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In the last decade, LMTK3 (lemur tyrosine kinase 3) has emerged as an impor-
tant player in breast cancer, contributing to the advancement of disease and the
acquisition of resistance to therapy through a strikingly complex set of mech-
anisms. Although the knowledge of its physiological function is largely
limited to receptor trafficking in neurons, there is mounting evidence that
LMTK3 promotes oncogenesis in a wide variety of cancers. Recent studies
have broadened our understanding of LMTK3 and demonstrated its impor-
tance in numerous signalling pathways, culminating in the identification
of a potent and selective LMTK3 inhibitor. Here, we review the roles of
LMTK3 in health and disease and discuss how this research may be used to
develop novel therapeutics to advance cancer treatment.
1. Introduction
LMTK3 (lemur tyrosine kinase 3) has gained attention in recent years due to the
growing evidence of its involvement in a multitude of cancers [1–35]. While
initially identified to have a role in ERα (oestrogen receptor alpha) regulation in
breast cancer [19], LMTK3 is now known to fuel tumourigenesis through many
diverse mechanisms. LMTK3, also known as LMR3 or AATYK3, belongs to the
LMTK (LMR or AATYK) family of kinases, along with LMTK1 (also known as
LMR1 or AATK) and LMTK2 (also known as LMR2, BREK, KPI2 or AATYK2).
This family of kinases performs a wide range of functions in cell signalling and
membrane trafficking, while aberrancies in these proteins are linked to diseases
such as cystic fibrosis, Alzheimer’s disease and cancer [36–40]. Importantly,
LMTK3 has been found to be overexpressed in several cancer subtypes, where
it contributes to the progression of the disease. LMTK3 mutations have also
been identified; however, their clinical significance is yet to be elucidated.
About 50% of the identified mutations are missense mutations, while nonsense
mutations only occur in 1.71% of the cases (table 1) [41,42].

LMTK3, located at 19q13.33 on chromosome 19, encodes a 1489 amino acid
protein (NP_001073903.1) that consists of a kinase domain (aa 162–aa 440), a
transmembrane helical segment and a large intrinsically disordered region
(IDR), which extends to the end of the C-terminus. Despite its nomenclature,
LMTK3 mainly acts as a serine/threonine kinase and phosphorylates various
substrates involved in ERα expression and stability, trafficking, gene regulation
and oncogenesis as discussed below. The low complexity of the IDR and high
homology with other LMTK family members suggest that LMTK3 may possess
many unidentified roles beyond those already explored. In addition to its
kinase activity, LMTK3 has also been shown to work as a scaffold protein, reg-
ulating gene expression. It was described as a ‘randomly created’ scaffold due
to the absence of classical scaffolding regions; however, proline-rich domains in
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Table 1. Tissue distribution of LMTK3 mutations. Adapted from the Catalogue of Somatic Mutations in Cancer (COSMIC) [41,42]. n.t., not tested; CNS, central
nervous system.

tissue
point mutations
% mutated

copy number variation
variant %

gene expression
% regulated

methylation
% diff. methylated

adrenal gland 0 0.75 15.19 n.t.

stomach 3.51 0.21 11.93 n.t.

oesophagus 1.24 0.39 9.6 n.t.

pancreas 0.81 n.t 9.5 n.t.

urinary tract 1.87 0.5 6.86 n.t.

lung 1.29 n.t. 6.58 0

thyroid 3.84 n.t. 5.46 n.t.

large intestine 4.07 n.t. 5.41 n.t.

liver 3.02 0.15 5.36 21.72

soft tissue 0.17 0.38 5.32 n.t.

prostate 1.62 n.t. 4.62 2.51

CNS 0.35 0.19 1.15 n.t.

upper aerodigestive tract 2.22 n.t. 4.02 n.t.

cervix 3.37 0.33 3.58 n.t.

breast 1.31 0.34 3.44 0.42

skin 5 n.t. 3.38 n.t.
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the C-terminus may also enable interaction with SH3
domain-containing proteins [43]. The physiological functions
of LMTK3 are poorly characterized as most reports focus on
LMTK3 aberrancies in different cancers and the predictive
and prognostic relevance of LMTK3. Nevertheless, LMTK3
has been studied in normal physiology and proposed to
have important trafficking roles in neurons where LMTK3
knockout has a profound impact on the behaviour of mice.

The complex roles played by LMTK3 highlighted the need
to solve its crystal structure to support drug discovery efforts.
A number of in silico approaches have been attempted to
model the kinase domain of LMTK3 and subsequently identify
potential inhibitors [44–48]; however, the determination of the
crystal structure of the kinase domain by our group represents
the key milestone in the field [33]. This research ultimately led
to the discovery of a potent and selective LMTK3 inhibitor,
namely, ‘C28’. This compound slowed cancer growth in
xenograft models, demonstrating the therapeutic potential of
pharmacological LMTK3 inhibition. Through further struc-
tural and functional studies, this significant finding will
accelerate the translation of this research into the clinic with
great promise to improve cancer therapy.
2. The physiological function of LMTK3
One of the more well-characterized physiological functions of
LMTK3 is its neurological role. All members of the LMTK
family are expressed in the brain, suggesting that they play
an important role in the central nervous system (CNS).
Kawa et al. [49] reported distinct expression patterns between
LMTK1, LMTK2 and LMTK3 in the brains of mice. Specifi-
cally, LMTK1 was found to be ubiquitously expressed in
all regions of the brain, while LMTK2 and LMTK3 were
mainly expressed in the cerebral cortex, striatum, cerebellum,
hippocampus, olfactory bulb and tubercle. Tomomura et al.
[50] also highlighted subtle differences in the regional and
subcellular localization patterns of different LMTK family
members in mouse brains and suggested that they may be
involved in the regulation of apoptosis and neurite extension.

Largely consistent with the above studies, LMTK3 was
found to be expressed in the thalamus, cerebral cortex and
hippocampus of mice, which provided further evidence that
LMTK3 is likely to play a role in the CNS [51]. Specifically,
this study found that LMTK3 is expressed in layers II to VI
of the cerebral motor cortex and areas CA1–3 and dentate
gyrus of the hippocampus. Inoue et al. [51] attempted to
characterize the function of LMTK3 in the CNS in vivo.
LMTK3−/−micewere compared towild-typemice and hetero-
zygotes in a number of behavioural tasks. LMTK3−/− mice
showed a significant increase in hyperactivity in both novel
and acquainted environments compared to their heterozygous
andwild-type counterparts. This study also carried out behav-
ioural experiments to assess anxiety. The elevated plus maze
is often used in mouse experiments to assess the effectiveness
of medications in treating anxiety. Spending more time in
the open arm activity and making more visits to the open
arms indicates a lower level of anxiety in mice [52]. Inoue
et al. [51] found that LMTK3−/− mice spent significantly
more time in open arms and entered the open arms more
frequently than wild-types.

The forced swim test [53] and the tail suspension assay [54]
are used to study depression-like behaviour in rodents. In both
behavioural assays, the LMTK3−/− mice displayed hyperloco-
motion when compared to thewild-types, and it was therefore
suggested that the LMTK3−/− mice had less depression-like
behaviour [51]. However, as the knockout mice exhibited a
hyperactive phenotype, these assays may not be a reliable
measure of depression since hyperactivity/attention deficit
hyperactivity disorder (ADHD) could be the reason for the
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observed differences as ADHD has features of hyperactivity,
impulsiveness and inattention [55,56].

Dopamine is also suggested to play a role inADHD-like be-
haviour [57]. Dopamine is a neurotransmitter which, among
others, controls reward, cognition, movement and mood [58].
The dopamine transporter (DAT) reuptakes synaptic dopa-
mine thereby reducing extracellular dopamine levels [59].
DAT−/− mice are used as a model for ADHD. DAT−/− mice
have higher levels of extracellular dopamine and display a
unique phenotype primarily characterized by hyperlocomo-
tion [60]. Methylphenidate, a licensed medication for the
treatment of ADHD, increases synaptic levels of dopamine
through reuptake inhibition [61]. Paradoxically, methylpheni-
date has a calming effect on DAT−/− mice [62]. LMTK3−/−

mice had increased levels of striatal dopamine metabolism,
suggesting a possible explanation for their hyperlocomotion;
however, when LMTK3−/− mice were treated with methylphe-
nidate, they still exhibited a more hyperactive phenotype than
their wild-type counterparts [51]. These data suggest that
the pathophysiology of hyperlocomotion in LMTK3−/− differs
from ADHD and the DAT−/− model.

The N-methyl-D-aspartate receptor (NMDA-R) is involved
in neuronal plasticity and excitotoxicity [63]. LMTK3-deficient
cultured neurons have been shown to have increased levels of
intracellular GluN1 and GluN2B subunits of the NMDA-R
but the total and surface levels of the receptors were not
significantly different to the control [51]. Inoue et al. [51]
suggested that LMTK3 has a role in the trafficking of the
NMDA-R and that the total number of surface receptors is the
same because of homeostatic mechanisms, which detect the
level of receptor expression on the cell surface, as is the case
forAMPA(α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid) receptors [64].

