mesenchymal state in metastatic cancer cells. High levels of Axl expression
are found in metastatic breast cancer cell lines and inhibition of Axl reduces growth and
metastasis and improves overall survival in multiple animal models [22,38,70]. In a
syngeneic model where murine breast cancer cells are orthotopically injected into the
mammary fat pad of immune competent mice, inhibition of Axl significantly reduces
metastatic burden but has little to no effect on primary tumor growth [22,38]. Taken
together, these findings indicate that Axl is an important regulator of breast cancer
metastasis and EMT.

Axl has also been shown to play a role in mechanisms of chemoresistance. Chronic exposure
of an Axl negative breast cancer cell line to lapatinib resulted in lapatinib resistance, de
novo expression of Axl, and increased expression of ER [33]. Lapatinib sensitivity was
restored by inhibition of either Axl or ER. An Axl inhibitor also interacted synergistically
with cisplatin to reduce liver micrometastases [38]. These data suggest that Axl inhibition
may be a novel therapeutic approach in metastatic breast cancer, particularly in recurrent ER
positive tumors. Additional studies are necessary to determine the role of Mer in breast
cancer.

5. Axl and Mer inhibitors in development
Historically, enthusiasm for development of kinase inhibitors was tempered by the potential
toxicity of such compounds. In general, targeted inhibition of kinases presents a less toxic
therapeutic strategy than traditional pan-cytotoxic chemotherapeutic agents. To revisit the
classical example of targeted therapy in CML, imatinib preferentially inhibits mutated ABL
kinase present in Ph+ cancer cells. EGFR TKIs selectively inhibit mutant RTK but also
reduce activity of wild type RTK and the toxicity is generally not severe. Unlike ABL and
EGFR, activating mutations of Axl and Mer have not been described. Alternatively, the
oncogenic potential of these kinases is attributed to chronic activation enabled by aberrant
receptor expression and autocrine or paracrine ligand stimulation. As a therapeutic strategy,
inhibition of Axl or Mer therefore presents unique clinical challenges since drugs that target
them would also inhibit the normal proteins in non-cancerous cells. Clues regarding the
potential nature of such adverse effects can be gained through evaluation of TAM receptor
knockout mice. Importantly, transgenic mice harboring null mutations of Tyro3, Axl, or Mer
are phenotypically normal at birth [81]. However, various phenotypes become apparent
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during adulthood. The most profound are observed in Mer knockouts and include increased
sensitivity to endotoxic shock, splenomegaly, autoimmunity, and blindness. Tyro3
knockouts develop central nervous system dysfunctions including hindlimb paralysis and
seizures. These effects are amplified in double and triple knockout mice, a fact that must be
considered in the context of ligand sequestration as a therapeutic strategy likely to result in
blockade of all three TAM receptors. In addition, triple knockouts exhibit infertility. Despite
overt concern regarding the nature of these phenotypes, it is important to note that none of
these outcomes become evident until sexual maturation and all of them develop over several
months of complete loss of kinase activity. This is in stark contrast to many single protein
kinase knockouts which are lethal during embryonic or early postnatal periods [82]. The
relatively slow progression of biological abnormality in TAM receptor knockout mice
suggests that a short-term therapeutic window likely exists during which inhibition of Axl or
Mer results in only mild, tolerable adverse effects. An Axl inhibitor has already
demonstrated safety and tolerability in Phase I/II studies [83,84]. Furthermore, animal
studies indicate that at least some adverse effects may be reversible upon cessation of
therapy [85]. Given recent evidence that Mer or Axl inhibition enhances chemosensitivity,
short-term targeted therapy administered in combination with blocks of chemotherapy might
have the potential to significantly impact patient outcome. Therefore, we and others have
concluded that the potential toxicities do not represent a significant obstacle for
development of Axl and Mer inhibitors.

