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Simple Summary: The tyrosine kinase receptor Axl is an oncogene that promotes cancer devel-
opment by increasing proliferation, survival, invasion, and migration in cancer cells. Axl also
contributes to the development of resistance to chemo-, radio-, immune- and targeted therapy in
many cancer types. It is a promising therapeutic target, and several inhibitors directed to Axl are
currently in clinical trials. The understanding of Axl’s role in the development of resistance can lead
to improved and new cancer therapeutic strategies.

Abstract: Resistance to chemotherapeutic agents by cancer cells has remained a major obstacle in the
successful treatment of various cancers. Numerous factors such as DNA damage repair, cell death
inhibition, epithelial–mesenchymal transition, and evasion of apoptosis have all been implicated in
the promotion of chemoresistance. The receptor tyrosine kinase Axl, a member of the TAM family
(which includes TYRO3 and MER), plays an important role in the regulation of cellular processes such
as proliferation, motility, survival, and immunologic response. The overexpression of Axl is reported
in several solid and hematological malignancies, including non-small cell lung, prostate, breast, liver
and gastric cancers, and acute myeloid leukaemia. The overexpression of Axl is associated with
poor prognosis and the development of resistance to therapy. Reports show that Axl overexpression
confers drug resistance in lung cancer and advances the emergence of tolerant cells. Axl is, therefore,
an important candidate as a prognostic biomarker and target for anticancer therapies. In this review,
we discuss the consequence of Axl upregulation in cancers, provide evidence for its role in cancer
progression and the development of drug resistance. We will also discuss the therapeutic potential of
Axl in the treatment of cancer.

Keywords: Axl; cancer; drug resistance; receptor tyrosine kinase; targeted therapy; molecular
mechanisms

1. Introduction

The development of drug resistance is a major obstacle in cancer treatment. Drug
resistance can be defined as a decrease in the efficacy and potency of a medication, implying
treatment failure and affecting the patient’s overall survival. The growing prevalence of
drug-resistant cancers demands more research into the development of more effective can-
cer treatments. Some tumours can exhibit intrinsic resistance (i.e., without prior exposure),
which can be attributed to several factors such as (a) drug degradation, (b) alteration of the
expression or function of the drug target, (c) alteration of the drug transport across the cell
membrane, or (d) reduced interaction efficiency between the drug and its target [1–3]. In
other situations, an initial response to treatment is followed by acquired drug resistance
that can be influenced by environmental or genetic factors facilitated by the selection
of drug-resistant cell clones or acquisition of mutations in relevant metabolic signalling
pathways [1–3].
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The identification of molecular druggable targets is a crucial step for the development
of efficient cancer therapies and has a strong scientific and clinical impact. In the last years,
investigations have focused on identifying drug targets that are essential for tumour cell
viability or immune evasion. In this context, tyrosine kinase receptors were identified as
important targets for drug development.

Tyrosine kinases are significant mediators of the signalling pathways. They play
vital roles in biological processes such as proliferation, cell cycle, metabolism, migration,
differentiation, and apoptosis [4,5]. Although their activity is strictly regulated in normal
cells, they may gain transforming functions due to mutations, overexpression, autocrine
and paracrine stimulation resulting in malignancy [4]. This can lead to tumour invasion,
metastasis, neovascularization, and resistance to therapy [6]. This review focus on Axl, a
receptor tyrosine kinase (RTK) that belongs to the TAM (TYRO3, Axl, and MER) family of
RTKs. We discuss its regulation, activation and oncogenic role in cancer development and
progression with more attention on its contribution to drug resistance in common solid
cancers worldwide, lung, prostate, breast, and liver. Furthermore, we discuss the potential
of Axl as an anticancer therapeutic target.

2. Axl

Axl was initially discovered during a screen for genes involved in the progression
of chronic myeloid leukaemia (CML) to blast crisis [7–9]. It is expressed in numerous
embryonic tissues and is thought to be involved in mesenchymal and neural development.
In adult tissue, its expression is mostly limited to smooth muscle cells [7] and tissue cells
that are primed to respond to injuries such as alveolar macrophages, Langerhans cells
of the skin and splenic dendritic cells [8]. Axl is involved in various cellular processes
including cell growth, proliferation, survival, apoptosis, and adhesion [9]. Given this, the
involvement of Axl in cancer progression is not unexpected [9]. It has been associated with
different high-grade cancers and correlated with poor prognosis [7] Furthermore, higher
levels of Axl expression are found in highly invasive cancer cell lines compared to less
invasive cancer cell lines indicating an association with migration and invasiveness of
cancer cells.

Structurally, Axl is composed of an extracellular, transmembrane, and intracellular
domain [10]. Similar to other TAM family members, the extracellular domain has two
immunoglobulin (Ig)-like domains and two fibronectin III domains [9–13] that are involved
in ligand binding (Figure 1). The ligand growth arrest-specific protein 6 (GAS6) is the
universal ligand for all three TAM receptors, however, it has the highest affinity for Axl [12].
Another universal ligand of the three TAM receptors is Tubby-like protein 1 (Tulp1) [14]. The
intracellular domain is the tyrosine kinase domain and has important auto-phosphorylation
sites [10]. The tyrosine kinase domain conveys the oncogenic capacity and can be activated
with or without extracellular stimulation.

2.1. Regulation of Axl

The synthesis of Axl is controlled by different processes including, epigenetic (via
methylation) mechanisms, transcription, translation, and posttranslational modifications.
Transcription factors that act on the Axl promoter include YES-associated protein 1 (YAP1),
myeloid zinc finger 1 (MZF1), activator protein 1 (AP1), Sp1/Sp3, hypoxia-inducible factor
1 α (HIF1α) and c-Jun [9–11,13,15]. Yes-associated protein (YAP) is a downstream effector
of the Hippo signalling pathway that regulates organ expansion and tissue development.
Axl has been identified as an important downstream target that propels YAP-dependent
oncogenic functions [16]. YAP1 and MZF1 transcription factors regulate Axl transcription
and increase epithelial-to-mesenchymal-transition (EMT). MZF1 has been shown to bind to
Axl promoter leading to the enhancement of Axl transcription in cervical and colorectal can-
cer [9]. Conversely, MZF1-mediated migration and invasion are reduced by the knockdown
of Axl indicating that MZF1 regulate these processes through Axl [17]. The transcription
factor AP1 was found to upregulate Axl levels in cell lines resistant to tyrosine kinase
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inhibitor (TKI) [15] and PI3K inhibitor [18] contributing to the development of resistance.
The Sp zinc-finger transcription factors Sp1 and Sp3 can upregulate Axl transcription by
binding to the GC-rich Axl promoter region, while Axl gene expression is inhibited by
methylation of CpG sites in Sp binding regions [13,15]. Activation of epidermal growth
factor receptor (EGFR) pathways and MEK/ERK signalling lead to c-Jun mediated Axl
mRNA expression in non-small cell lung cancer (NSCLC) and head and neck squamous cell
carcinoma (HNSCC) [19]. Activation of toll-like receptor (TLR) signalling upregulates Axl
mRNA in dendritic cells and macrophages. Axl transcription is also regulated by specific
mutated forms of p53. For instance, R175H, R273H, and D281G mutated p53 isoforms in
H1299 lung cancer cells upregulated Axl mRNA and protein levels [11,20].