The NMDA-R is also implicated in psychiatric conditions
such as mood disorders and schizophrenia [65–67]. A recent
study looked at the role of LMTK3 in psychiatric conditions.
In this follow-up work, further behavioural experiments of
the LMTK3−/− mice were carried out and it was suggested
that the knockout mice exhibited behavioural characteris-
tics associated with schizophrenia and bipolar disorder [68].
Specifically, the knockout mice had cognitive defects, loss of
novelty preference, deficits in prepulse inhibition and hyper-
sociability. Lower sociability [69] and depression [70] are
frequent clinical findings in patients with schizophrenia.
However, in the initial behavioural experiments described
above, the LMTK3−/− mice showed a phenotype of reduced
depression [51]. Therefore, this evidence suggests that the
LMTK3−/− mice could be exhibiting a behavioural pattern
consistent with overlapping bipolar and schizophrenia-like be-
haviour [68]. Schizoaffective-like behaviour has a mixture of
both mood and psychotic symptoms [71], and the LMTK3−/−

mice could resemble this disease.
Clozapine is an antipsychotic used for treating schizo-

phrenia. When LMTK3−/− mice were treated with acute
doses of clozapine, they showed improvement in learning
andmemory [68].Moreover, the same study also demonstrated
that while glutamate A1 (GluA1) expression was reduced in
the forebrain of the knockouts, the levels of GluA1 were
increased when treated with clozapine. Electrophysiological
experiments also revealed impairment of long-term poten-
tiation in the knockout mice and reduced GluA1 trafficking
post-AMPA stimulation [68]. These studies suggest an impor-
tant role for LMTK3 in trafficking, in line with the functions
of other LMTK family members; however, more research is
needed into the specific role played by LMTK3.

The potassium chloride co-transporter (KCC2) also plays
an important role in neurons through the extrusion of Cl− to
maintain a low intracellular chloride concentration, enabling
GABAA (type-A γ-aminobutyric acid) receptor- and glycine
receptor-mediated post-synaptic inhibition. Potentiation of
KCC2 has been proposed as a strategy to treat both epilepsy
and neuropathic pain due to its role in counteracting the
pathological hyperexcitability of neurons in these disease
states [72]. Using immunoprecipitation of KCC2 complexes,
followed by blue native polyacrylamide gel electrophoresis
(BN-PAGE) coupled with LC-MS/MS, Smalley et al. [73]
identified three stable protein complexes containing KCC2,
isolated from the mouse forebrain. LMTK3 was detected in
the largest of these complexes. The phosphorylation sites of
KCC2 were also mapped, revealing 11 phosphosites, one
of which matched the consensus sequence for LMTK3
(ESRGS940) that is described below. Although the function
of LMTK3 in this complex was not determined, it may
represent an important additional role of LMTK3 in the CNS.

Overall, given the widespread expression of LMTK3 in the
brain, it is likely to play a crucial role in the CNS. To date,
studies on LMTK3 and the CNS are very limited and the
exact physiological role of LMTK3 in the CNS remains
unknown, although LMTK3 is proposed to be involved in
GluA1 trafficking. LMTK3−/− mice might be a valuable
model in trying to both understand the pathophysiology of
schizoaffective disorders both at the neuronal network level
but also to study the effect of novel antipsychotic medications.
Future experiments are needed at a molecular level to under-
stand the exact mechanism through which LMTK3 regulates
GluA1. Finally, the comparison of LMTK3−/− mice to wild-
types through in vivo two-photon imaging will be invaluable
in further deciphering the specific roles of LMTK3 in the CNS.
3. The intricate role of LMTK3 in cancer
LMTK3 has been implicated in a broad range of cancers, both
as a key component of a variety of oncogenic pathways and as a
useful predictive and prognostic biomarker (table 2). Although
much of the research performed to date has shown LMTK3 to
be an oncogene in breast cancer, as extensively described
below, LMTK3 was initially found to be linked to leukaemia.
In 2009, Tyner et al. [1] identified LMTK3 as a potential target
in chronic neutrophilic leukaemia (CNL) since patient-derived
CNL cells carrying the JAK2 V617F mutation were sensitive to
LMTK3 silencing. A previous tyrosine kinome siRNA study in
acute myeloid leukaemia (AML) did not identify LMTK3 as a
target, highlighting the heterogeneityof cancers and the impor-
tance of identifying relevant populations for specific therapies
[76]. Nevertheless, LMTK3may be a useful target to explore in
blood cancers.

Several studies have also highlighted a role for LMTK3
in brain tumours. Fazi et al. [2] investigated the miRNome
and transcriptome of glioblastoma (GBM) tissues and peri-
tumoural regions with the aim of identifying molecular
pathways involved in overall survival. LMTK3 was among
the possible targets the authors found. Evaluation of the data
at themRNAand protein levels confirmed that LMTK3 is over-
expressed in tumoural tissues and peritumoural regions
compared to healthy white matter [2]. Somatic mutation of



Table 2. Identification and characterization of LMTK3 in various types of
cancer (in alphabetical order). CNL, chronic neutrophilic leukaemia; CRC,
colorectal cancer; GBM, glioblastoma multiforme; GIST, gastrointestinal
stromal tumour; NB, neuroblastoma; NSCLC, non-small-cell lung cancer;
PDAC, pancreatic ductal adenocarcinoma.

cancer type references

bladder [14]

breast [16–27,29–35,74]

CNL [1]

CRC [11–13]

gastric [9,10]

GBM [2]

GIST [8]

melanoma [8]

NB [3]

NSCLC [4–6]

PDAC [28]

prostate [15,35,75]

thyroid [7]
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LMTK3 has been identified in neuroblastoma patients; how-
ever, the clinical significance of these mutations was not
investigated [3].

LMTK3 has been identified as a contributor to both the
development and progression of lung cancer. As ERα also has
prognostic value in lung cancers, studies have explored
LMTK3 as a potential lung cancer biomarker [77]. Higher
levels of serum LMTK3 were found in non-small-cell lung
cancer (NSCLC) patients, compared to healthy individuals
and those with benign lung lesions [4]. Similar results were
obtained by Zhang et al. [5] in 2015 where it was additionally
shown that NSCLC tissue had a higher abundance of LMTK3
compared to healthy lung tissue. Furthermore, LMTK3 has
been reported to have a role as a putative transformation sup-
pressor in NSCLC as LMTK3 shRNA resulted in increased
anchorage-independent growth as measured by the soft agar
colony formation assay [6]. Although the hit was not validated,
it may suggest that LMTK3 plays a tumour suppressor role in
the early development ofNSCLCbefore taking on an oncogenic
role inmore advanced disease. These studies emphasize the rel-
evance of LMTK3 as both a potential target and a biomarker in
cancer; however, more research is needed into the specific role
played by LMTK3 and the balance between its oncogenic and
transformation-suppressing functions.

A role of LMTK3 in thyroid malignancies was also
described by Lu et al. [7]. ERα is overexpressed in thyroid can-
cers and oestrogen antagonists have been proposed as a
treatment [78]; therefore, LMTK3, as a modulator of ERα,
may represent a useful target in thyroid carcinomas. The
authors found that serum LMTK3 was more abundant in
patients with more advanced disease. In addition, tissue
samples had a higher abundance of LMTK3 mRNA and
protein in malignant thyroid tumours compared to benign
lesions. Using the SW579 squamous cell thyroid carcinoma
cell line, they found that LMTK3 silencing decreased invasive-
ness and promoted apoptosis. This study suggests that LMTK3
may play an important role in promoting invasion and cell
survival in thyroid cancer [7].

The role of LMTK3 has been widely investigated in gastro-
intestinal stromal tumours (GISTs). KIT is a receptor tyrosine
kinase activated by the ligand stem cell factor (SCF). Mutant
KIT is a key driver of GIST growth; therefore, the inhibition
of KIT by imatinib is effective in improving patient survival;
however, imatinib resistance is a major problem in GIST
treatment. Using a human kinome siRNA screen, LMTK3
was identified to have a role as a novel KIT regulator in KIT-
mutant GIST and melanoma cells. Klug et al. found that
LMTK3 regulates the translation of KIT. Loss of LMTK3 in
GIST resulted in a decrease in total KIT and a reduction in its
downstream signalling, promoting cell death in the GIST430
line [8]. In 2013, Wakatsuki et al. [9] found that in a Japanese
male cohort of gastric cancer patients, the LMTK3 polymorph-
ism rs9989661 (T > C) T/T genotype was associated with
disease-free survival and overall survival. On the other hand,
the rs8108419 (G >A)G/Ggenotypewas associatedwith over-
all survival in the corresponding female cohort [9]. In another
study, in 2014, Li et al. [10] demonstrated that LMTK3 is more
frequently expressed in gastric cancer tissues compared to
normal tissue. In addition, a Kaplan–Meier analysis showed
that high levels of LMTK3 are a negative prognostic marker
in gastric cancer [10].

Colorectal cancer (CRC) is one of the leading causes of
cancer death worldwide [79]. Activation of Wnt/β-catenin sig-
nalling is a key driver of CRC and therefore an attractive target
for novel therapies. Naik et al. [11] used a kinome-wide siRNA
screen in human cells stably expressing a luciferase-basedWnt
reporter in the presence of Wnt3a to identify novel modulators
of the Wnt pathway [11]. The loss of LMTK3 was shown to
reduce β-catenin-regulated gene expression in both the primary
siRNA screen and an additional shRNA screen, suggesting that
LMTK3 plays an important role in Wnt signalling and CRC.
Similarly, in 2013 Shi et al. [12] found that high serum
LMTK3 positively correlates with tumour invasiveness and
tumour node metastasis (TNM) stage. The same research
group in 2014 also discovered that cellular LMTK3 levels posi-
tively correlatewith CRCmalignancies [13]. The authors found
that about 90% of CRC cells stained positive for LMTK3.

In bladder cancer cells, LMTK3 overexpression is positively
correlated with cancer progression and worse overall survival.
In 2020, Jiang et al. demonstrated that silencing of LMTK3
induces G2/M arrest, decreased cell growth and increased
apoptosis. Transwell assays also revealed that LMTK3
knockdown reduces invasiveness. They showed that MEK
(mitogen-activated protein kinase kinase, MAPKK) and
ERK1/2 (extracellular signal-regulated kinase 1/2) phos-
phorylation levels decrease upon LMTK3 siRNA treatment.
In a rescue experiment, the MAPK (mitogen-activated protein
kinase) inhibitor U0126 partially rescued the invasive, highly
proliferative phenotype of LMTK3-overexpressing cells, indi-
cating that driving MAPK activation is one pathway through
which LMTK3 achieves its oncogenic effects [14].