There are several clinically feasible strategies which result in blockade of RTK signaling
(Figure 3). The most common approach is small-molecule kinase inhibitors that compete
with ATP for binding in the catalytic domain. Another strategy involves monoclonal
antibodies that bind the receptor extracellular domain and disrupt RTK signaling by various
mechanisms including prevention of ligand binding, receptor endocytosis, or receptor
degradation. Finally, monoclonal antibodies or fusion proteins that bind the ligand can be
employed as ligand “sinks” preventing ligand-dependent RTK activation (e.g., the anti-
VEGF monoclonal antibody bevacizumab). Each of these strategies is more or less favorable
given the context under which the oncogenic RTK is activated. For example, monoclonal
antibodies or any other method intended to prevent ligand binding would be ineffective
against RTKs with somatic mutations which render them constitutively active in a ligand-
independent manner. Given the evidence that autocrine or paracrine activation loops may
exist for Mer and Axl and the fact that activating mutations of these receptors have not been
described, all of the above strategies are currently being explored as methods of Mer and
Axl inhibition.

Several small-molecule TKIs which exhibit activity against Axl have been described in the
literature (Table 2). Most of these agents were developed as inhibitors of other tyrosine
kinases such as c-Kit, Src/ABL, and Met and are therefore not specific Axl inhibitors.
Furthermore, given the high degree of sequence homology (83% similarity; 70% identity;
see Figure 1) between the tyrosine kinase domains of Axl and Mer, it is likely that many Axl
inhibitors will exhibit some degree of activity against Mer. Amuvatinib (MP-470, Supergen)
was the first compound reported to have Axl inhibitory activity [86]. This TKI was designed
as an inhibitor of c-Kit and is several-fold more selective for c-Kit and Met than for Axl.
Amuvatinib has also been reported to synergize with erlotinib to inhibit EGFR family
members HER1, HER2, and HER3 in preclinical studies of prostate cancer [34]. In addition
to c-Kit, Met, and Axl, amuvatinib also exhibits activity against c-Ret, PDGFR, and the
DNA repair protein Rad51. This compound has been evaluated in Phase I trials where
clinical benefit was observed in neuroendocrine, NSCLC, small cell lung, and endometrial
carcinomas. According to the company’s website, Supergen will initiate Phase II studies of
amuvatinib in these tumor types in late 2010.
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Bosutinib (SKI-606, Wyeth now PF-5208763, Pfizer) was originally developed as a second-
generation dual Src/ABL kinase inhibitor. This compound is more potent against BCR-ABL
than imatinib and has been reported to inhibit imatinib-resistant BCR-ABL mutations
[87,88]. Sub-micromolar concentrations of bosutinib are sufficient for half maximal
inhibition of ligand-dependent Axl phosphorylation in breast cancer cells and inhibition of
Axl phosphorylation correlates with reduced motility and invasion of these cells in vitro
[79]. Bosutinib is currently in Phase II trials for breast cancer and Phase III trials to compare
bosutinib to imatinib as first-line therapy in Ph+ CML.

Foretinib (GSK1363089, GlaxoSmithKline) was originally developed by Exelixis (XL880)
as an inhibitor of Met and VEGFR2 and was recently identified as a potent inhibitor of Axl
(IC50 = 11 nM) [33]. In lapatinib resistant breast cancer cells, foretinib interacts
synergistically with lapatinib to inhibit Akt and Erk phosphorylation resulting in decreased
cell growth and increased apoptosis [33]. RNAi experiments suggest that foretinib-mediated
inhibition of Axl is sufficient for the observed restoration of lapatinib sensitivity. Foretinib
has shown benefit in renal cell carcinoma [84] and is also being investigated in phase II
trials of gastric cancer and head and neck squamous cell carcinoma.

BMS-777607 (Bristol-Myers Squibb) and PF-2341066 (Pfizer) were also developed as Met
inhibitors (IC50s 3.9 nM and 8 nM, respectively). PF-2341066 exhibits similar potency
against ALK (IC50 = 20 nM) and elicited objective responses in NSCLC patients whose
tumors harbor activating ALK translocations [65]. PF-2341066 also inhibits Axl (IC50 =
300–320 nM) and is currently in phase III trials of advanced NSCLC as a Met/ALK
inhibitor. Interestingly, BMS-777607 is more selective for Axl (IC50 = 1.1 nM) than for its
intended target, Met [89]. This agent exhibited efficacy in a xenograft model of human
gastric carcinoma and was investigated in a phase I/II trial of advanced or metastatic
gastroesophageal cancer, hormone refractory prostate cancer, head and neck squamous cell
carcinoma, and type I papillary renal cell carcinoma. Study results have not been reported.