Figure 1. Structure of Axl and its downstream signalling pathways. Various downstream signalling networks can be
activated either through the binding of GAS6 (green) to Axl (blue) or through Axl’s interaction with other receptors (yellow).

In addition to transcription factors, Axl is also regulated by the methylation of mRNA.
Methyltransferase 3 (METTL3) is a key constituent of the m6A methyltransferase complex,
and it has been shown to stimulate Axl translation and EMT, thereby supporting ovarian
cancer initiation and progression [21].

Axl expression is also controlled by epigenetic modifications [10,11]. Axl promoter
region is rich in GC repeats which are necessary for the epigenetic regulation of Axl
expression via methylation of cytosine nucleotides [22,23].

Posttranscriptional regulation by miR-34a and miR-199a/b have been shown to pre-
vent translation of Axl mRNA in several cancers by binding to its 3′-UTR [13]. A recent
study done in our laboratory demonstrated that miR-7 and miR-34a act as regulators of
Axl in prostate cancer. These miRNAs expression levels are inversely associated with
Axl expression in clinical prostate cancer samples [24]. Furthermore, we demonstrated a
novel regulation pathway for Axl, mediated at least partly by inhibition of miR-34a and
miR-7. Axl expression relies on JARID 2 and EZH2, components of the Polycomb Complex
Repressor 2 (PRC2). The PRC2 is a complex of proteins involved in proliferation, pluripo-
tency, and maintenance of the developmental stage in adults. This complex regulates the
chromatin structure mainly by methylation of histone H3 lysine 27 residue (H3K27) [24].
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The long non-coding RNA (lncRNA), differentiation antagonizing non-protein coding
RNA (DANCR) was shown to upregulate Axl through competitive binding to miR-33a-5p,
which targets Axl mRNA for degradation [25]. Cancer metastasis-associated long intergenic
non-coding RNA (CALIC) has been shown to associate with the RNA-binding protein
heterogeneous nuclear ribonucleoprotein-L (hnRNP-L) to upregulate Axl, leading to the
promotion of migration and metastasis in colon cancer cells [26].

Axl protein is approximately 120 kDa to 140 kDa in size depending on the level of post-
translational modifications by glycosylation, phosphorylation, and ubiquitination [15,27].
Phosphorylation activated Axl while ubiquitination marked proteins degradation by the
lysosome.

2.2. Axl Activation

Axl is believed to perform its role in adhesion through its fibronectin domains [9,15].
These domains are similar to that of adhesion molecules such as neural cell adhesion
molecule (NCAM) and L1 [15,28]. The binding of GAS6 to Axl was shown to have a positive
impact on cell-cell adhesion [15]. The activation of Axl and downstream signalling pathway
depends on various mechanisms. The typical method of Axl activation in physiological
conditions is ligand-dependent homodimerisation; however, Axl can also be activated by
several ligand-independent mechanisms [22]. Ligand-dependent leads to the activation
of Axl via transautophosphorylation of numerous tyrosine residues in the intracellular
domain of the protein. The activation of Axl is only complete when it interacts with the
phospholipid phosphatidylserine, which is facilitated by the gamma-carboxyglutamic acid
(Gla) domain on GAS6 after its posttranslational modification [9].

Ligand-independent activation of Axl has also been described. For instance, in MCF-
7 breast cancer cells, activation of Axl stimulated NF-κB mediated activation of matrix
metalloproteinase-9 (MMP9). However, this activation is possible with an Axl mutant
that cannot bind GAS6 and is not enhanced by GAS6 overexpression, indicating that
Axl can be activated independently from its ligand [29]. Overexpression of Axl can lead
to self-dimerization (homodimerization) and activation in NIH 3T3 mouse embryonic
fibroblast cells [30]. Axl can also be activated by heterodimerization with EGFR and other
tyrosine kinase family members including hepatocyte growth factor receptor (c-Met),
platelet-derived growth factor receptor (PDGFR), human epidermal growth factor receptor
2 (HER2) and HER3 [31,32]. Axl-EGFR heterodimers promote invasion by upregulation of
MMP9, diversifying signalling pathways beyond those triggered by either Axl or EGFR ho-
modimers alone [32]. Axl can also be activated through the extracellular domain-mediated
dimerization with HER2 promoting cell invasion and metastasis in mice [33].

Oxidative stress can activate Axl phosphorylation. The activation of Axl by H2O2, a
reactive oxygen species (ROS) may be mediated partly via an increased intrinsic tyrosine
kinase activity of Axl or decreased tyrosine phosphatase activity [34]. In mesothelioma
cells, ROS induced Axl phosphorylation which was consequently inhibited by BGB324 a
selective inhibitor of Axl [35].