By contrast to the many oncogenic roles of LMTK3, an
unexpected function has been described in prostate cancer.
During the carcinogenesis of prostate cells, LMTK3 expression
is frequently downregulated at both the mRNA and protein
level, as opposed to the upregulation seen in many other can-
cers [15]. Overexpression of LMTK3 in prostate cancer cells
has been shown to reduce migration and invasion and
induce apoptosis in prostate cancer cell lines. Interestingly,
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LMTK3 siRNA had no impact on cell viability. Additionally,
when injected into nudemice, LMTK3-overexpressing prostate
cancer cells formed smaller tumours than wild-type cells. The
major driver of this was found to be apoptosis-related as
BAX (Bcl-2 associated X-protein) and Caspase-3 were upregu-
lated in the LMTK3-overexpressing tumour tissue and BCL2
(B-cell lymphoma 2) was downregulated. These results point
to a tumour suppressor role for LMTK3 in prostate cancer, con-
trary to the oncogenic roles seen in most other cancers. The
authors also found that p-P38 and p-JNK (c-Jun N-terminal
kinase) increased while p-AKT and p-ERK1/2 decreased
upon LMTK3 treatment and suggested that the observed
changes in MAPK subfamily phosphorylation may be the
driver of apoptosis in cells overexpressing LMTK3; however,
this was not determined experimentally [15].

In aggregate, the studies above underline the pressing
need for a better understanding of the elaborate mechanisms
involving LMTK3 in different tumour types.
10218
4. The role of LMTK3 in breast cancer and
ERα regulation

In 2020, 2.3 million new cases of breast cancer were diag-
nosed and 684 996 deaths were recorded [79]. An improved
understanding of the molecular mechanisms underpinning
breast cancer development, progression and therapy resist-
ance is therefore essential to achieve improved outcomes in
breast cancer patients. Kinases and kinase-related proteins
are among the most investigated targets for the development
of new therapies to treat cancer. This is particularly true in
breast cancer where the roles of these proteins in both
tumour progression and response to treatment have been
deeply and widely investigated [16–18].

In 2011, a landmark study by Giamas et al. [19] revealed
that LMTK3 is a potent regulator of ERα. A kinome-wide
siRNA screen was performed to examine the impact of
depletion of different kinases on the expression of the ERα-
regulated gene, TFF1 (trefoil factor 1). LMTK3 knockdown
strongly reduced the expression of TFF1 in the primary
screen, in addition to GREB1 (growth regulation by oestrogen
in breast cancer 1) and PGR (progesterone receptor) secondary
screens. LMTK3 knockdown also induced a significant
reduction in ERα protein levels. Mechanistically, two distinct
pathways were found to be responsible. Firstly, LMTK3
affected the stability of ERα through phosphorylation, which
protected ERα from ubiquitin-mediated proteasomal degra-
dation (in vitro data). In addition, LMTK3 promoted ERα
transcription through the inhibition of PKC (protein kinase
C), which subsequently reduced the activity of the PKC sub-
strate, AKT through a decrease in Ser493 phosphorylation.
AKTpromotes the degradation of the ESR1 transcriptional acti-
vator, FoxO3 (forkhead box O3); therefore, the action of
LMTK3 on PKC resulted in the lifting of the inhibition on
ESR1 transcription, causing an increase in ERα expression
(figure 1). The relevance of this pathway in vivo was demon-
strated in a xenograft mouse model where LMTK3 siRNA
reduced the growth of tumours in mice initiated by ER+
MCF7 cells. Interestingly, LMTK3 was the only regulator of
ERα identified to have undergone recent positive Darwinian
selection, suggesting an important biological function. More-
over, given the unusual predisposition of humans to ER+
breast cancer, the positive selection of LMTK3 indicates that
it could be a key driver of this cancer subtype in humans
[19,20].

Clinical analyses also revealed the importance of LMTK3
as a predictive and prognostic marker in breast cancer. In a
follow-up study, Stebbing et al. [21] found that a high nuclear
and cytoplasmic LMTK3 abundance is a strong predictor of
more aggressive disease with poorer clinical outcomes. Two
intronic polymorphisms were also identified as important
markers of tumour recurrence as well as disease-free and
overall survival [19]. Tanioka et al. [22] detected increased
levels of LMTK3 in HER2-positive/ER-positive breast
cancer, while overexpression of LMTK3 positively correlated
with poor prognosis. These findings were further corrobo-
rated by a study by Asano et al. [23], supporting the
hypothesis that increased LMTK3 expression is an indicator
of poor prognosis in ER+ breast cancer.
5. The role of LMTK3 in drug resistance
Shortly after the elucidation of the role of LMTK3 in ERα regu-
lation, Stebbing et al. [24] explored the function of LMTK3
in endocrine resistance. The authors found that tamoxifen-
resistant BT474 cells could be re-sensitized to tamoxifen in a
xenograft mouse model through inhibition of LMTK3.
Mechanistically, through awhole-genomemicroarray analysis,
it was demonstrated that LMTK3 silencing affects the
expression of a number of genes related to breast cancer
progression and importantly, a subset of genes involved in
tamoxifen resistance. These included c-MYC (proto-oncogene
c-MYC), HEY2 (hairy/enhancer-of-split related with YRPW
motif protein 2), SIAH2 (siah E3 ubiquitin-protein ligase 2)
and HSPB8 (heat shock protein beta-8). HSPB8 has been
shown to reduce autophagy in MCF7 cells, inhibiting cell
death in the presence of tamoxifen [81]. LMTK3 was found to
promote the translation of HSPB8 and overexpression of
LMTK3 reduced tamoxifen-induced cell death in MCF7 cells
by increasingHSPB8 abundance. Furthermore, LMTK3 protein
levels were found to positively correlate with endocrine resist-
ancewhere non-responders to aromatase inhibitors (AIs) had a
higher abundance of LMTK3 asmeasured using immunohisto-
chemistry of tumour tissue. Regions of the gene coding for
LMTK3 were also found to be amplified or deleted in cfDNA
(circulating free DNA) samples taken before and after therapy.
Changes in the LMTK3 gene correlated with relapse after
tamoxifen therapy. Taken together, these data suggest a role
for LMTK3 in both innate and acquired endocrine resistance
(figure 2) [24,25]. Cairns et al. [32] also showed the involvement
of LMTK3 in MIR2052HG-mediated AI resistance, which is
thoroughly discussed in a section below (the interplay between
non-coding RNAs and LMTK3).

The role of LMTK3 in chemotherapy resistance was further
investigated by Stebbing et al. [26]. The DNA topoisomerase II
inhibitor, doxorubicin, is an effective treatment for breast
cancer that works through inducing DSBs (double-strand
breaks) in DNA; however, resistance to therapy occurs rapidly
and is a major obstacle in breast cancer treatment. DSBs result
in γH2AX (phosphorylated histone H2AX) foci formation;
however, the formation of these foci was delayed by LMTK3
overexpression [26]. The pattern of ATM Ser1981 phosphoryl-
ation also differed with a smaller peak in LMTK3-
overexpressing cells that appeared more slowly and decayed
more rapidly than in wild-type cells. ATM activation is
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LMTK3. LMTK3 regulates the activity of ERα at both the mRNA and protein level. LMTK3 reduces the activity of PKC, resulting in decreased levels of phosphorylated
AKT and increased binding of FOXO3 to the ESR1 promoter, indirectly increasing transcription of ERα. In addition, LMTK3 directly phosphorylates ERα, promoting
stability by protecting it from ubiquitin-mediated proteasomal degradation. Adapted from Johnson & O’Malley [19,80]. (b) LMTK3 stability. Like many other onco-
genic protein kinases, LMTK3 has recently been identified as an HSP90–CDC37 client protein requiring HSP90 for its folding and stability [33]. (c) The chromatin
remodelling and transcriptional co-repressor behaviour of LMTK3. LMTK3 binds PP1α and KAP1, promoting KAP1 Ser824 dephosphorylation, which results in chro-
matin condensation. Meanwhile, LMTK3 acts as a scaffolding protein, tethering the heterochromatin complex to the nuclear lamina. In doing so, LMTK3 promotes
transcriptional repression of tumour suppressor-like genes. Adapted from Xu et al. [29]. (d ) The role of LMTK3 in proliferation, invasion and migration. LMTK3
increases the abundance of integrin α5β1 by interacting with the adaptor protein GRB2. This interaction recruits SOS1, promoting the activation of Ras and
CDC42. This increases the activity of the transcription factor SRF, leading to increased binding at the ITGA5 and ITGB1 promoters, resulting in integrin α5 and
β1 upregulation [27]. (e) LMTK3 promotes cell–cell repulsion through phosphorylation of RCP. Phosphorylation of RCP by LMTK3 has been shown to be required
for the trafficking of EphA2 to the membrane via Rab14-positive endosomes. This phosphorylation event is therefore important in driving tumour dissemination
through contributing to cell–cell repulsion [28]. AKT/PKB, protein kinase B; CDC37, cell division cycle 37; CDC42, cell division cycle 42; EphA2, ephrin type-A
receptor 2; ERα, oestrogen receptor alpha; ESR1, oestrogen receptor 1; FOXO3, forkhead box O3; GRB2, growth factor receptor-bound protein 2; HSPB1, heat
shock protein beta-1; HSP90, heat shock protein 90; ITGA5, integrin subunit alpha 5; ITGB1, integrin subunit beta 1; KAP1, Krüppel-associated box domain-associated
protein 1; LMTK3, lemur tyrosine kinase 3; PKC, protein kinase C; PP1α, protein phosphatase 1α; Rab14, Ras-related protein Rab14; RCP, Rab-coupling protein; SOS1,
son of sevenless homologue 1; SRF, serum response factor.
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important for the derepression of p21, BAX and PUMA to pro-
mote cell cycle control and apoptosis when DSBs are detected.
The loss of this response in LMTK3-overexpressing cells
reduces the efficacy of chemotherapy drugs reliant on the
induction of DNA damage.

