Functional analysis of LMTK1 in lung
adenocarcinoma
Author
Degree Conferral
Date
Degree
Degree Referral
Number
Copyright
Information
URL

Sandrine Burriel
2021‑03‑31
Doctor of Philosophy
38005甲第71号
(C) 2021 The Author.
http://doi.org/10.15102/1394.00001804

Creative Commons Attribution‑ShareAlike 4.0 International
(https://creativecommons.org/licenses/by‑sa/4.0/)

OKINAWA INSTITUTE

OF

SCIENCE

AND

TECHNOLOGY

GRADUATE UNIVERSITY
Thesis submitted for the degree
Doctor of Philosophy

Functional analysis of
LMTK1
in lung adenocarcinoma
by
Sandrine Burriel

Supervisor: Professor Tadashi Yamamoto
Co-supervisor: Professor Nicholas Luscombe

March 2021

Declaration of Original and Sole Authorship
I, Sandrine Burriel, declare that this thesis entitled Functional analysis of LMTK1 in
lung adenocarcinoma and the data presented in it are original and my own work.
I confirm that:
•

No part of this work has previously been submitted for a degree at this or any
other university.

•

References to the work of others have been clearly acknowledged. Quotations
from the work of others have been clearly indicated, and attributed to them.

•

In cases where others have contributed to part of this work, such contribution
has been clearly acknowledged and distinguished from my own work.

•

None of this work has been previously published elsewhere.

Date: 15. March 2021
Signature:

i

Abstract

The function of the lemur tail kinase (LMTK) family in health and disease remains
largely unknown. LMTK1 has two isoforms, LMTK1B (transmembrane) and LMTK1A
(cytosolic), predominantly expressed in neurons where its kinase activity regulates axon
and dendrite formation. LMTK1 can also act as a scaffold protein, recruiting protein
phosphatase 1 (PP1) and SPAK to regulate the activity of the NKCC1 cotransporter.
Recent work established that LMTK1 downregulation can contribute to cancer
progression. In this project, we investigated the kinase activity of LMTK1A in lung
cancer. We verified predominant expression of the LMTK1A variant in healthy lung
tissue. Analysis of patient data from The Cancer Genome Atlas confirmed LMTK1
mRNA downregulation in non-small cell lung cancer tumors, moderately affecting the
survival of lung adenocarcinoma (LUAD) patients. In A549 cells, restoring stable
LMTK1 expression reduces cell proliferation, while in NCI-H441 cells, siRNA knockdown of LMTK1 increases cell proliferation. Stable expression of mutant versions of
LMTK1 identified the kinase activity as the main driver of this effect. Cell cycle
analysis demonstrated that LMTK1A expression slows progression from G1 to S phase,
decreasing Cyclin E1 and E2F1 expression. Immunofluorescence showed that wild-type
LMTK1A expression dramatically delayed cell cycle-regulated nuclear translocation of
YAP. These effects were abrogated by the kinase-negative LMTK1A mutant. Finally,
we identified a direct interaction between LMTK1A and the tumor suppressor
Merlin/NF2, a known regulator of the Hippo pathway. We hypothesise a novel role for
LMTK1A kinase activity as a regulator of the Hippo pathway.
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Chapter 1. Introduction
Despite research and medical efforts, cancer remains the second leading cause of
mortality worldwide. For the year 2018 alone, the World Health Organization
reported 18.01 million new cases and 9.56 million cancer related deaths (see Figure
1.1), and these numbers are expected to continue rising in the coming years (Stewart
et al., 2014; WHO Cancer fact sheet, n.d.). In recent years, lung cancer has become
the most frequent type of cancer (2.09 million new cases in 2018, ahead of breast
cancer) and it has remained the most common cause of cancer deaths for several
decades (1.76 million deaths in 2018), making the elucidation of its molecular
mechanisms a high-priority research question.
While the exact mechanisms by which neoplastic cells acquire malignancy differ
from patient to patient, all cancers share certain general characteristics (Hanahan
and Weinberg, 2011, 2000) and some oncogenic factors (such as TP53 mutations and
defects in cell cycle control) are widely observed across cancer types (Martinez et al.,
2015). This results in uncontrolled proliferation of abnormal cells with enhanced
capabilities for survival, motility and invasiveness.
Phosphorylation (controlled by kinases) and dephosphorylation (controlled by
phosphatases) regulate the activity of almost all cellular processes, including cell
cycle control, survival and apoptosis. Cancer being characterized by dysregulation of
a number of fundamental cellular processes (Hanahan and Weinberg, 2011, 2000),
one of its frequent features is aberrant activity or expression of kinases, some of
which are bona fide oncogenes (ABL, ERBB2 receptor, KIT…), others playing a
more indirect role in cancer progression.
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Figure 1.1: Worldwide cancer statistics
Data source: Globocan 2018
Graph production: Global Cancer Observatory (http://gco.iarc.fr)
International Agency for Cancer Research – World Health Organization.