3. The Role of Axl in the Hallmarks of Cancer

The hallmarks of cancer encompass biological abilities acquired during the multistep
development of human cancer. They include evading growth suppressors, sustaining
proliferative signalling, inducing angiogenesis, resisting cell death, enabling replicative
immortality, activating invasion and metastasis, evading immune destruction, and repro-
gramming of energy metabolism [36]. Axl controls processes necessary for both cancer
development and aggressiveness in many human malignancies [37]. Axl signalling has
been shown to promote several cancer hallmarks including proliferation, survival, invasion,
migration, inhibition of apoptosis and cellular adhesion in cancer cells [12].
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3.1. Proliferation and Survival

Axl promotes cell proliferation through signalling pathways such as the PI3K/AKT/
mTOR, RAS/RAF/MEK/ERK (also known as the MAPK pathway), JAK/STAT and NF-κB
(Figure 1). It promotes cell survival by regulating the nuclear translocation of NF-κB
resulting in the increased expression of anti-apoptotic markers such as survivin and B-cell
lymphoma 2 (BCL-2), and a concurrent decrease in the activity of pro-apoptotic proteins
such as caspase 3 and BCL-2 antagonist of cell death (BAD) [10]. The association of Axl with
the MAPK pathway has been described in some studies. For instance, ligand-dependent
Axl activation has been shown to stimulate MAPK as well as AKT and FAK pathways
in NSCLC cell lines [38]. In DU145 prostate cancer cell line, the P13K/AKT and MAPK
pathways were shown to be involved in Axl/GAS6-induced proliferation [39]. In prostate
cancer, the mechanistic consequence of Axl inhibition results in the inactivation of the
NF-κB pathway through inhibition of AKT. The inhibition of NF-κB kinase subunit alpha
(IKKα) activity blocks the interleukin 6 (IL-6)/STAT-3 signalling pathway leading to a
decrease in proliferation, migration, and invasion by inducing apoptosis of prostate cancer
cells and inhibits tumour formation in a xenograft mouse model [40]. Similarly, the
inhibition of Axl resulted in the inhibition of AKT and MAPK pathways suggesting that
these pathways are involved in Axl-induced growth and proliferation in acute myeloid
leukaemia cells [15]. The suppression of Axl in chronic lymphocytic leukaemia (CLL)
reduced levels of the anti-apoptotic protein MCL-1 and stimulate apoptosis [41].

3.2. Invasion and Migration

Axl knockdown by RNA interference (RNAi) causes a decrease in the migration and
invasion in various cancer types including liposarcoma, lung adenocarcinoma, breast,
pancreatic and thyroid cancer, providing evidence for the role of Axl in conferring migra-
tory and invasive characteristics [10]. The overexpression of Axl in cancer cells with low
metastatic potential promotes migration and invasion [12] and it is a driving force in the
spread of tumours in vivo and in vitro [10,42]. The activity of Axl is necessary for pheno-
types associated with cell migration including the increase in the GTP-binding protein
Rho and Rac and the formation of filopodia [10]. Axl activation stimulates the expression
of p-AKT and MMP9 (an essential effector of invasion) through the activation of NF-κB
and Brg-1 [10,12]. Activation of Axl increased invasion and migration in Oral squamous
cell carcinoma (OSCC) cell lines [37] and activated AKT in advanced ovarian tumours.
It triggers the PI3K/AKT pathway and activates the expression of proteolytic enzymes
such as MMP2 and MMP9 destroying the extracellular matrix and increased cancer cell
invasion [12]. In Glioblastoma cells expressing high basal levels of Axl induced by GAS6,
the knockdown of Axl led to reduced response to sunitinib (multi-targeted TKI) by res-
cuing migration [43]. In mesenchymal triple-negative breast cancer cells, Axl is localized
to the Golgi apparatus and the leading edge of the migrating cell [44]. This polarization
at the leading edge can be displaced by the Axl inhibitor, R438 and may indicate that
Axl controls directed cell migration [44]. The knockdown of YAP1 significantly reduced
invasion in lung adenocarcinoma through the downregulation of the Axl pathway [11].
In YAP1-transformed MIHA HCC cells, the knockdown of Axl interfered with migration
and invasion and reduced the metastatic potential of the cells [16]. Another study done
using melanoma cancer cell lines showed that Axl is an important gene in YAP-induced
melanoma cell invasion [45].

In addition, Axl is associated with the expression of stem cell markers and regulates
metastases genes (Sstr2, Flt4, MMP10, Kiss1, MET, Col4a2, RORB) and plays a role in
breast cancer stem cells migration and invasion [46]. In oesophageal adenocarcinoma cell
lines, Axl plays a role in the peripheral distribution of lysosomes and in the production of
cathepsin B, which promotes invasion [10].
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3.3. EMT

Numerous studies describe the pro-carcinogenic role of Axl in promoting EMT,
Figure 1 [9,10,46,47]. Activation of Axl enables cells to maintain a mesenchymal phenotype
that increases cell invasiveness and drives metastasis [7,10]. In breast cancer stem cells,
increase Axl levels induces EMT by controlling the expression of EMT markers such as
E-cadherin and N-cadherin, and increasing EMT-associated transcription factors such Snail,
Slug, and Twist [46]. This is supported by the fact that stable knockdown of Axl leads to the
downregulation of EMT-associated transcription factors, Slug, Snail, and Twist and reduced
migration and invasion in pancreatic and OSCC models [8,48]. Interestingly, transfection
of Slug and Snail into MCF10A cells (human breast epithelial cells) is linked to increased
expression of Axl as well as lead to increasing mesenchymal-type markers and decreasing
epithelial-type morphological characteristics [10], establishing a positive feedback loop
between Axl and Slug/Snail [49].

3.4. Angiogenesis

Angiogenesis is a normal physiological process during wound healing, tissue re-
construction and repair but it promotes tumour growth, expansion, and metastasis by
providing oxygen, nutrients, and hormones to cancer cells [10]. Axl overexpression in
neoplastic setting increases angiogenesis; the tumour microenvironment is rich in reac-
tive oxygen species (ROS) may contribute to this by increasing Axl activation [22]. Axl
knockdown on the other hand results in the downregulation of Dickkopf-related protein 3
(DKK3) and angiopoietin-2 (Ang-2). DKK3, a member of the Dickkopf family involved in
Wnt signalling [22], controls endothelial tube formation. Overexpression of DKK3 in the
C57/BL6 melanoma model leads to increased microvessel density. Ang-2 prevents the asso-
ciation of Ang-1 with Tie2 that together drive endothelial cell survival. The downregulation
of Ang-2 through Axl activation frees Ang-1 and Tie2 thus allowing their proangiogenic
activity [22,50].