Low-molecular weight TKIs specifically designed to target Axl are uncommon. In early
2009, AstraZeneca published a patent application (PCT/EP2008/058898) identifying novel
pyrazine derivatives as inhibitors of Axl with IC50 values in the low nanomolar range. To
our knowledge, studies of these compounds have not been published in the scientific
literature. The only published report of a highly selective Axl inhibitor is R428 (Rigel),
which exhibits potent activity against Axl (IC50 = 14 nM) and 3 to 15 fold selectivity for
Axl versus other kinases [38]. This compound exhibited favorable pharmacokinetic and
toxicity profiles in preclinical studies and reduced metastatic burden in two different mouse
models of breast carcinoma. Furthermore, R428 improved overall survival in the adjuvant
setting of an orthotopic mastectomy model and interacted synergistically with cisplatin to
reduce liver micrometastases. Based on these data, R428 is an attractive candidate for
clinical development.

Although pharmacologic inhibitors of Mer have been reported [90], most of these
compounds do not have pharmacokinetic and toxicity profiles necessary for translation to
the clinic. As suggested above, it is possible that Axl TKIs will also inhibit Mer. For
example, R428 and BMS-777607 exhibit activity against Mer and the third TAM receptor
Tyro3 but are approximately 4 to 15-fold more selective for Axl [38,89]. In addition to the
industry-sponsored programs described above, multiple academic institutions are pursuing
development of Mer and Axl TKIs. A major objective of these endeavors is to develop dual
Axl/Mer inhibitors as well as Axl-selective and Mer-selective compounds. These
compounds will be useful in pre-clinical studies to help delineate the individual
contributions of Mer and Axl to tumorigenesis and metastasis.
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Reports of inhibitory monoclonal antibodies targeting Axl and Mer are also rare. Anti-Axl
monoclonal antibodies that bind to the extracellular domain result in reduced expression of
Axl [70]. These antibodies decrease viability of Axl-overexpressing cells in vitro and inhibit
growth of A549 and H1299 NSCLC xenografts in vivo. A recent follow-up study
demonstrated that the anti-Axl monoclonal antibodies reduce metastasis in an MDA-
MB-231 xenograft model of breast cancer [91]. Polyclonal anti-Axl antibodies raised against
the extracellular domain have also been described that inhibit the motility and invasivity of
human breast cancer cells in vitro [79]. Our laboratory has developed anti-Mer monoclonal
antibodies that reduce Mer protein expression and downregulate pro-survival signaling in
human cancer cells [30,92]. The anti-Mer antibodies also reduce migration of GBM cells in
vitro [57]. Further preclinical testing is necessary before these antibodies are investigated in
clinical trials.

Chimeric proteins consisting of the full-length extracellular domains of Mer or Axl fused to
the Fc portion of the human IgG (Mer-Fc and Axl-Fc, respectively) are commercially
available (R&D Systems, Sigma). While these proteins have yet to be investigated as anti-
cancer agents, they have demonstrated promise in other pathologic contexts. In murine
macrophages, Mer-Fc prevents Gas6 dependent Mer phosphorylation as well as downstream
phosphorylation of Akt [93,94]. Axl-Fc also binds Gas6 and prevents ligand dependent
activation of both Mer and Axl [94]. Mer-Fc inhibits platelet aggregation in vitro and
protects mice against fatal thromboembolism suggesting that Mer-Fc may have therapeutic
value in the treatment of thrombophilia [94]. Given the concomitant upregulation of Mer or
Axl with the ligands Gas6 or Protein S (see Table 1), these fusion proteins may also be
effective anti-cancer drugs.

Each method of Axl or Mer inhibition presents different advantages and disadvantages in the
clinical setting. Much is known about the mechanism of action of small molecule TKIs and
these compounds are most likely to be available in an oral formulation. TKIs are often less
specific for the intended target, which may be of benefit if the additional targets contribute
to oncogenesis and metastasis or detriment if additional adverse effects are elicited.
Similarly, fusion proteins which act via ligand sequestration will likely inhibit all three
TAM receptors. Monoclonal antibodies are likely to be the most specific inhibitors of Axl or
Mer, but the pharmacokinetic profiles may be less desirable. The mechanism of reduced Axl
or Mer expression in response to these antibodies is currently under investigation, but may
involve receptor endocytosis and degradation or shedding of the extracellular domain.
Understanding these mechanisms may help guide therapeutic application of Axl and Mer
monoclonal antibodies. These pros and cons imply that each strategy may be of particular
benefit within a specific disease context.