1.1

Cancer and its mechanisms

In two landmark articles (Hanahan and Weinberg, 2011, 2000), Douglas Hanahan
and Robert Weinberg summarized the previous decades of cancer research into what
they named the “hallmarks of cancer ”, defined as “distinctive and complementary
capabilities that enable tumor growth and metastatic dissemination ”. The set of ten
hallmarks (six in the original year 2000 article (Hanahan and Weinberg, 2000), four
additional ones in the 2011 follow-up (Hanahan and Weinberg, 2011)) was defined as
follows (summarized in Figure 1.2):
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•
•
•
•
•
•
•
•
•
•
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sustaining proliferative signaling
evading growth suppressors
resisting cell death
enabling replicative immortality
inducing angiogenesis
activating invasion and metastasis
genome instability and mutation
tumor promoting inflammation
avoiding immune destruction
deregulating cellular energetics

Figure 1.2: Hallmarks of cancer
Adapted from (Hanahan and Weinberg, 2011).

1.1.1

The role of kinases in cancer development

Kinases are classified according to their structure and sequence homology as either
tyrosine kinases (phosphorylating tyrosine residues) or serine-threonine kinases
(phosphorylating serine or threonine residues). Along with phosphatases, they
control the activity of many proteins and, as such, regulate many essential cellular
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processes. Kinase activity is frequently dysregulated in cancer, making them a prime
target for drug development. Some kinases are bona fide oncogenes (ABL, ERBB2
receptor, KIT…) while others playing a more indirect role in cancer progression. In
particular, kinases associated with the cell cycle are frequently affected in tumors,
with the over-expression and activation of kinases driving cell cycle progression and
downregulation of kinases involved in cell cycle control and its checkpoints, all of
this contributing to enhanced proliferation (adapted from Matthews and Gerritsen,
2010). The review by (Giamas et al., 2010) note that changes in the expression
levels, the activity and the degree of post-translational modifications of kinases can
all contribute to cancer development and thus underline their potential for cancer
drug development and cancer therapies.
1.1.2

Overview of lung cancer

The World Health Organization (Travis et al., 2015) has established a detailed
classification of all lung cancer subtypes. Among these, non-small cell lung cancer
represents about 85% of the lung tumors, with squamous cell carcinoma (derived
from the layer of cells coating the basement membrane of lung tissue) and
adenocarcinoma (derived from secretory cells) being the predominant subtypes.
Lung adenocarcinoma (LUAD) represents about 40% of all lung cancer cases
(Stewart et al., 2014). The most frequent mutations in LUAD are well characterized:
TP53, EGFR (particularly frequent in female patients, while male patients tend to
exhibit more frequent mutations in RBM10), ERBB2, KRAS, ALK, BRAF,
PIK3CA, MET, NF1, RIT1, leading to alterations in cell cycle regulation, oxydative
stress pathways, as well as chromatin and RNA-splicing factors (The Cancer
Genome Atlas Research Network, 2014; Zhang et al., 2017). (Giamas et al., 2010)
underline the correlation between EGFR over-expression and poor prognosis, overexpression of MET (associated with activation of PI3K/AKT and Gefitinib
resistance), up-regulation of Src correlated with tumor size, activation of STAT-3
and JAK, and EGFR expression.
Lung squamous cell carcinoma (LUSC) is the type of cancer most closely
correlated to a history of smoking, and is also more common in men than women.
Common mutations are also well characterized, and (The Cancer Genome Atlas
Research Network, 2012) reports that TP53 is almost systematically mutated in
LUSC. Contrary to LUAD, LUSC does not typically present EGFR and ALK
mutations. Other significantly altered pathways include NFE2L2 and KEAP1
(regulating cell response to oxitative damage, chemo- and radiotherapy), squamous
differentiation genes (SOX2, 6P63, NOTCH1, NOTCH2, ASCL4, FOXP1),
PI3K/AKT, CDKN2A-RB1.