Stebbing et al. [26] additionally showed that cells overex-
pressing LMTK3 were less sensitive to doxorubicin as they
retained a higher viability and proliferation rate than wild-
type cells after treatment. This effect was also consistent
in vivo, where LMTK3-overexpressing MCF7 cells formed
larger subcutaneous tumours than wild-type MCF7 cells in
mice undergoing doxorubicin treatment. Transcriptome profil-
ing revealed that over 700 genes are differentially regulated by
doxorubicin, depending on LMTK3 expression levels. Many of
these are involved in DNA repair and oncogenesis. Notably,
HEY1 (hairy/enhancer-of-split related with YRPW motif
protein 1) is upregulated and SOX6 (SRY-box transcription
factor 6) is downregulated bywild-type cells upon doxorubicin
treatment; however, in cells overexpressing LMTK3, this
regulation is reversed (figure 2).

In another study, Gao et al. [35] sought to identify
mediators of IGF1R (insulin-like growth factor 1 receptor)
inhibitor resistance, since IGF1R inhibition has been
proposed as a strategy to slow cancer growth as it is an
important driver of survival and proliferative signalling
[82]. Unfortunately, the lack of biomarkers has made it diffi-
cult to identify patients that would benefit from IGF1R
inhibition; therefore, the authors explored relevant markers
of IGF1R inhibitor sensitivity using an siRNA screen.
Depletion of LMTK3 was shown to enhance the sensitivity
of both prostate and breast cancer cells to an IGF1R inhibitor
as demonstrated by a reduction in viability when exposed to
an IGF1R tyrosine kinase inhibitor. Since IGF1R promotes
proliferation and survival through Ras and LMTK3 is
known to activate the Ras pathway, it is likely that LMTK3
is conveying resistance to IGF1R inhibitors by initiating this
signalling intracellularly. This demonstrates another avenue
through which cancer may become resistant to small
molecule inhibitors, via changes in LMTK3 signalling [35].

Overcoming resistance would represent a great progress in
breast cancer management and LMTK3may be a valuable new
target. Moreover, LMTK3 could be used for the prediction of
treatment responses in order to personalize medicine and
identify patients likely to benefit from therapies in order
to avoid severe side effects in those unlikely to experience a
therapeutic benefit.
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Figure 2. LMTK3-mediated endocrine and cytotoxic drug resistance in breast cancer. An increased LMTK3 abundance confers endocrine and chemotherapy resistance
in breast cancer. Interestingly, LMTK3 differentially regulates genes in the presence of tamoxifen or doxorubicin. Upon treatment, cells overexpressing LMTK3 modu-
late the expression of certain genes in the opposite direction to wild-type cells. For example, in wild-type MCF7 cells, HEY1 is upregulated and SOX6 is
downregulated when the cells are treated with doxorubicin; however, this is reversed in MCF7 cells overexpressing LMTK3. LMTK3 also modulates the expression
of genes involved in tamoxifen resistance, including c-MYC, HSPB8, HEY2 and SIAH2. c-MYC, proto-oncogene c-MYC; HEY1, hairy/enhancer-of-split related with YRPW
motif protein 1; HEY2, hairy/enhancer-of-split related with YRPW motif protein 2; HSPB8, heat shock protein beta-8; LMTK3, lemur tyrosine kinase 3; SIAH2, siah E3
ubiquitin-protein ligase 2; SOX6, SRY-box transcription factor 6.
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6. The role of LMTK3 in proliferation,
invasion and migration

In addition to conferring drug resistance and regulating ERα,
LMTK3 also has roles in promoting invasiveness in breast
cancer. Xu et al. showed that LMTK3 induces the transcription
of the integrin subunits, integrin α5 and β1. The adaptor protein
GRB2 (growth factor receptor-bound protein 2) is an important
linker of receptor tyrosine kinases to the Ras signalling path-
way. The authors showed that LMTK3 is able to bind directly
to GRB2. GRB2 then recruits the guanine nucleotide exchange
factor, SOS1 (son of sevenless homologue 1), enabling it to acti-
vate both Ras and the Rho GTPase CDC42 (cell division cycle
42). This subsequently promotes the binding of SRF (serum
response factor) to the ITGA5 and ITGB1 promoters, resulting
in increased transcription (figure 1). The relevance of this path-
way was revealed in wound-healing assays and the Boyden
chamber assay where LMTK3 knockdown reduced migration,
whereas overexpression led to an increase in migration.
Additionally, LMTK3 was shown to promote focal adhesion
formation. Overexpression of LMTK3 increased motility, as
seen by relocalization of FAK (focal adhesion kinase) and vin-
culin to the leading edges of migrating cells. Adhesion to
collagen and fibronectin was also promoted by LMTK3 overex-
pression, whereas silencing of LMTK3 decreased adhesion.
ITGB1 expression is known to be of prognostic significance in
breast cancer where overexpression correlates with poor survi-
val [83]. Xu et al. [27] finally showed that LMTK3 abundance
correlates with ITGB1 expression in breast cancers through
immunohistochemistry, suggesting that LMTK3 promotes
invasiveness through ITGB1 transcription which reduces
survival in breast cancer.

More recently, Gundry et al. [28] found that LMTK3 pro-
motes cell–cell repulsion by altering EphA2 (ephrin type-A
receptor 2) trafficking. EphA2 is a receptor tyrosine kinase
and a driver of cancer cell dissemination. HGF (hepatocyte
growth factor) is known to promote invasion and migration
in cancer. The authors showed that HGF treatment of cells
results in the phosphorylation of RCP (Rab-coupling protein)
at Ser435 by LMTK3 and EphA2 at Ser897 by AKT. These phos-
phorylations are both required for Rab14 (Ras-related protein
Rab14)-mediated recycling of EphA2 to themembrane. Knock-
out of either RCP or EphA2 in PDAC (pancreatic ductal
adenocarcinoma) mice models resulted in a reduction in inva-
sive behaviour. The authors suggested that the rerouting of
EphA2 from the constitutive Rab11-mediated fast recycling
pathway to the slower Rab14-mediated pathway, by LMTK3
and AKT phosphorylation of RCP and EphA2, respectively,
enables cell–cell repulsion through cytoskeletal responses. By
spending more time intracellularly, EphA2 was proposed to
partake in signalling pathways to promote repulsion; however,
more research is needed into the exact mechanism through
which this occurs. Overall, the authors demonstrated that
LMTK3 is a key component of this trafficking pathway where
its kinase activity is essential for the diversion of endosomal
cargo to a Rab14-dependent recycling pathway where it
drives HGF-mediated cell scattering (figure 1). Interestingly,
the RRSS435 phosphorylation site of RCP matches the recently
elucidated consensus sequence of LMTK3 that is presented
below, further confirming this finding.
7. LMTK3 as a repressor of tumour
suppressor-like genes via chromatin
remodelling

In 2015, Xu et al. examined the nuclear effects of LMTK3,which
revealed an association between LMTK3 and repressive chro-
matin markers. Interestingly, LMTK3 brought about this
effect by working as a scaffold protein to facilitate the
interaction of the transcriptional co-repressor, KAP1 (Krüp-
pel-associated box domain-associated protein 1) and a KAP1
phosphatase, PP1α (protein phosphatase 1α) [29]. The authors
demonstrated that LMTK3 localizes to chromatin in an ERα-
independent manner in both the ER+ cell line, MCF7 and the
TNBC line, MDA-MB-231. Immunoprecipitation revealed an



royalsocietypublishing.org/journal/rsob
Open

8
interaction between LMTK3 and KAP1. In vitro kinase assays,
however, did not indicate that LMTK3 phosphorylates KAP1.
It was instead shown that the KAP1 phosphatase, PP1α, is an
important stabilizer of the LMTK3–KAP1 interaction and that
the three proteins colocalize in the nucleus. Further to this,
the authors demonstrated that PP1α dephosphorylates
LMTK3-bound KAP1 at Ser824, which results in transcriptional
silencing and chromatin condensation through the trimethyla-
tion of Histone H3 lysine 9 (H3K9me3). Moreover, the
interaction leads to the tethering of the H3K9me3-marked het-
erochromatin to the nuclear periphery (figure 1). Overall,
LMTK3, KAP1 and PP1α are co-expressed in the majority of
breast cancers where they collaborate to repress tumour sup-
pressor-like genes through the remodelling of chromatin,
which promotes a more aggressive phenotype.
Biol.11:210218
8. The interplay between non-coding RNAs
and LMTK3

Besides the numerous protein interactions, LMTK3 also takes
part in some interesting pathways involving non-coding
RNAs. The miRNAs miR-34a and miR-182 have been shown
to target LMTK3 transcripts, reducing the abundance of
LMTK3 mRNA and protein. Functionally, this results in a
decrease in proliferation, invasion and migration. It was found
that LMTK3 reduces the abundance of miR-34a, miR-182 and
miR-196-a2 through sequestration of their respective pri-
miRNAs, inhibiting further processing. Through doing this,
LMTK3 avoids miRNA-mediated downregulation. LMTK3
was shown to bind to DEAD-box RNA helicase p68 (DDX5)
and the pri-miRNAs of these three miRNAs, promoting their
processing into pre-miRNA but inhibiting further processing
into functional miRNAs, thereby protecting itself from down-
regulation [30,31]. miR-34a is known to have a tumour
suppressor role; however, this study further demonstrated that
the oncogenic miRNA, miR-182, also has a tumour suppressor
role in breast cancer cells overexpressing LMTK3, highlighting
the complex signallingnetwork surroundingLMTK3 regulation.