6. Expert Opinion
It is apparent from evidence reviewed in this article that Axl and Mer mediate multiple
oncogenic phenotypes including growth, survival, migration, and invasion of tumor cells
(Table 3). Of particular interest is a growing body of evidence suggesting a role for these
RTKs in chemoresistance and cellular functions which facilitate metastasis, namely
migration, invasion, EMT, and angiogenesis. As chemoresistance and metastasis are major
barriers to truly curative cancer therapy, these findings strongly suggest investigating the
potential therapeutic value of Axl and Mer inhibition in solid tumors. The mechanism(s) of
Axl and Mer upregulation in cancer are not well understood has yet to be elucidated.
Characterization of the human Axl promoter in cancer cells indicates that at least one
mechanism involves transcriptional regulation by Sp(specificity protein)1 and Sp3 as well as
promoter methylation [95]. Although the human Mer promoter has not been characterized, a
study of the murine Mer promoter in Sertoli cells suggests that Sp1/Sp3 also positively
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regulate transcription of Mer [96]. Several additional possible mechanisms are currently
under investigation including gene amplification, promoter acetylation, and gain or loss of
miRNA expression [33,74,97]. Similar mechanisms may regulate expression of the ligand
Gas6 in cancer cells [78]. A better understanding of how Mer and Axl are overexpressed in
cancer cells may aid in determining the best strategy for targeting these RTKs. In some
cases, restoration of normal expression levels may be a therapeutic approach of equal or
better benefit when compared to the more direct Axl and Mer inhibitors described in the
previous section.

In addition to being expressed by tumor cells, Axl, Gas6, and Protein S are found in the
vasculature of multiple solid tumor types [23,24,55,67]. Tissue macrophages are known to
express all three TAM receptors and a recent study revealed that tumor-infiltrating
leukocytes (including dendritic cells are macrophages) express significantly higher levels of
Gas6 than normal tissue macrophages [98]. The same study showed that transplantation of
Gas6−/− bone marrow into wild type mice significantly reduces tumor growth in three
different syngeneic models. Therefore, an advantage of using direct Axl and Mer inhibitors
is the potential for action on both tumor cells as well as cells in the tumor microenvironment
(Figure 4). In support of this hypothesis, inhibition of Axl reduces haptotaxis of endothelial
cells towards Vitronectin, blocks endothelial tube formation in vitro, and inhibits
angiogenesis in vivo [39]. Although inhibition of Axl reduces growth of primary tumors in
immune-compromised xenograft models, these results were not recapitulated in a syngeneic
mouse model [38]. In the same model, an Axl TKI reduces metastasis and improves survival
suggesting that the Axl TKI may in fact be acting on the Axl-expressing stromal cells of the
immune-competent host animal. These data suggest that the patient’s immune function may
play a role in tumor development as well as therapeutic options. Within this context, Mer/
Axl inhibitors may be an effective anti-metastatic therapy even in Mer negative or Axl
negative tumors.