1.2

The LMTK kinase family: common features

The Lemur Tail Kinase family, formerly known as Lemur Tyrosine Kinase family
(Wendler, 2018) and henceforth designated as the LMTK family, is composed of
three kinases. Its first member, LMTK1, was identified by (Gaozza et al., 1997) as
one protein whose expression was dramatically increased during apoptosis (which led
to name it AATYK for Apoptosis Associated Tyrosine Kinase ). The other two
members (LMTK2 and LMTK3) were later identified by screening the genome for
sequence homology in the tyrosine kinase domain (Robinson et al., 2000).
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Structural characteristics of the LMTK family

All members of the family share a number of structural characteristics. All three
have a long, proline-rich C-terminal region which may bind to SH-3 domain
containing proteins (Tomomura et al., 2007).
They are large proteins which, in electrophoresis gels, systematically run at
molecular weights that are higher than the predicted weights (summarized in Table
1), an observation that can be explained by either post-translational modifications or
by the slowing effect of the proline-rich region near the C-terminal end.
Table 1. LMTK family members: length and molecular weights (predicted
and actual)
Name

Length

LMTK1
LMTK2

1374 AA
1503 AA

Predicted
weight
145 kDa
165 kDa

LMTK3

1460 AA

154 kDa

Observed
References
weight
About 200 kDa (Gaozza et al., 1997)
Over 200 kDa (Kawa et al., 2004; Wang
and Brautigan, 2002)
Over 200 kDa (Inoue et al., 2014)

LMTK2 and LMTK3 both possess a transmembrane domain at the N-terminal
end. For LMTK1, two splice variants have been identified:
•

LMTK1B, which includes a transmembrane domain similar to LMTK2 and
LMTK3 (Tomomura et al., 2007);

•

LMTK1A, which does not have a transmembrane domain, but was shown to
associate with the cell membrane via N-terminal palmitoylation in mice
(Tomomura et al., 2007).

LMTK1A palmitoylation is linked to three cysteine residues (cysteine 4, 6 and 7
in the mouse LMTK1A amino-acid sequence), which are also found in the sequences
of LMTK1B, LMTK2 and LMTK3. Thus, these three proteins are also hypothesized
to be palmitoylated (Tsutsumi et al., 2008).
1.2.2

LMTK kinases are serine-threonine kinases

Due to the presence, in all three members of the family, of the characteristic tyrosine
kinase amino-acid pattern DLAxR, they were initially thought to be tyrosine
kinases. However, subsequent analyses have consistently only reported serinethreonine activity (initially focusing on LMTK2 (Kesavapany et al., 2003; Wang and
Brautigan, 2002), with later confirmation for all members of the family (Kawa et al.,
2004)). The work of (Tomomura et al., 2007) note that a number of substitutions in
TK-characteristic motifs, conserved among all members of the LMTK family, might
explain their serine-threonine activity.
1.2.3

LMTK proteins are predominantly expressed in the brain

All LMTK proteins are predominantly expressed in the central nervous system
(Kawa et al., 2004; Tomomura et al., 2007). While LMTK1 is expressed ubiquitously
in the brain (Tomomura et al., 2001), LMTK2 and 3 are more specifically present in
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the olfactory bulb, olfactory tubercle, hippocampus, striatum, cerebellum and
cerebral cortex (Kawa et al., 2004).
1.2.4 LMTK proteins interact with CDK5/p35 and PP1C, and are
involved in endocytosis
Endocytosis has been confirmed as a common function of the family (Chibalina et
al., 2007; Inoue et al., 2014, 2008; Takano et al., 2010).
All LMTK proteins exhibit a CDK5/p35 binding motif located after the kinase
domain, conserved within the family, and confirmed to be functionally active
(Honma et al., 2003; Kesavapany et al., 2003; Lucchiari et al., 2016; Manser et al.,
2012; Tomomura et al., 2007). In the context of this project, it is interesting to note
that, while CDK5 itself is not actively mutated, its expression and activity are
commonly dysregulated in a number of cancers (Pozo and Bibb, 2016), where it
contributes to tumor proliferation, migration, angiogenesis, chemotherapy resistance
and antitumor immunity.
All three also possess a PP1C binding motif with confirmed interactions (Heroes
et al., 2013; Tomomura et al., 2007).