The long non-coding RNA, MIR2052HG, has also been
shown to play a role in resistance to endocrine therapy through
the upregulation of LMTK3. Ingle et al. had previously demon-
strated that MIR2052HG and ESR1 transcription are induced
by oestrogen and AIs in some SNP genotypes. Further, they
observed that MIR2052HG silencing results in a decrease
in ERα expression. The increase in ERα abundance when
MIR2052HG is overexpressed was demonstrated to be via the
AKT/FOXO3 pathway, which increased transcription of ESR1
through inhibition of ERα degradation. As LMTK3 is involved
in ERα regulation through both of these pathways, Cairns et al.
explored the role of MIR2052HG in LMTK3 regulation where
they found that MIR2052HG silencing strongly reduces the
expression of LMTK3. Moreover, they found that LMTK3 over-
expression could rescue the low proliferation rate of cells with
downregulated MIR2052HG. MIR2052HG was found to pro-
mote LMTK3 transcription through recruitment of EGR1
(early growth response 1) to the LMTK3 promoter, increasing
the abundance of ERα through promoting transcription and
inhibiting degradation [32]. The authors also hypothesized
that LMTK3 upregulation may be responsible for the AI resist-
ance conveyed by MIR2052HG overexpression. They found
LMTK3 to be upregulated in cells with wild-type MIR2052HG
upon AI treatment; however, LMTK3 was downregulated in
cells with the MIR2052HG variant genotypes, rs4476990 and
rs3802201 after treatment with AIs. Cells with the variant geno-
types were also more sensitive to aromatase inhibition than
wild-type cells. In addition, LMTK3overexpressiondesensitized
cells to AIs. These findings suggest that LMTK3 is upregulated
upon treatment with AIs through MIR2052HG and EGR1
where it may contribute to AI resistance through ERα upregula-
tion and stabilization [32]. Overall, these studies emphasize the
breadth of the LMTK3 signalling network, highlighting the
importance of further research into LMTK3 pathways.
9. Interrogating the LMTK3 signalling
circuits

To further decipher the downstream pathways of LMTK3, a
positional scanning peptide library (PSPL) approach was
taken to determine the consensus phosphorylation sequence
of LMTK3. Initially, the consensus peptide substrate (LMTK3-
tide: WRRFSFCMC) was designed and then radiolabelled in
vitro kinase assays of the LMTK3-tide with amino acid substi-
tutions were carried out, revealing a strict requirement for
arginine (R) residues at positions -3 and/or -2 [33]. The results
were corroborated by a PepChip kinase assay, which also high-
lighted the importance of arginine at positions -3 and/or -2 [33].
Interestingly, as discussed above, this consensus sequence
matched those seen in RCP and one of the putative phosphoryl-
ation sites in KCC2, further confirming the validity of this
approach [28,73]. It is noteworthy that phosphorylation sites
beyond the canonical LMTK3 consensus sequence may also
be substrates of LMTK3 as is seen with various other kinases.

By employing a quantitative mass spectrometry analysis
using stable isotope labelling of amino acids in cell culture
(SILAC), precious phosphoproteomic data were also gathered
on LMTK3-regulated proteins in MCF7 breast cancer cells. A
multitude of direct and indirect targets of LMTK3 were
uncovered with many hits having known roles in promoting
oncogenesis. HSP27 (heat shock 27 kDa protein) was among
the most significant hits, additionally appearing in the Pep-
chip microarray and in vitro kinase assays. HSP27 has been
previously implicated in breast cancer progression and
therapy resistance; therefore, the phosphorylation at Ser15

and Ser82 by LMTK3 may indicate an important pathway
that requires further elucidation [84].

Importantly, the data collected from these complimentary
approaches will help decode the complex signalling path-
ways surrounding LMTK3, enabling their integration into
the wider network of cancer signalling. With the knowledge
that LMTK3 is heavily involved in promoting the progression
and development of both ER+ and triple-negative breast
cancer, further research into candidate substrates will be cru-
cial to develop therapeutics targeting these pathways to
improve cancer treatment.
10. The translational potential of LMTK3 in
cancer

As described above, LMTK3 has been repeatedly demon-
strated to partake in oncogenic processes, suggesting that
inhibition of LMTK3 may represent a useful therapeutic
tool. Although earlier studies have attempted to develop
LMTK3 inhibitors, these have lacked in vivo and
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pharmacological data [45–48,74]; therefore, the need for
potent and selective LMTK3 inhibitors remained. However,
in 2020, by adopting a robust high-throughput screening
approach combined with various biochemical, biophysical
and cellular assays, C28 was identified as a potent, orally
available and highly selective ATP-competitive inhibitor
targeting LMTK3. Pre-clinical data demonstrated strong
anti-cancer activity in the NCI-60 cell line panel and exper-
iments in xenograft mouse models revealed that the
potency and selectivity translated well in vivo [33].

Interestingly, while studying the mechanism of action of
C28, we discovered that LMTK3 abundance decreases
following prolonged treatment of cells with C28. LMTK3
was found to be an HSP90–CDC37 (heat shock protein
90-cell division cycle 37) client protein, which requires
HSP90 for folding and stability (figure 1). Experiments
revealed that C28 has a dual mechanism of action, both com-
peting for the ATP binding site of LMTK3 and promoting
LMTK3 degradation through chaperone deprivation
(figure 3). By depriving LMTK3 of HSP90, C28 promotes
kinase instability and proteasomal degradation of LMTK3.
With oncogenic roles as both a kinase and scaffold protein,
this dual mechanism of action will probably provide more
therapeutic benefit than a kinase inhibitor alone.
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Additionally, LMTK3 was found to directly phosphorylate
CDC37; therefore, research is needed into the role of
LMTK3 on the HSP90–CDC37 chaperone system as a
whole [33].

Further characterization ofC28 revealed an interesting effect
on the cell cycle [34]. In addition to LMTK3 inhibition, C28 was
found to induce apoptosis and G2/M arrest in breast cancer
cells, indicating that C28 may exert its anti-cancer effects
through an additional mechanism. This phenotype reflected
that of cells treated with microtubule destabilizing drugs,
suggesting that C28 interferes with microtubule dynamics.
This was confirmed through immunofluorescence, which
showed abnormalities in the mitotic spindle in metaphase
cells after treatment with C28. C28 also caused a dose-
dependent decrease in insoluble, polymerized tubulin. C28
does not bind directly to tubulin; therefore, a proteomics
approach was taken to elucidate the mechanism. Both siRNA
against LMTK3 and C28 reduced the abundance of the
microtubule-associated protein NUSAP1 (nucleolar and spin-
dle associated protein 1), the NUSAP1-regulated protein
CDK1 (cyclin-dependent kinase 1) and decreased the level of
phosphorylated βIII tubulin at Ser172. The phenotype of cells
deficient in NUSAP1 is consistent with that of C28-treated
cells. Immunoprecipitation demonstrated that LMTK3 stably
interacts with NUSAP1, indicating that the C28-mediated
NUSAP1 depletion is likely a result of LMTK3 inhibition and
not an off-target effect of C28; however, more research is
needed into the exact mechanism (figure 3).

Overall, the substantial volume of functional and mechan-
istic pre-clinical data presented by these studies, alongwith the
newly solved structure of LMTK3, will aid in optimizing
LMTK3 inhibitors with prospective value to cancer patients.
11. Concluding remarks
The studies discussed above portray LMTK3 as an exception-
ally versatile protein kinase and highlight its complex role
both in normal physiology and pathological conditions, most
notably cancer. So far we are probably only aware of a small
proportion of the LMTK3-mediated roles across different cell
types and further investigation is certainly required to unveil
the full functional spectrum of LMTK3 in the coming years.
Although several groups have examined the physiological
role of LMTK3, the majority of studies are principally focused
on cancer, while a large percentage of this work is related to
clinical studies. Particular emphasis should therefore be
placed on mechanistic investigations that will shed more
light on the functions of LMTK3. For example, very little is
known about the upstream regulation of LMTK3 and elucidat-
ing these mechanisms will help define the greater network in
which LMTK3 acts. Moreover, optimization of LMTK3 inhibi-
tors on the basis of the work that led to the identification and
characterization of C28 presents great translational potential.
In summary, research on LMTK3 could have a huge impact
on patients, while being beneficial to the scientific community
investigating similar fields.
Data accessibility. This article has no additional data.
Authors’ contributions. All authors contributed to the writing and editing
of this manuscript.
Competing interests. Prof. Giamas is editor of Cancer Gene Therapy and
founder/chief scientific officer of Stingray Bio. No other conflicts
are declared.