3.5. Stem Cell Maintenance

Cancer stem cell phenotype contributes to resistance to anti-cancer treatment, pro-
motes metastasis and tumour latency. Axl has been implicated as a key factor in promoting
cancer stem cell phenotype [51]. Axl expression correlates with the expression of cancer
stem cell markers such as Bglap1, Cdc2a, CD44, and ALDH1. CD44 and ALDH1 increase
have been shown to increase the resistance of cutaneous squamous cell carcinoma to
chemotherapy [10,51]. Axl expression in human glioblastoma is associated with high EZH2
expression which plays an important role in stem cell maintenance [10]. Axl is important
in the invasion and migration of breast cancer stem cells (BCSCs) [46]. Treatment with the
Axl inhibitor MP470 (Amuvatinib) reduced the mammosphere forming ability of BCSCs
and increased response to chemotherapy [46,51]. Axl is selectively overexpressed in CML
CD34+ cells, and its knockdown resulted in decreased survival and self-renewal ability of
human CML CD34+ cells. Furthermore, the suppression of Axl by shRNA knockout and
therapeutic inhibition increased the survival of CML mice and decreased the growth of
leukaemia stem cells in mice [52].

3.6. Immune Checkpoint

In acute myeloid leukaemia, Axl activation is involved in immune evasion via the
upregulation of BCL-2 and Twist, the suppression of TLR inflammatory signalling and the
limited expression of pro-inflammatory cytokines [53,54]. Axl plays a role in radio-resistant
and checkpoint immune-resistant tumours through the suppression of antigen presentation
through MHC-I and enhancement of myeloid-supporting cytokines and chemokines lead-
ing to an inadequate initial immune response [10,54]. Axl has been shown to upregulate
the expression of the immune checkpoint molecule, programmed death-ligand 1 (PD-L1) in
head and neck cancers [55]. In metastatic melanoma patients, genomic and transcriptomic
data suggest that Axl overexpression may play a role in innate sensitivity or cause resistance
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to anti-programmed cell death protein 1 (PD1) therapy [10]. In the mouse xenograft model
of the radioresistant MMTV-pyMT breast cancer, the genetic knockout of Axl resulted in
reduced growth and increased sensitivity to radiation therapy and immunotherapy, which
was associated with about twenty-fold increased CD8+ T-cell response [56]. These results
suggest a role for Axl in suppressing antigen presentation via MHC-1 and altering cytokine
release leading to insufficient immune response and T-cell exclusion [56]. Altered cytokines
include macrophage recruiting chemokines, CCL3, CCL4, and CCL5 and NF-κB target
cytokines, IL-6, TNF-α, and IL-1 α [56].

4. Axl in Drug Resistance

In the last decade, several reports demonstrated a clear role of Axl in the development
of resistance to anticancer therapies. Axl is involved in the resistance of drugs with different
mechanisms of action, ranging from cytotoxic drugs to tyrosine kinase inhibitors, Table 1.
In this section, we will discuss the role of Axl in the resistance to different drugs in the
context of five of the most common types of cancer, lung, breast, prostate, and liver.

Table 1. Axl in resistance in cancer treatment.

Cancer Type Drug (s) Drug Target (s) Model (Human,
Animal, Cell Line) Refs.

NSCLC

Erlotinib, Gefitinib EGFR Human [57]

Cetuximab EGFR Cell line [19]

Osimertinib EGFR Cell line [58]

Crizotinib ALK, c-Met Cell line [59]

Cisplatin Interferes with DNA
damage repair mechanism Cell line [60]

Doxorubicin Inhibition of DNA
topoisomerase II activity Cell line [60]

Etoposide Inhibition of DNA
topoisomerase II activity Cell line [60]

Paclitaxel Microtubule polymer
stabilizer Cell line [61]

Vincristine
Binds to tubulin and

inhibits the formation of
microtubules

Cell line [61]

EGFR-mutant NSCLC Erlotinib EGFR Mouse, cell line [62]

Prostate Docetaxel
Inhibitor of

depolymerisation of
microtubules

Cell line [63]

Breast

Lapatinib EGFR, HER2 Cell line [64]

Erlotinib EGFR Cell line [31]

AZD8931 (Sapitinib) EGFR, HER2, HER3 Cell line [65]

Fluorouracil Inhibits DNA/RNA
replication Cell line [66]

Paclitaxel
Tubulin Inhibitor

(Microtubule polymer
stabilizer)

Cell line [67]

Liver
Erlotinib, Gefitinib EGFR Cell line [68]

Sorafenib Raf-1, B-Raf, VEGFR,
PDGFR, Flt-3 and c-KIT Cell line [69]
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Table 1. Cont.

Cancer Type Drug (s) Drug Target (s) Model (Human,
Animal, Cell Line) Refs.

Head and neck
squamous cell carcinoma

Cetuximab EGFR PDX [19]

Erlotinib, Gefitinib EGFR Cell line [70]

BYL719 PI3Kα Cell line [71]

Cisplatin, Carboplatin Interferes with DNA
damage repair mechanism Cell line [72]

ESCC Lapatinib EGFR, HER2 Cell line [73]

Gastrointestinal stromal
tumour Imatinib mesylate v-Abl, c-KIT, PDGFR Cell line [74]

Neuroblastoma TAE684, LDK378 ALK Cell line [75]

Rhabdomyosarcoma MAB391 IGF-IR Cell line [76]

Acute myeloid leukaemia

PKC412

PKCα/β/γ, Syk, Flk-1,
AKT, PKA, c-Kit, c-Fgr,

c-Src, FLT3, PDFRβ, and
VEGFR1/2

Cell line [77]

AC220 FLT3 Cell line [77]

Doxorubicin plus
cytosine arabinoside

Inhibition of DNA
topoisomerase II activity

and synthesis of DNA
Human, Cell line [53]

Cisplatin Interferes with DNA
damage repair mechanism Cell line [53]

Abbreviations: ALK, Anaplastic lymphoma kinase; c-Met, hepatocyte growth factor receptor; EGFR, epidermal growth factor receptor;
ESCC, oesophageal squamous-cell carcinomas; FLT3, fms-like tyrosine kinase 3; HER2, human epidermal growth factor receptor 2; HER3,
human epidermal growth factor receptor 3; IGF-1R, insulin-like growth factor 1 receptor; NSCLC, non-small cell lung cancer; PDGFR,
platelet-derived growth factor receptor; PDX, patient-derived xenograft models; PI3Kα, phosphoinositide 3-kinase alpha; VEGFR, vascular
endothelial growth factor receptor.