One of the primary challenges to sustained maintenance of complete remission is acquired
resistance to targeted therapy. Although therapeutic agents have been identified that produce
a robust response in subsets of cancer, many of these tumors eventually develop resistance
and recur. Two common mechanisms of TKI resistance have been elucidated: secondary
mutation of the targeted RTK or compensatory upregulation of another RTK. For example,
mutation of BCR-ABL or EGFR causes resistance to imatinib in CML [99] and erlotinib/
gefitinib in NSCLC [100,101], respectively. Met amplification has also been reported as a
mechanism of resistance to erlotinib/gefitinib in NSCLC [102,103]. Upregulation of Axl has
been implicated as a mechanism of resistance to imatinib in CML [104] and gastrointestinal
stromal tumors [86] and to lapatinib in breast cancer [33]. Axl expression has also been
associated with chemoresistance in AML, NSCLC, and ovarian cancer [8,105,106]. In
addition to the cancer cell’s exceptional capacity to adapt when one or more RTKs are
inhibited, prevalent crosstalk between RTK signaling pathways imparts an additional layer
of complexity. Various strategies have been proposed to deal with these issues including
development of second-generation agents that are active against new mutations, concomitant
administration of multiple TKIs (or multi-targeted agents) to prevent compensatory
upregulation of an alternative pathway, and targeted inhibition of downstream effectors that
mark a site of RTK pathway convergence [107,108]. It is noteworthy that similar challenges
were encountered decades ago with traditional cytotoxic chemotherapy. In contemporary
chemotherapy regimens, this problem is overcome by combination treatment with agents
from different classes administered in cycles (e.g., an alkylating agent combined with an
anti-metabolite or an anti-mitotic). Based on this historical perspective, it seems reasonable
to expect that combinations of targeted therapies applied in conjunction with traditional
cytotoxic agents will be necessary to increase therapeutic efficacy and may even make
curative treatment a realistic possibility.
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Another variable that influences the success or failure of targeted agents is patient selection.
In other words, how do we determine which patients will benefit from the drug? In breast
cancer, expression of HER2 is a predictive biomarker of response to the anti-HER2
monoclonal antibody, trastuzumab [109]. But patient selection is not always a
straightforward task. A clear example of the importance of patient stratification can be
learned from clinical trials of EGFR TKIs in NSCLC. Initial studies evaluating the impact of
erlotinib or gefitinib when combined with frontline standard chemotherapy were largely
unsuccessful showing no survival benefit in unselected populations [110–113]. Although
approximately 80% of NSCLC tumors overexpress EGFR, protein levels did not prove to be
a sufficient predictor of response to EGFR TKIs in this tumor type [114,115]. Alternatively,
the presence of an EGFR activating mutation is the primary biologic predictor of response to
EGFR TKIs [63,116,117]. Predictive biomarkers for Axl and Mer remain to be elucidated
but may include a tumor gene expression profile or phosphoprotein signature, RTK protein
expression levels, or serum Gas6, soluble Axl, or soluble Mer levels.

Recent years have marked the beginning of a new era in cancer therapy revolutionized by
the concept of tumor molecular subtype and the possibility of personalized medicine.
Therapeutic options are no longer restricted to the one-size-fits-all model. Instead, individual
patients are being treated with unique approaches based on a number of clinical, molecular,
and histologic features. Targeted agents, including those which inhibit Axl and Mer, will
likely be crucial components of the therapeutic toolbox as this new era unfurls.
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Figure 1. Axl and Mer receptor tyrosine kinases are similar but distinct
Growth arrest specific gene 6 (Gas6) activates both receptors. Protein S (ProS), a well
known anticoagulation factor, activates Mer but not Axl. The domain structure of Axl and
Mer is identical, consisting of two immunoglobulin (Ig)-Like domains, two fibronectin type
III (FNIII) domains, a single transmembrane domain, and an intracellular kinase domain.
The intracellular regions of Axl and Mer contain 17 and 16 tyrosine residues, respectively.
Thirteen of them are identical and six of those are symbolized here by a circled Y with the
residue number indicated. Residues 698, 702, and 703 of Axl (749, 753, and 754 of Mer) lie
within the activation loop. Yellow circles represent tyrosines which have been shown to be
phosphorylated while phosphorylation of green tyrosines has not yet been demonstrated
[118–122]. Percent amino acid homology within each domain as well as between the full-
length proteins was determined using the Basic Local Alignment Search Tool (BLASTP
2.2.23+) to align the sequences of Axl (NP_068713.2) and Mer (NP_006334.2). The
conserved sequence (KWIAIES) within the kinase domain distinguishes TAM receptors
from other receptor tyrosine kinase families.
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Figure 2. Axl and Mer signaling pathways in cancer cells
Pathways activated downstream of both Mer and Axl, such as the Phosphatidylinositol 3-
kinase (PI3K)/Protein kinase B (Akt) and Mitogen-activated protein kinase (MEK)/
Extracellular-signal-regulated kinase (ERK) survival and proliferation pathways, are shown
in purple. Blue pathways, including regulation of mammalian target of rapamycin (mTOR)
[10], have been described downstream of Mer. Pathways downstream of Axl such as
inactivation of Bcl-2-associated death promoter (BAD) via phosphorylation by Akt are
shown in red. Mer interacts with, but does not directly phosphorylate, activated cdc42-
associated kinase 1 (Ack1). Activation of Ack1 may occur indirectly through the guanine
nucleotide-exchange factor Vav1 and cdc42, resulting in degradation of the tumor
suppressor protein WW domain containing oxidoreductase (Wwox) and regulation of cell
migration [123]. Interestingly, Ack1 also interacts with Axl via Grb2 and may regulate Axl
turnover or cleavage [122]. Gas6 stimulates Ack1-dependent phosphorylation of androgen
receptor (AR) resulting in proliferation of prostate cancer cells in vitro, presumably via
transcriptional regulation of androgen responsive genes [124]. This effect could be mediated
by Mer and/or Axl since the cell types evaluated express both receptors. Axl expression is
only found in estrogen receptor (ER)-positive patient samples, and ER antagonists reduce
Axl expression in breast cancer cells [33,72]. It has not been determined whether ER binds
to the Axl promoter, but Gas6 expression is transcriptionally regulated by ER [75]. See text
for explanation of other depicted pathways. Additional signaling pathways have been
delineated in non-cancerous cells (reviewed in [17]). Hsp90β, heat shock protein 90β; IκB,
inhibitor of kappa-B; Rac1, Ras-related C3 botulinum toxin substrate 1; RhoA, Ras homolog
gene family member A.
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Figure 3. Molecular strategies for therapeutic inhibition of receptor tyrosine kinases (RTKs)
(A) Low molecular weight tyrosine kinase inhibitors (TKIs) compete with adenosine
triphosphate (ATP) for binding to the activation loop of the RTK. (B–D) Anti-RTK
monoclonal antibodies can prevent binding of ligand (B) and/or cause endocytosis of the
RTK (C) which may result in RTK degradation (D). (E) Ligand sequestration via anti-ligand
monoclonal antibodies or recombinant fusion proteins such as the extracellular RTK domain
fused to the Fc region of human IgG.
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Figure 4. Opportunities for therapeutic disruption of Mer and Axl signaling in the tumor
microenvironment
Axl and Mer expressed by tumor cells may be stimulated by autocrine or paracrine
activation loops as the ligands Gas6 and Protein S are expressed by tumor cells and found in
plasma. Gas6 is also released by infiltrating immune cells such as tumor-associated
macrophages and dendritic cells. Blockade of Axl and Mer expressed by endothelial cells
may inhibit angiogenesis.
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Table 1