Funding. This work was supported by Action Against Cancer.
References
1. Tyner JW et al. 2009 RNAi screen for rapid
therapeutic target identification in leukemia
patients. Proc. Natl Acad. Sci. USA 106, 8695–8700.
(doi:10.1073/pnas.0903233106)

2. Fazi B et al. 2015 The transcriptome and miRNome
profiling of glioblastoma tissues and peritumoral
regions highlights molecular pathways shared by
tumors and surrounding areas and reveals
differences between short-term and long-term
survivors. Oncotarget 6, 22 526–22 552. (doi:10.
18632/oncotarget.4151)

3. Andolfo I, Lasorsa VA, Manna F, Rosato BE,
Formicola D, Iolascon A, Capasso M. 2020 Kinome
multigenic panel identified novel druggable EPHB4-
V871I somatic variant in high-risk neuroblastoma.
J. Cell. Mol. Med. 24, 6459–6471. (doi:10.1111/
jcmm.15297)

4. Xu Z, Qi X, Zhang X, Yu L. 2014 Preoperative serum
LMTK3 as a novel biomarker in non-small cell lung
cancer. Tumour Biol. 35, 5007–5011. (doi:10.1007/
s13277-014-1660-3)

5. Zhang K et al. 2015 Serum lemur tyrosine kinase-3:
a novel biomarker for screening primary non-small
cell lung cancer and predicting cancer progression.
Int. J. Clin. Exp. Pathol. 8, 629–635.
6. Xu H et al. 2015 An ShRNA based genetic screen
identified Sesn2 as a potential tumor suppressor in
lung cancer via suppression of Akt-mTOR-p70S6 K
signaling. PLoS ONE 10, e0124033. (doi:10.1371/
journal.pone.0124033)

7. Lu L, Yuan X, Zhang Q, Zhang H, Shen B. 2017 LMTK3
knockdown retards cell growth and invasion and
promotes apoptosis in thyroid cancer. Mol. Med. Rep.
15, 2015–2022. (doi:10.3892/mmr.2017.6262)

8. Klug LR et al. 2019 LMTK3 is essential for oncogenic
KIT expression in KIT-mutant GIST and melanoma.
Oncogene 38, 1200–1210. (doi:10.1038/s41388-
018-0508-5)

9. Wakatsuki T et al. 2013 Prognostic role of lemur
tyrosine kinase-3 germline polymorphisms in
adjuvant gastric cancer in Japan and the United
States. Mol. Cancer Ther. 12, 2261–2272. (doi:10.
1158/1535-7163.MCT-12-1134)

10. Li Z, Wu J, Ji M, Shi L, Xu B, Jiang J, Wu C. 2014
Prognostic role of lemur tyrosine kinase 3 in
postoperative gastric cancer. Mol. Clin. Oncol. 2,
756–760. (doi:10.3892/mco.2014.301)

11. Naik S, Dothager RS, Marasa J, Lewis CL, Piwnica-
Worms D. 2009 Vascular endothelial growth factor
receptor-1 is synthetic lethal to aberrant β-catenin
activation in colon cancer. Clin. Cancer Res.
15, 7529–7537. (doi:10.1158/1078-0432.CCR-
09-0336)

12. Shi H et al. 2013 Serum lemur tyrosine kinase 3
expression in colorectal cancer patients predicts
cancer progression and prognosis. Med. Oncol. 30,
754. (doi:10.1007/s12032-013-0754-x)

13. Shi H, Li Q, Ji M, Wu J, Li Z, Zheng X et al. 2014
Lemur tyrosine kinase-3 is a significant prognostic
marker for patients with colorectal cancer.
Int. J. Clin. Exp. Pathol. 7, 1101–1107.

14. Jiang T, Lu X, Yang F, Wang M, Yang H, Xing N.
2020 LMTK3 promotes tumorigenesis in bladder
cancer via the ERK/MAPK pathway. FEBS Open Bio
10, 2107–2121. (doi:10.1002/2211-5463.12964)

15. Sun P, Sun X, Zhao W, Ren M, Zhang C, Wang Z, Xu
W. 2017 Lemur tyrosine kinase-3 suppresses growth
of prostate cancer via the AKT and MAPK signaling
pathways. Cell. Physiol. Biochem. 42, 2582–2592.
(doi:10.1159/000480220)

16. Benhaim L et al. 2015 Genetic variants of kinase
suppressors of Ras (KSR1) to predict survival in
patients with ERα-positive advanced breast cancer.
Pharmacogenomics J. 15, 235–240. (doi:10.1038/
tpj.2014.58)

http://dx.doi.org/10.1073/pnas.0903233106
http://dx.doi.org/10.18632/oncotarget.4151
http://dx.doi.org/10.18632/oncotarget.4151
http://dx.doi.org/10.1111/jcmm.15297
http://dx.doi.org/10.1111/jcmm.15297
http://dx.doi.org/10.1007/s13277-014-1660-3
http://dx.doi.org/10.1007/s13277-014-1660-3
http://dx.doi.org/10.1371/journal.pone.0124033
http://dx.doi.org/10.1371/journal.pone.0124033
http://dx.doi.org/10.3892/mmr.2017.6262
http://dx.doi.org/10.1038/s41388-018-0508-5
http://dx.doi.org/10.1038/s41388-018-0508-5
http://dx.doi.org/10.1158/1535-7163.MCT-12-1134
http://dx.doi.org/10.1158/1535-7163.MCT-12-1134
http://dx.doi.org/10.3892/mco.2014.301
http://dx.doi.org/10.1158/1078-0432.CCR-09-0336
http://dx.doi.org/10.1158/1078-0432.CCR-09-0336
http://dx.doi.org/10.1007/s12032-013-0754-x
http://dx.doi.org/10.1002/2211-5463.12964
http://dx.doi.org/10.1159/000480220
http://dx.doi.org/10.1038/tpj.2014.58
http://dx.doi.org/10.1038/tpj.2014.58


royalsocietypublishing.org/journal/rsob
Open

Biol.11:210218

11
17. Midland AA et al. 2012 Defining the expressed
breast cancer kinome. Cell Res. 22, 620–623.
(doi:10.1038/cr.2012.25)

18. Chuah BY et al. 2011 Serial changes in the
expression of breast cancer-related proteins in
response to neoadjuvant chemotherapy. Ann. Oncol.
22, 1748–1754. (doi:10.1093/annonc/mdq755)

19. Giamas G et al. 2011 Kinome screening for
regulators of the estrogen receptor identifies LMTK3
as a new therapeutic target in breast cancer. Nat.
Med. 17, 715–719. (doi:10.1038/nm.2351)

20. Stebbing J, Filipović A, Giamas G. 2011
Lemur tyrosine kinase-3 (LMTK3) in cancer and
evolution. Oncotarget 2, 428–429. (doi:10.18632/
oncotarget.291)

21. Stebbing J et al. 2012 LMTK3 expression in
breast cancer: association with tumor phenotype
and clinical outcome. Breast Cancer Res. Treat.
132, 537–544. (doi:10.1007/s10549-011-
1622-z)

22. Tanioka M et al. 2014 Transcriptional CCND1
expression as a predictor of poor response to
neoadjuvant chemotherapy with trastuzumab in
HER2-positive/ER-positive breast cancer. Breast
Cancer Res. Treat. 147, 513–525. (doi:10.1007/
s10549-014-3121-5)

23. Asano T, Sato S, Yoshimoto N, Endo Y, Hato Y, Dong
Y, Takahashi S, Fujii Y, Toyama T. 2014 High
expression of LMTK3 is an independent factor
indicating a poor prognosis in estrogen receptor
α-positive breast cancer patients. Jpn J. Clin. Oncol.
44, 889–897. (doi:10.1093/jjco/hyu113)

24. Stebbing J et al. 2013 LMTK3 is implicated in
endocrine resistance via multiple signaling
pathways. Oncogene 32, 3371–3380. (doi:10.1038/
onc.2012.343)

25. Zheng LH, Zhao YH, Feng HL, Liu YJ. 2014
Endocrine resistance in breast cancer. Climacteric 17,
522–528. (doi:10.3109/13697137.2013.864268)

26. Stebbing J et al. 2018 LMTK3 confers chemo-
resistance in breast cancer. Oncogene 37,
3113–3130. (doi:10.1038/s41388-018-0197-0)

27. Xu Y et al. 2014 The kinase LMTK3 promotes
invasion in breast cancer through GRB2-mediated
induction of integrin β₁. Sci. Signal. 7, ra58. (doi:10.
1126/scisignal.2005170)

28. Gundry C et al. 2017 Phosphorylation of Rab-
coupling protein by LMTK3 controls Rab14-
dependent EphA2 trafficking to promote cell:cell
repulsion. Nat. Commun. 8, 14646. (doi:10.1038/
ncomms14646)

29. Xu Y et al. 2015 LMTK3 represses tumor suppressor-
like genes through chromatin remodeling in breast
cancer. Cell Rep. 12, 837–849. (doi:10.1016/j.celrep.
2015.06.073)

30. Zhao G, Guo J, Li D, Jia C, Yin W, Sun R, Lv Z, Cong
X. 2013 MicroRNA-34a suppresses cell proliferation
by targeting LMTK3 in human breast cancer mcf-7
cell line. DNA Cell Biol. 32, 699–707. (doi:10.1089/
dna.2013.2130)

31. Jacob J, Favicchio R, Karimian N, Mehrabi M,
Harding V, Castellano L, Stebbing J, Giamas G. 2016
LMTK3 escapes tumour suppressor miRNAs via
sequestration of DDX5. Cancer Lett. 372, 137–146.
(doi:10.1016/j.canlet.2015.12.026)

32. Cairns J, Ingle JN, Kalari KR, Shepherd LE, Kubo M,
Goetz MP, Weinshilboum RM, Wang L. 2019 The
lncRNA MIR2052HG regulates ERα levels and
aromatase inhibitor resistance through LMTK3 by
recruiting EGR1. Breast Cancer Res. 21, 47. (doi:10.
1186/s13058-019-1130-3)

33. Ditsiou A et al. 2020 The structure-function
relationship of oncogenic LMTK3. Sci. Adv. 6,
eabc3099. (doi:10.1126/sciadv.abc3099)

34. Cilibrasi C, Ditsiou A, Papakyriakou A, Mavridis G,
Eravci M, Stebbing J, Gagliano T, Giamas G. 2021
LMTK3 inhibition affects microtubule stability. Mol.
Cancer 20, 53. (doi:10.1186/s12943-021-01345-3)

35. Gao S et al. 2014 Dsh homolog DVL3 mediates
resistance to IGFIR inhibition by regulating IGF-RAS
signaling. Cancer Res. 74, 5866–5877. (doi:10.1158/
0008-5472.CAN-14-0806)

36. Hisanaga SI, Wei R, Huo A, Tomomura M. 2020
LMTK1, a novel modulator of endosomal trafficking
in neurons. Front. Mol. Neurosci. 13. 112. (doi:10.
3389/fnmol.2020.00112)