4.1. Lung Cancer

Lung cancer is the most diagnosed and lethal cancer representing 11.6% and 18.4%
of all cancers accordingly to GLOBOCAN 2018 [46,78,79]. The most prevalent forms of
lung cancer are non-small-cell lung carcinoma (NSCLC) and small-cell lung carcinoma
(SCLC) that represent 80% and 18% of all types of lung cancer, respectively [80]. Despite
multimodality treatment strategies which include surgery, radiotherapy, chemotherapy,
and targeted therapy, the 5-year survival rate is only 20% [79,81]. This is mostly because of
late diagnosis, with only 20% of NSCLC cases resectable at diagnosis, and the development
of drug resistance.

Frequent mutations in the EGFR have led to the development of TKIs that include
dacomitinib, erlotinib, afatinib, osimertinib, and gefitinib. These drugs have been employed
in clinical use as first/second treatment line for EGFR-mutated lung adenocarcinoma
patients leading to response rates and progression-free survival (PFS) ranging from 56% to
83% and 8.4-18.9 months [82–85].

Axl has been described to be an important player in the mediation of TKI-resistance,
Figure 2. Zhang et al. [62], using both in vivo and in vitro models, demonstrated the
activation of Axl in EGFR-mutant lung cancer models cause resistance to erlotinib [62]. In
line with these observations, Byers et al. [86] validated a 76-gene EMT signature using gene
expression profiles from NSCLC cell lines and patients treated with EGFR inhibitors [86].
They identified Axl as a central mediator of resistance to EGFR inhibitor associated with
mesenchymal phenotype and that the inhibition of Axl in mesenchymal cells reverses the
acquired resistance to the drug treatments [86].
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Figure 2. The role of Axl in resistance to epidermal growth factor receptor (EGFR), human epidermal growth factor receptor
2 (HER2) and HER3 tyrosine kinase inhibitors.

Recently, Wang et al. [87], evaluated the effect of Axl inhibitors; glesatinib, sitravatinib,
and BGB-324 in monotherapy or in combination with erlotinib on cell cycle progression
and apoptosis in EGFR TKI-resistant NSCLC cells [87]. They observed that the combination
of Axl inhibitor with erlotinib reduced cell growth while inducing G2-M cell cycle arrest
and enhancing apoptosis when compared to single-agent treatment [87].

In the EGFR TKI-resistance patients Axl may activate downstream pathways inducing
cell survival and growth, circumventing the need for EGFR activation, and suggesting that
co-treatment of EGFR and Axl inhibitors may reduce tumour growth more effectively [88].
Gefitinib, an EGFR inhibitor, is used for the treatment of NSCLC in patients with EGFR-
activating mutation. Analysis of the Axl status in tumour tissue samples of patients that
showed an initial response to gefitinib prior to resistance showed a 20% increase in Axl level
following gefitinib treatment [88]. In another study using a pair of sensitive and gefitinib-
resistant cell lines, Tian et al. [89] had demonstrated that gefitinib-resistant cells overexpress
Axl and its downstream targets [89]. Silencing of Axl in the gefitinib-resistant cells restored
the effect of the compound and Axl overexpression conveys resistance to gefitinib in
sensitive cells [89]. Recently, Du et al. [90] identified miRNA-625-3p as an important player
in gefitinib resistance. Using NSCLC-derived cells and the corresponding gefitinib-resistant
cell lines, they observed decreased expression of miRNA-625-3p in gefitinib-resistant cell
lines and identified Axl as a miRNA-625-3p target [90]. Both Axl knockdown or miR-625-3p
overexpression could reverse the gefitinib resistance phenotype [90].

Interestingly, yuanhuadine (YD), a natural product-derived antitumour agent, inhibits
Axl and overcame gefitinib resistance in NSCLC cell model [91]. The combination of
gefitinib and YD treatment in gefitinib-resistant NSCLC cell lines demonstrate synergistic
growth-inhibition by downregulating Axl expression [91].

Osimertinib (EGFR TKI) is used to treat patients with EGFR-mutated lung cancer
and as observed for other TKIs, some patients demonstrated intrinsic resistance with
insufficient response to the drug [92]. In a recent study, Taniguchi et al. [58] provide new
insights into the role of Axl in intrinsic osimertinib resistance. Their findings demonstrated
that osimertinib stimulated Axl by inhibiting a negative feedback loop that involved the
suppression of SPRY4, a known tumour suppressor in lung cancer, that acts as potent RTK
inhibitors. The treatment of PC-9 NSCLC cells showed an increase in the phosphorylation
of HER3, c-Met and Axl. In the presence of osimertinib, the knockdown of c-Met did not
affect cell viability, conversely, the knockdown of HER3 and Axl decreased the viability of
PC-9 cells [58]. Knockdown of both HER3 and Axl decreased cell viability as effectively
as the knockdown of EGFR and Axl, pointing to an interaction between Axl and EGFR or
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HER3 thereby indicating that the activation of Axl may occur by heterodimerization with
other RTKs [58].

Interestingly, Axl is more frequently overexpressed in lung adenocarcinomas that
display EGFR-activating mutations, when compared to those that have wild-type EGFR [93].
In H358ER erlotinib-resistant human lung adenocarcinoma cell line, with wild-type EGFR
the overexpression of Axl was reported, however, the knockdown of Axl in this cell line
did not restore sensitivity to erlotinib [94]. This observation suggests that the role of Axl in
resistance to EGFR TKI might only be significant in instances where EGFR is mutated.

Axl is also involved in the development of resistance to other molecules such as mon-
oclonal antibodies. The anti-EGFR monoclonal antibody, cetuximab, is effective in NSCLC
treatment [95,96], however, resistance to this therapy has been described in patients [97]. In-
terestingly, Axl was observed to be upregulated in cetuximab-resistant cells and xenograft
tumour model and inhibition of Axl restored the sensitivity to cetuximab [97].

Terry et al. [98] demonstrated that Axl is upregulated in mesenchymal lung cancer
clones and its expression correlated with resistance to natural killer (NK)- and cytotoxic T
lymphocyte (CTL)-mediated killing [98]. These authors demonstrated that pharmacological
targeting of Axl re-sensitized mesenchymal lung cancer cells to CTL-mediated killing.
Attenuation of Axl-dependent immune resistance involved a complex network involving
NF-κB activation, ICAM1 expression, and inhibition of MAPK [98].