Expression of the receptor tyrosine kinases Axl and Mer and the ligands Gas6 and Protein S in solid tumors.

Tumor Origin Oncogene(s) References

Bone • [125]

Brain ••• [32,55,56]a

Breast ••• [22,33,72–74,76–78]b, c, d

Colon & rectum • [40,126]

Endometrium •• [127]

Esophagus • [128]

Gastrointestinal tract • [86]e

Kidney •• [129,130]f

Liver • [131]

Lung •••• [23,66–68]b

Mantle cell lymphoma • [132]

Ovary •• [106,133]

Pancreas • [24]b

Pituitary • [134]

Prostate •• [28,37,123,135]

Skeletal muscle • [136]

Skin •• [137–139]

Stomach ••• [25,29,140]g, h

Thyroid •• [141–143]

•
indicates upregulation of Axl; • indicates upregulation of Mer; • indicates upregulation of Gas6; and • indicates upregulation of Protein S.

a
Coexpression of Axl and Gas6 correlates with poor prognosis.

b
Overexpression of Axlcorrelates with metastatic cancer and poor prognosis.

c
Overexpression of Axl is a mechanism of lapatinib resistance in vitro.

d
Axl expression correlates with ER expression; Gas6 expression correlates with ER and PR activation.

e
Expression of Axl is associated with imatinib resistance.

f
Serum Gas6 levels negatively predict survival.

g
Coexpression of Axl and Mer correlates with poor prognosis.

Overexpression of Gas6 correlates with lymph node metastasis.
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Table 3

Oncogenic phenotypes mediated by Axl and Mer in solid tumors.

Phenotype Glioblastoma Multiforme Non-small cell lung cancer Breast Cancer

In vitro proliferation • •• •

Anchorage-independent growth •• •

Xenograft growth • • •

Survival signaling (PI3K, MAPK) ••

Apoptosis •• ••

Autophagy ••

Migration • • •

Invasion • • •

EMT •

Metastasis •

Angiogenesis* •

Chemosensitivity •• •• •

•
indicates Axl mediated phenotype; • indicates Mermediated phenotype.

*
Although angiogenesis has only been specifically evaluated in animal models of breast cancer, this phenotype is due to Axl expression in

endothelial cells and therefore may be applicable to all solid tumors.
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