37. Luz S, Cihil KM, Brautigan DL, Amaral MD, Farinha
CM, Swiatecka-Urban A. 2014 LMTK2-mediated
phosphorylation regulates CFTR endocytosis in
human airway epithelial cells. J. Biol. Chem. 289,
15 080–15 093. (doi:10.1074/jbc.M114.563742)

38. Bencze J, Mórotz GM, Seo W, Bencs V, Kálmán J,
Miller CCJ, Hortobágyi T. 2018 Biological function of
Lemur tyrosine kinase 2 (LMTK2): implications in
neurodegeneration. Mol. Brain 11, 20. (doi:10.1186/
s13041-018-0363-x)

39. Matarin M et al. 2015 A genome-wide gene-
expression analysis and database in transgenic mice
during development of amyloid or tau pathology.
Cell Rep. 10, 633–644. (doi:10.1016/j.celrep.2014.
12.041)

40. Eeles RA et al. 2008 Multiple newly identified loci
associated with prostate cancer susceptibility. Nat.
Genet. 40, 316–321. (doi:10.1038/ng.90)

41. COSMIC 2021 Catalogue of somatic mutations in
cancer. See cancer.sanger.ac.uk.

42. Tate JG et al. 2019 COSMIC: the catalogue of
Somatic mutations in cancer. Nucleic Acids Res.
47(D1), D941–D9d7. (doi:10.1093/nar/gky1015)

43. Feller SM, Ren R, Hanafusa H, Baltimore D. 1994
SH2 and SH3 domains as molecular adhesives: the
interactions of Crk and Abl. Trends Biochem. Sci. 19,
453–458. (doi:10.1016/0968-0004(94)90129-5)

44. Anbarasu K, Jayanthi S. 2014 Structural modeling
and molecular dynamics studies on the human
LMTK3 domain and the mechanism of ATP binding.
Mol. Biosyst. 10, 1139–1145. (doi:10.1039/
c4mb00063c)

45. Anbarasu K, Jayanthi S. 2017 Designing and
optimization of novel human LMTK3 inhibitors
against breast cancer: a computational approach.
J. Recept. Signal Transduct. Res. 37, 51–59. (doi:10.
3109/10799893.2016.1155069)

46. Anbarasu K, Jayanthi S. 2018 Identification of
curcumin derivatives as human LMTK3 inhibitors for
breast cancer: a docking, dynamics, and MM/PBSA
approach. 3 Biotech. 8, 228. (doi:10.1007/s13205-
018-1239-6)

47. Allam L, Fatima G, Wiame L, Hamid EA, Azeddine I.
2018 Molecular screening and docking analysis of
LMTK3and AKT1 combined inhibitors.
Bioinformation 14, 499–503. (doi:10.6026/
97320630014499)

48. Sarma H, Mattaparthi VSK. 2019 Structure-based
virtual screening of high-affinity ATP-competitive
inhibitors against human lemur tyrosine kinase-3
(LMTK3) domain: a novel therapeutic target for
breast cancer. Interdiscip. Sci. 11, 527–541. (doi:10.
1007/s12539-018-0302-7)

49. Kawa S, Fujimoto J, Tezuka T, Nakazawa T,
Yamamoto T. 2004 Involvement of BREK, a serine/
threonine kinase enriched in brain, in NGF
signalling. Genes Cells 9, 219–232. (doi:10.1111/j.
1356-9597.2004.00714.x)

50. Tomomura M, Morita N, Yoshikawa F, Konishi A,
Akiyama H, Furuichi T, Kamiguchi H. 2007 Structural
and functional analysis of the apoptosis-associated
tyrosine kinase (AATYK) family. Neuroscience
148, 510–521. (doi:10.1016/j.neuroscience.2007.
05.048)

51. Inoue T, Hoshina N, Nakazawa T, Kiyama Y,
Kobayashi S, Abe T, Yamamoto T, Manabe T,
Yamamoto T. 2014 LMTK3 deficiency causes
pronounced locomotor hyperactivity and impairs
endocytic trafficking. J. Neurosci. 34, 5927–5937.
(doi:10.1523/JNEUROSCI.1621-13.2014)

52. Walf AA, Frye CA. 2007 The use of the elevated plus
maze as an assay of anxiety-related behavior in
rodents. Nat. Protoc. 2, 322–328. (doi:10.1038/
nprot.2007.44)

53. Yankelevitch-Yahav R, Franko M, Huly A, Doron R.
2015 The forced swim test as a model of
depressive-like behavior. J. Vis. Exp. 97, 52587.

54. Cryan JF, Mombereau C, Vassout A. 2005 The tail
suspension test as a model for assessing
antidepressant activity: review of pharmacological
and genetic studies in mice. Neurosci. Biobehav.
Rev. 29, 571–625. (doi:10.1016/j.neubiorev.2005.
03.009)

55. Lange KW, Reichl S, Lange KM, Tucha L, Tucha O.
2010 The history of attention deficit hyperactivity
disorder. Atten. Defic. Hyperact. Disord. 2, 241–255.
(doi:10.1007/s12402-010-0045-8)

56. Matthews M, Nigg JT, Fair DA. 2014 Attention
deficit hyperactivity disorder. Curr. Top. Behav.
Neurosci. 16, 235–266. (doi:10.1007/978-3-662-
45758-0_249)

57. Klein MO, Battagello DS, Cardoso AR, Hauser DN,
Bittencourt JC, Correa RG. 2019 Dopamine:
functions, signaling, and association with
neurological diseases. Cell. Mol. Neurobiol. 39,
31–59. (doi:10.1007/s10571-018-0632-3)

58. Vaughan RA, Foster JD. 2013 Mechanisms of
dopamine transporter regulation in normal and
disease states. Trends Pharmacol. Sci. 34, 489–496.
(doi:10.1016/j.tips.2013.07.005)

59. Leo D et al. 2018 Pronounced hyperactivity,
cognitive dysfunctions, and BDNF dysregulation in
dopamine transporter knock-out rats. J. Neurosci.

http://dx.doi.org/10.1038/cr.2012.25
http://dx.doi.org/10.1093/annonc/mdq755
http://dx.doi.org/10.1038/nm.2351
http://dx.doi.org/10.18632/oncotarget.291
http://dx.doi.org/10.18632/oncotarget.291
http://dx.doi.org/10.1007/s10549-011-1622-z
http://dx.doi.org/10.1007/s10549-011-1622-z
http://dx.doi.org/10.1007/s10549-014-3121-5
http://dx.doi.org/10.1007/s10549-014-3121-5
http://dx.doi.org/10.1093/jjco/hyu113
http://dx.doi.org/10.1038/onc.2012.343
http://dx.doi.org/10.1038/onc.2012.343
http://dx.doi.org/10.3109/13697137.2013.864268
http://dx.doi.org/10.1038/s41388-018-0197-0
http://dx.doi.org/10.1126/scisignal.2005170
http://dx.doi.org/10.1126/scisignal.2005170
http://dx.doi.org/10.1038/ncomms14646
http://dx.doi.org/10.1038/ncomms14646
http://dx.doi.org/10.1016/j.celrep.2015.06.073
http://dx.doi.org/10.1016/j.celrep.2015.06.073
http://dx.doi.org/10.1089/dna.2013.2130
http://dx.doi.org/10.1089/dna.2013.2130
http://dx.doi.org/10.1016/j.canlet.2015.12.026
http://dx.doi.org/10.1186/s13058-019-1130-3
http://dx.doi.org/10.1186/s13058-019-1130-3
http://dx.doi.org/10.1126/sciadv.abc3099
http://dx.doi.org/10.1186/s12943-021-01345-3
http://dx.doi.org/10.1158/0008-5472.CAN-14-0806
http://dx.doi.org/10.1158/0008-5472.CAN-14-0806
http://dx.doi.org/10.3389/fnmol.2020.00112
http://dx.doi.org/10.3389/fnmol.2020.00112
http://dx.doi.org/10.1074/jbc.M114.563742
http://dx.doi.org/10.1186/s13041-018-0363-x
http://dx.doi.org/10.1186/s13041-018-0363-x
http://dx.doi.org/10.1016/j.celrep.2014.12.041
http://dx.doi.org/10.1016/j.celrep.2014.12.041
http://dx.doi.org/10.1038/ng.90
https://cancer.sanger.ac.uk
http://dx.doi.org/10.1093/nar/gky1015
http://dx.doi.org/10.1016/0968-0004(94)90129-5
http://dx.doi.org/10.1039/c4mb00063c
http://dx.doi.org/10.1039/c4mb00063c
http://dx.doi.org/10.3109/10799893.2016.1155069
http://dx.doi.org/10.3109/10799893.2016.1155069
http://dx.doi.org/10.1007/s13205-018-1239-6
http://dx.doi.org/10.1007/s13205-018-1239-6
http://dx.doi.org/10.6026/97320630014499
http://dx.doi.org/10.6026/97320630014499
http://dx.doi.org/10.1007/s12539-018-0302-7
http://dx.doi.org/10.1007/s12539-018-0302-7
http://dx.doi.org/10.1111/j.1356-9597.2004.00714.x
http://dx.doi.org/10.1111/j.1356-9597.2004.00714.x
http://dx.doi.org/10.1016/j.neuroscience.2007.05.048
http://dx.doi.org/10.1016/j.neuroscience.2007.05.048
http://dx.doi.org/10.1523/JNEUROSCI.1621-13.2014
http://dx.doi.org/10.1038/nprot.2007.44
http://dx.doi.org/10.1038/nprot.2007.44
http://dx.doi.org/10.1016/j.neubiorev.2005.03.009
http://dx.doi.org/10.1016/j.neubiorev.2005.03.009
http://dx.doi.org/10.1007/s12402-010-0045-8
http://dx.doi.org/10.1007/978-3-662-45758-0_249
http://dx.doi.org/10.1007/978-3-662-45758-0_249
http://dx.doi.org/10.1007/s10571-018-0632-3
http://dx.doi.org/10.1016/j.tips.2013.07.005


royalsocietypublishing.org/journal/rsob
Open

Biol.11:210218

12
38, 1959–1972. (doi:10.1523/JNEUROSCI.1931-
17.2018)