4.2. Prostate Cancer

Prostate cancer is the most common type of non-cutaneous cancer and is the second
most frequent cause of cancer mortality, being surpassed only by lung cancer [99]. It is
the second most frequently diagnosed cancer, in addition to representing the fourth most
lethal cancer in men [79]. During the development of prostate cancer, cell survival depends
primarily on the androgen receptor, as the decrease in the levels of these hormones is
associated with a gradual transition from prostate cancer in a dependent to an androgen-
independent manner, which it is more aggressive and difficult to treat [100]. Surgery,
radiation therapy and hormone therapy alone or in combination are the most common
therapeutic approaches when the disease is in its early stages. Although these therapies
are effective for local hormone-dependent prostate cancer (PCa), they are ineffective in
patients with metastatic, castration-resistant PCa (mCRPC). In these situations, the most
suitable treatment is the use of docetaxel, a second-generation taxane, derived from Taxus
baccata [101].

Docetaxel-treated patients have an average survival of two years, however, nearly all
patients become refractory due to the development of resistance [102]. To elucidate the
mechanisms that lead to docetaxel resistance in prostate cancer, Lin et al. [63], established
two prostate cancer cell lines resistant to docetaxel using the castration-resistant cell lines
DU145 and PC-3. Their findings demonstrated that Axl expression and activation were
increased in the docetaxel resistant cells. Also, they showed that the inhibition of Axl
using siRNA led to an increase in the levels of apoptosis which reduces the migration and
invasion of docetaxel-resistant prostate cancer cells [63]. Interestingly, the antitumour-effect
of docetaxel was restored both in vivo and in vitro when Axl expression was suppressed
genetically or chemically in docetaxel-resistant cells, pointing to a specific role of Axl in
docetaxel resistant phenotype [63]. As far as we are aware this is the most relevant report
linking Axl expression/activation and docetaxel-resistance in prostate cancer. Additionally,
in a recent publication, we demonstrated that co-treatment with Dihydroartemisinin (DHA),
a derivative of Artemisinin commonly used in the treatment of Malaria, synergizes with
docetaxel effects in both in vitro and in a xenograft mouse model, indicating that Axl
inhibition by DHA may prevent or at least delay resistance to docetaxel in a prostate
cancer model.
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4.3. Breast Cancer

Breast cancer is the second most diagnosed cancer and the leading cause of cancer
deaths in women [79,103]. Based on the presence or absence of the Hormone receptors
(HRs), progesterone receptor (PR) and oestrogen receptor (ER) and human epidermal
growth factor receptor 2 (HER2) breast cancer can be divided into three subtypes: HR+

(ER+/HER2−, or PR+/HER2− or ER+/PR+/HER2−), HER2+ (HR+ or HR−), and triple-
negative breast cancer (TNBC, ER−/PR−/HER2−). Axl expression has been observed in
all the major transcriptional subtypes of breast cancer, and its expression in primary breast
tumour is strongly indicative of poor outcome and reduced patient survival [9].

As in lung cancer, Axl plays a role in resistance to EGFR-targeted therapy (examples
erlotinib and lapatinib) in TNBC and HER2+ breast [31,64], Figure 2. In TNBC, Axl acts
to diversify EGFR-induced signalling by triggering additional pathways that EGFR by
itself cannot induce, resulting in resistance to EGFR-targeted therapy [31]. This diversifi-
cation of signalling pathways is ligand-independent and is triggered by the association
of Axl with EGFR, c-Met, and PDGFR [31]. The TKI DCC-2036 suppresses Axl/c-Met-
PI3K/AKT-NF-κB signalling to decrease growth and metastasis in a TNBC xenografted
model overexpressing Axl [104].

In HER2+ BT474 breast cancer cell lines, the overexpression of Axl is directly involved
in the development of acquired resistance to HER2 inhibitor, lapatinib [64]. The multikinase
inhibitor, foretinib as well as RNA silencing of Axl could restore lapatinib and trastuzumab
(monoclonal antibody against HER2) sensitivity in the resistance cell lines [64].

An alternative to overcome resistance to EGFR inhibitors associated with high Axl
levels is to increase Axl degradation. Heat shock protein 90 (HSP90) acts as a molec-
ular chaperon that stables the Axl protein [78]. The HSP90 inhibitor, 17-allylamino-17-
demethoxygeldanamycin (17-AAG) can cause a significant decrease in Axl protein levels
in cell line and xenograft models, inhibiting EMT and tumour growth [105].

MEK inhibition led to decrease shedding (cleavage) of multiple kinase receptors in-
cluding Axl in TNBC [106]. The proteins A Disintegrin and Metalloproteinases (ADAM)10
and ADAM17 are responsible for the proteolytic cleavage of the extracellular surface do-
main of Axl. Reduced cleavage causes increased accumulation of Axl and enhanced Axl
signalling that is associated with resistances lapatinib [106].

In chemoresistant breast cancer cells, Axl silencing suppresses invasion and migra-
tion, and increase the susceptibility to the chemotherapeutic drug, doxorubicin [107]. The
AKT/GSK-3β/β-catenin cascade was responsible for Axl-induced cell invasion by upreg-
ulation of ZEB1 in a ligand-dependent manner [107]. ZEB1 regulates DNA repair and
doxorubicin resistance.

Depleting Axl can also restore sensitivity to non-targeted chemotherapy such as etopo-
side and paclitaxel [46]. The results collectively show that targeting Axl in therapeutic
approaches will lead to improved outcomes and reduce breast cancer metastases and
recurrence. Aside from its role in the development of resistance to chemotherapy and tar-
geted therapy, Axl has also been implicated in resistance to immunotherapy and radiation
therapy [10]. In mouse mammary tumours that showed no response to ionizing radia-
tion used in combination with immune checkpoint therapy, high expression of Axl were
found. Likewise, the deletion of Axl from these resistant tumours caused them to become
radiosensitive [9]. In xenograft breast cancer models, the genetic knockout of Axl resulted
in reduced growth and increased sensitivity to radiation therapy and immunotherapy [56].
Axl contributing to radiation-resistance is also reported in HNSCC where significant over-
expression and hyperactivation of Axl was observed in radiation-resistant HNSCC cell-line
xenografts and patient-derived xenografts. The inhibition of Axl increased the sensitivity
of HNSCC cells to radiation implying that targeting Axl has radiosensitising effects in
HNSCC [72].
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4.4. Liver Cancer

Worldwide, liver cancer is the sixth most common type of cancer) and the fifth most
lethal [46,78,79]. Liver cancer is divided into two main different types: Hepatocellular
carcinoma (HCC), accounting for 75 to 90% of primary liver cancer, and cholangiocarci-
noma [108].