60. Spielewoy C, Roubert C, Hamon M, Nosten-Bertrand
M, Betancur C, Giros B. 2000 Behavioural
disturbances associated with hyperdopaminergia in
dopamine-transporter knockout mice. Behav.
Pharmacol. 11, 279–290. (doi:10.1097/00008877-
200006000-00011)

61. Gottlieb S. 2001 Methylphenidate works by
increasing dopamine levels. Br. Med. J. 322, 259.
(doi:10.1136/bmj.322.7281.259)

62. Del’Guidice T, Lemasson M, Etiévant A, Manta S,
Magno LA, Escoffier G, Roman FS, Beaulieu J-M.
2014 Dissociations between cognitive and motor
effects of psychostimulants and atomoxetine in
hyperactive DAT-KO mice. Psychopharmacology
(Berl) 231, 109–122. (doi:10.1007/s00213-013-
3212-8)

63. Vyklicky V et al. 2014 Structure, function, and
pharmacology of NMDA receptor channels. Physiol.
Res. 63(Suppl 1), S191–S203. (doi:10.33549/
physiolres.932678)

64. Man HY, Lin JW, Ju WH, Ahmadian G, Liu L, Becker
LE, Sheng M, Wang YT. 2000 Regulation of AMPA
receptor-mediated synaptic transmission by clathrin-
dependent receptor internalization. Neuron 25,
649–662. (doi:10.1016/S0896-6273(00)81067-3)

65. Hansen KB, Yi F, Perszyk RE, Menniti FS, Traynelis
SF. 2017 NMDA receptors in the central nervous
system. Methods Mol. Biol. 1677, 1–80. (doi:10.
1007/978-1-4939-7321-7_1)

66. Konradi C, Heckers S. 2003 Molecular aspects of
glutamate dysregulation: implications for
schizophrenia and its treatment. Pharmacol. Ther. 97,
153–179. (doi:10.1016/S0163-7258(02)00328-5)

67. Jun C, Choi Y, Lim SM, Bae S, Hong YS, Kim JE, Lyoo
IK. 2014 Disturbance of the glutamatergic system in
mood disorders. Exp. Neurobiol. 23, 28–35. (doi:10.
5607/en.2014.23.1.28)

68. Montrose K, Kobayashi S, Manabe T, Yamamoto T.
2019 Lmtk3-KO mice display a range of behavioral
abnormalities and have an impairment in GluA1
trafficking. Neuroscience 414, 154–167. (doi:10.
1016/j.neuroscience.2019.06.033)

69. Goldberg JO, Schmidt LA. 2001 Shyness, sociability,
and social dysfunction in schizophrenia. Schizophr.
Res. 48, 343–349. (doi:10.1016/S0920-
9964(00)00143-2)

70. Upthegrove R, Marwaha S, Birchwood M. 2017
Depression and schizophrenia: cause, consequence, or
trans-diagnostic Issue? Schizophr. Bull. 43, 240–244.

71. Miller JN, Black DW. 2019 Schizoaffective disorder: a
review. Ann. Clin. Psychiatry 31, 47–53.

72. Tang BL. 2020 The expanding therapeutic potential
of neuronal KCC2. Cells 9, 240.

73. Smalley JL et al. 2020 Isolation and characterization
of multi-protein complexes enriched in the K-Cl
Co-transporter 2 from brain plasma membranes.
Front. Mol. Neurosci. 13, 563091. (doi:10.3389/
fnmol.2020.563091)

74. Ortiz MA et al. 2020 Discovery of cyclic guanidine-
linked sulfonamides as inhibitors of LMTK3 kinase.
Bioorg. Med. Chem. Lett. 30, 127108. (doi:10.1016/j.
bmcl.2020.127108)

75. Ferrari E, Naponelli V, Bettuzzi S. 2021 Lemur
tyrosine kinases and prostate cancer: a literature
review. Int. J. Mol. Sci. 22, 5453. (doi:10.3390/
ijms22115453)

76. Loriaux MM et al. 2008 High-throughput sequence
analysis of the tyrosine kinome in acute myeloid
leukemia. Blood 111, 4788–4796. (doi:10.1182/
blood-2007-07-101394)

77. Kawai H, Ishii A, Washiya K, Konno T, Kon H,
Yamaya C, Ono I, Minamiya Y, Ogawa J. 2005
Estrogen receptor alpha and beta are prognostic
factors in non-small cell lung cancer. Clin. Cancer
Res. 11, 5084–5089. (doi:10.1158/1078-0432.CCR-
05-0200)

78. Chen GG, Vlantis AC, Zeng Q, van Hasselt CA. 2008
Regulation of cell growth by estrogen signaling and
potential targets in thyroid cancer. Curr. Cancer
Drug Targets 8, 367–377. (doi:10.2174/
156800908785133150)

79. Sung H, Ferlay J, Siegel RL, Laversanne M,
Soerjomataram I, Jemal A, Bray F. 2021 Global
cancer statistics 2020: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in
185 countries. CA Cancer J. Clin. 71, 209–249.
(doi:10.3322/caac.21660)

80. Johnson AB, O’Malley BW. 2011 ERasing breast
cancer resistance through the kinome. Nat. Med. 17,
660–661. (doi:10.1038/nm0611-660)

81. Gonzalez-Malerva L et al. 2011 High-throughput
ectopic expression screen for tamoxifen resistance
identifies an atypical kinase that blocks autophagy.
Proc. Natl Acad. Sci. USA 108, 2058–2063. (doi:10.
1073/pnas.1018157108)

82. Chitnis MM, Yuen JS, Protheroe AS, Pollak M,
Macaulay VM. 2008 The type 1 insulin-like growth
factor receptor pathway. Clin. Cancer Res. 14,
6364–6370. (doi:10.1158/1078-0432.CCR-
07-4879)

83. dos Santos PB, Zanetti JS, Ribeiro-Silva A, Beltrão
EI. 2012 Beta 1 integrin predicts survival in breast
cancer: a clinicopathological and
immunohistochemical study. Diagn. Pathol. 7, 104.
(doi:10.1186/1746-1596-7-104)

84. Katsogiannou M, Andrieu C, Rocchi P. 2014 Heat
shock protein 27 phosphorylation state is associated
with cancer progression. Front. Genet. 5, 346.
(doi:10.3389/fgene.2014.00346)

http://dx.doi.org/10.1523/JNEUROSCI.1931-17.2018
http://dx.doi.org/10.1523/JNEUROSCI.1931-17.2018
http://dx.doi.org/10.1097/00008877-200006000-00011
http://dx.doi.org/10.1097/00008877-200006000-00011
http://dx.doi.org/10.1136/bmj.322.7281.259
http://dx.doi.org/10.1007/s00213-013-3212-8
http://dx.doi.org/10.1007/s00213-013-3212-8
http://dx.doi.org/10.33549/physiolres.932678
http://dx.doi.org/10.33549/physiolres.932678
http://dx.doi.org/10.1016/S0896-6273(00)81067-3
http://dx.doi.org/10.1007/978-1-4939-7321-7_1
http://dx.doi.org/10.1007/978-1-4939-7321-7_1
http://dx.doi.org/10.1016/S0163-7258(02)00328-5
http://dx.doi.org/10.5607/en.2014.23.1.28
http://dx.doi.org/10.5607/en.2014.23.1.28
http://dx.doi.org/10.1016/j.neuroscience.2019.06.033
http://dx.doi.org/10.1016/j.neuroscience.2019.06.033
http://dx.doi.org/10.1016/S0920-9964(00)00143-2
http://dx.doi.org/10.1016/S0920-9964(00)00143-2
http://dx.doi.org/10.3389/fnmol.2020.563091
http://dx.doi.org/10.3389/fnmol.2020.563091
http://dx.doi.org/10.1016/j.bmcl.2020.127108
http://dx.doi.org/10.1016/j.bmcl.2020.127108
http://dx.doi.org/10.3390/ijms22115453
http://dx.doi.org/10.3390/ijms22115453
http://dx.doi.org/10.1182/blood-2007-07-101394
http://dx.doi.org/10.1182/blood-2007-07-101394
http://dx.doi.org/10.1158/1078-0432.CCR-05-0200
http://dx.doi.org/10.1158/1078-0432.CCR-05-0200
http://dx.doi.org/10.2174/156800908785133150
http://dx.doi.org/10.2174/156800908785133150
http://dx.doi.org/10.3322/caac.21660
http://dx.doi.org/10.1038/nm0611-660
http://dx.doi.org/10.1073/pnas.1018157108
http://dx.doi.org/10.1073/pnas.1018157108
http://dx.doi.org/10.1158/1078-0432.CCR-07-4879
http://dx.doi.org/10.1158/1078-0432.CCR-07-4879
http://dx.doi.org/10.1186/1746-1596-7-104
http://dx.doi.org/10.3389/fgene.2014.00346

	The multifaceted role of lemur tyrosine kinase 3 in health and disease
	Introduction
	The physiological function of LMTK3
	The intricate role of LMTK3 in cancer
	The role of LMTK3 in breast cancer and ERα regulation
	The role of LMTK3 in drug resistance
	The role of LMTK3 in proliferation, invasion and migration
	LMTK3 as a repressor of tumour suppressor-like genes via chromatin remodelling
	The interplay between non-coding RNAs and LMTK3
	Interrogating the LMTK3 signalling circuits
	The translational potential of LMTK3 in cancer
	Concluding remarks
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	References