While surgery, liver transplant, ablation, chemo and radioembolization and radiation
therapy may be effective in the early stages of the disease, the treatment of advanced HCC
is challenging. Treatment with cytotoxic agents (5-fluorouracil, cisplatin, doxorubicin, gem-
citabine, capecitabine, epirubicin) or combined regimens do not show improved response
rates or improvements in overall survival. The TKI sorafenib—the first drug approved
for first-line systemic treatment of patients with advanced-stage HCC—has shown an im-
provement in median overall survival of only 2-to-3 months. Recently, lenvatinib, another
multi-TKI, has been approved as a first-line treatment for advanced HCC patients and has
demonstrated similar efficacy to sorafenib [109].

In HCC, Axl has been shown to mediate Yes-associated protein (YAP)-dependent
oncogenic functions that potentiate migration [16]. Axl is a regulator of the Hippo pathway
that stimulate tumour cell invasion [16]. Interestingly and as stated for other types of
cancers, in HCC, Axl plays a role in EMT by mediating E-cadherin repression and Vimentin
upregulation through control of Slug, Snail and Twist transcription factors [110,111]. In
addition, Axl has been shown to regulate TGF-β in HCC. TGF- β plays a dual role of
tumour-suppressor and tumour-promoter in the early and advanced stages of HCC [112].
Reichl et al. [110] demonstrated that in advanced HCC with mesenchymal characteristics,
Axl regulates the TGF- β and promote tumour migration. Interestingly, Axl knockdown
impaired resistance to TGF-β-mediated growth inhibition reverting the function of TGF-β
to tumour suppressor [110].

Li et al. [113], demonstrated that an Axl-specific miRNA enhances sensitivity to the
chemotherapeutic agent cisplatin. Using functional tests, they demonstrated that miRNA-
34a, a miRNA known to inhibit Axl, decreased proliferation levels and induced apoptosis
while decreasing chemoresistance to cisplatin in HCC cell lines [113]. Additionally, Leung
et al. [114] demonstrated that the adaptive resistance acquired after sorafenib treatment
in HCC cells activates several RTKs including Axl [114]. Furthermore, in a recent report,
Pinato et al. [69] demonstrated that Axl activation plays a role in the development of
sorafenib-resistance. Using two pairs of sorafenib-naive and resistant clones from two
different origins (epithelial and mesenchymal), they demonstrated upregulation of Axl in
Sorafenib-resistant cells. Axl inhibition by shRNA led to increased sensitivity to sorafenib
in both naïve and resistant cells [69]. Their findings point to an important role of Axl
dependent signalling in the resistant phenotype of HCC cells.

5. Axl as a Therapeutic Target

Axl is a promising therapeutic target that can improve patient outcomes, reduce cancer
metastases and recurrence, and reverse resistance. This has led to the development of
several small molecular Axl inhibitors, monoclonal antibodies, and CAR T-based (chimeric
antigen receptor-modulated T lymphocyte) therapies that are currently investigated both
in preclinical and clinical studies, Tables 2 and 3. Small molecular inhibitors specific to Axl
include BGB324/Bemcentinib/R428, SLC-391/SLC-0211, and TP-0903 while INCB081776
and ONO-7475 can inhibit both Axl and MER. These drugs are in different clinical trials
phases and some show possibilities of improving patients outcomes [9,115].
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Table 2. Clinical status of Axl selective drugs.

Drug Clinical Trial No Phase Cancer Type Monotherapy/Combination

Bemcentinib
(BGB324, R428)

NCT03184558 II TNBC +Pembrolizumab

NCT02424617 I/II NSCLC +Erlotinib

NCT03824080 II AML, MDS Monotherapy

NCT03649321 Ib/II Pancreatic cancer ±Nab-
paclitaxel/gemcitabine/cisplatin

NCT02488408 Ib/II AML, MDS ±Cytarabine/decitabine

NCT02872259 Ib/II Metastatic melanoma +Pembrolizumab; +Dabrafenib
and trametinib

NCT03184571 II NSCLC +Pembrolizumab

NCT03965494 I Glioblastoma Monotherapy, before and after
surgery

Dubermatinib
(TP-0903)

NCT03572634 I/II CLL ±Ibrutinib

NCT02729298 I

Advanced solid tumours
(Advanced solid tumours, EGFR

positive NSCLC, Colorectal
carcinoma, Recurrent ovarian

carcinoma, BRAF-mutated
melanoma

Monotherapy

DS-1205
NCT03255083 I Metastatic or unresectable

EGFR-mutant NSCLC +Osimertinib

NCT03599518 I Metastatic or unresectable
EGFR-mutant NSCLC +Gefitinib

BA3011
(CAB-AXL-ADC)

NCT03425279 I/II

Solid tumours (NSCLC,
Pancreatic cancer, Melanoma,

Ewing sarcoma, Osteosarcoma,
Leiomyosarcoma, Synovial
sarcoma, Liposarcoma, Soft

tissue sarcoma, Bone sarcoma,
Refractory sarcoma)

±Nivolumab

NCT04681131 II NSCLC ±PD-1 inhibitor

Enapotamab
vedotin (HuMax-

AXL-ADC)
NCT02988817 I/II

Ovarian, Cervical, Endometrial,
NSCLC, Thyroid, Melanoma,

Sarcoma
Monotherapy

CCT301-38 NCT03393936 I/II Recurrent or refractory stage IV
renal cell carcinoma Monotherapy

SLC-391 NCT04004442 I Solid tumours Monotherapy

AVB-S6-500

NCT04004442 I/II Advanced urothelial carcinoma Monotherapy

NCT03639246 Ib/II Platinum-resistant recurrent
ovarian cancer

+Pegylated
liposomal-doxorubicin or

paclitaxel

NCT04019288 I/II
Platinum-resistant or recurrent

Ovarian, Fallopian tube, or
Primary peritoneal cancer

+Durvalumab (MEDI4736)

NCT03607955 Ib

Stage III or IV Epithelial ovarian,
Primary peritoneal, or Fallopian

tube cancer receiving
neoadjuvant chemotherapy

+Paclitaxel and carboplatin

Information was obtained from www.clinicaltrials.gov, accessed on 5 January 2021. Abbreviations: AML, acute myeloid leukaemia; CLL,
chronic lymphocytic leukaemia; EGFR, epidermal growth factor receptor; MDS, Myelodysplastic syndromes; NSCLC, non-small cell lung
cancer; TNBC, triple-negative breast cancer.

www.clinicaltrials.gov
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Table 3. Clinical status of multitargeted drugs inhibiting Axl.

Drug Target (s) Clinical Trial No Phase Cancer Type Monotherapy/
Combination

Sitravatinib
(MGCD516)

VEGFR, PDGFR
c-KIT, DDR2, EPHA,
FLT3, MET, TYRO3,

Axl, and MER

NCT03680521 II Clear cell RCC +Nivolumab

NCT03906071 III Metastatic NSCLC +Nivolumab,
Docetaxel

NCT04123704 II Metastatic TBNC Monotherapy

NCT02978859 II
Advanced liposarcoma

and other soft tissue
sarcomas

Monotherapy

NCT03606174 II Urothelial carcinoma +Nivolumab

NCT03941873 I/II

Hepatocellular carcinoma,
Gas-

tric/Gastroesophageal
junction cancer

±Tislelizumab

NCT03575598 I

HNSCC, Squamous cell
carcinoma mouth,

Squamous cell carcinoma
of the oral cavity

+Nivolumab

NCT02219711 I/Ib Advanced solid tumours Monotherapy

BMS-777607
(ASLAN002)

c-Met, Axl, RON,
TYRO3

NCT00605618 I/II Advanced solid tumours Monotherapy

NCT01721148 I Advanced metastatic
tumours Monotherapy

RXDX-106
(CEP-40783)

Axl, TYRO3, MER,
c-Met NCT03454243 I Advanced or metastatic

solid tumours Monotherapy

LY2801653
(Merestinib)

c-Met, Axl, RON,
MER

NCT02711553 II Advanced or metastatic
biliary tract cancer

Ramucirumab or
merestinib or

placebo, +cisplatin
and gemcitabine

NCT02920996 II NSCLC Monotherapy

NCT03027284 I Advanced or metastatic
cancer

±other anti-cancer
agents

Q702 Axl, MER, CSF1R NCT04648254 I Advanced solid tumour Monotherapy

ONO-7475 Axl, MER NCT03176277 I/II Elapsed or refractory
AML ±Venetoclax

INCB081776 Axl, MER NCT03522142 I Advanced solid tumour ±INCMGA00012

Information was obtained from www.clinicaltrials.gov, accessed on 5 January 2021. Abbreviations: AML, acute myeloid leukaemia; c-Met,
hepatocyte growth factor receptor; DDR2, discoidin domain receptor tyrosine kinase 2; EPHA, Ephrin type-A receptor; FLT3, fms-like
tyrosine kinase 3; MET, hepatocyte growth factor receptor; NSCLC, non-small cell lung cancer; PDGFR, platelet-derived growth factor
receptor; RCC, renal cell carcinoma; RON, macrophage-stimulating protein receptor; TBNC, triple-negative breast cancer; VEGFR, vascular
endothelial growth factor receptor.

Although Axl-targeted small molecule tyrosine kinase inhibitors have displayed
therapeutic values in some cancers, some of these small molecules show off-target toxicities.
Thus, there is a need to identify molecules that can effectively disrupt the Gas6/Axl
axis [116]. Antibody therapy specifically targeting Axl has been successful in inhibiting
cancer growth in vitro and has progressed to phase I and II clinical [117,118]. These include
the antibody-drug conjugates, BA3011/CAB-Axl-ADC and HuMax-Axl-ADC and the
Anti-Axl Fc Fusion Protein, AVB-S6-500. A recent study by Duan et al. [119] showed that
DAXL-88, a phage-derived monoclonal antibody targeted both human and mice Axl with
high affinity and specificity. DAXL-88 inhibited the interaction between Axl and GAS6
thereby reducing migration and invasion in ovarian and lung cancer cells [119]. Similarly,

www.clinicaltrials.gov
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the anti-Axl monoclonal antibody 20G7-D9 has been shown to inhibit signalling, EMT,
decrease migration and invasion and tumour growth in TNBC breast cancer xenografts [9].

Nucleic acid aptamers are new treatment molecules made up of short single-stranded
RNA or DNA that have high binding affinities to their target molecules. Aptamers have
numerous benefits over other treatment molecules because of their reduced toxicity, ease
of synthesis, fast tissue penetration, long-term stability, and reduced cost [120]. GL21.T,
a 2′fluoro pyrimidine RNA aptamer was shown to bind and inhibit Axl thus preventing
migration and invasion, interfering with spheroid formation and inhibiting tumour growth
in human NSCLC mouse xenograft model [121]. Recently, a novel DNA aptamer that binds
selectively to Axl was shown to inhibit 30–40% cell growth and viability in human lung
cancer cells with acquired resistance to EGFR-TKI [120].

6. Conclusions and Future Perspectives

Although the development of novel drugs and strategies to battle cancer is in constant
expansion, the increase in drug resistance continues to be the principal restrictive factor
to cure patients with cancer. As discussed above, Axl is a key player in drug resistance in
different cancer types.

A key area that requires more research would be the stratification of patients for
effective Axl inhibitor treatment. It would be pivotal to identify patients that are likely
to develop Axl-dependent resistance before starting with treatment, as these patients
may benefit most from Axl inhibition. Markers currently under investigation include
Axl expression levels, phosphorylation or activation status and presence of ligand, Gas6;
however, the approach to patient stratification needs further refinement.

Another area that requires more research is the relevance of Axl in drug resistance and
the use of Axl inhibitors in single or combination therapies. Inhibition of Axl may revert
resistance to a specific drug which in turn can lead to a reduction in the required dose and
off-target side effects.

To conclude, targeting Axl may present strategies to prevent, overturn or delay the
development of resistance, making it a promising therapeutic target. In vivo and in vitro
studies investigating Axl inhibitors is ongoing and may lead to the discovery of new
therapeutic approaches with improved patient life quality and expectancy.
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