1.3

LMTK1

LMTK1 (Lemur Tyrosine Kinase 1, also known as AATK or AATYK for
Apoptosis-Associated Tyrosine Kinase, and p35BP for p35 Binding Protein) is the
protein encoded by the AATK gene. It was initially found to be strongly
upregulated during apoptosis in myeloid precursor cells (Gaozza et al., 1997).
1.3.1 LMTK1 has several splice variants, predominantly expressed in
the brain
The work of (Gaozza et al., 1997) provided the first analysis of the expression
pattern of LMTK1 in the human body, with no expression detected in the spleen
and testes, low levels in most tissues (kidney, heart, lung, skeletal muscle), and the
highest levels in the brain. They note the existence of several splice variants, some of
which seem to be tissue specific (liver, skeletal muscle). The analysis by (Raghunath
et al., 2000) further detailed the expression pattern in the human brain, where it
remains consistently high, and is identified as a cytoplasmic protein. The work of
(Baker et al., 2001) refined knowledge on LMTK1's spliced variants, one of which is
identified as new and specific to the brain, while (Tomomura et al., 2001) confirmed
predominant expression in the brain, with some LMTK1 expressed in the lung and
muscle. Figure 1.3 illustrates the expression of all exons associated with LMTK1 in
various human tissues.

TPM

0.5

1.0

Gene Model

Figure 1.3: Expression of LMTK1 exons in various tissues
The bottom section illustrates exon transcription specific to lung tissue.
Retrieved from the GTEx database (https://gtexportal.org/).
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1.3.2 LMTK1 is involved in neuronal apoptosis and neuronal
differentiation
Later studies demonstrated the involvement of LMTK1 in the development of the
central nervous system and, in particular, neuronal apoptosis and differentiation
(Tomomura et al., 2003, 2001). LMTK1 was shown to regulate the growth of axons,
dendrites and dendritic spines through CDK5 and Rab11A (Hisanaga et al., 2020;
Nishino et al., 2019; Takano et al., 2014, 2012). In neurons, LMTK1 was shown to
interact with the proto-oncogene tyrosine kinase Src (Tsutsumi et al., 2008). In
cerebellar granule cells, LMTK1 phosphorylation was shown to be Ca 2+-dependent in
response to extracellular survival or apoptotic potassium levels (Tomomura and
Furuichi, 2005).
The work of (Raghunath et al., 2000) first demonstrated that LMTK1 induces
neuronal differentiation in the neuroblastoma cell line SH-SY5Y.
Experiments conducted by (Tomomura et al., 2001) in cerebellar granule cells
showed that in low KCl, apoptosis-inducing conditions, LMTK1 levels increase in a
parallel manner to c-Jun phosphorylation, indicating a possible functional interaction
between LMTK1 and JNK pathways. Since low KCl conditions can simulate the loss
of neuronal function, the authors hypothesise that LMTK1 may be involved in
pathological apoptosis. In a later article (Tomomura et al., 2003), they demonstrated
that LMTK1 expression increases during postnatal brain development. LMTK1
localizes in neurites and its kinase activity promotes neurite extension, thus
confirming a dual role (neurite growth in differentiating neurons, and apoptosis in
differentiated neurons).
1.3.3

LMTK1 interacts with Src

The discovery work of (Gaozza et al., 1997) first hypothesized that, due to its
proline-rich C-terminal end and possible SH-3 binding domain, LMTK1 could be an
adaptor protein and, in particular, could negatively regulate c-Src. Further work by
(Tsutsumi et al., 2008) demonstrated that Src does interact with LMTK1A,
phosphorylating it and associating with it in the endosome, both in a palmitoylationdependent manner.
1.3.4 LMTK1 regulates endosomal trafficking, axonal outgrowth and
the formation of dendrites and dendritic spines through Rab11
CDK5/p35 is known to play a role in neuronal migration, synaptic transmission and
neuronal cell death. The work of (Honma et al., 2003) first showed that LMTK1
binds to CDK5/p35 and is phosphorylated by it. First evidence of the involvement
of LMTK1 in endocytosis came with the identification of the colocalization of
LMTK1A (non-transmembrane, palmitoylated form of LMTK1) to the transferrin
receptor-positive recycling endosomes in COS-7 cells and neurons (Tsutsumi et al.,
2008), in a CDK5/p35 dependent manner (Tsutsumi et al., 2010). LMTK1A colocalizes with Rab11A, a small GTPase regulating the traffic of recycling endosomes,
and regulates the formation of the pericentrosomal endocytic recycling compartment
(Takano et al., 2010). It exerts negative control on axonal outgrowth by CDK5dependent regulation of Rab11A activity (Takano et al., 2012). In a similar manner,
LMKT1 negatively controls dendritic formation by regulating Rab11-positive
endosomal trafficking in a CDK5-dependent manner (Takano et al., 2014). The
kinase activity of LMTK1 is a necessary condition for its localization in the
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perinuclear ERC (Sharma et al., 2016), and it regulates the transfer of endosomal
vesicles from microtubules to actin filaments in the extremity of growing neurites. It
was recently demonstrated that TBC1D9B mediates LMTK1 regulation of Rab11A
(Hisanaga et al., 2020; Nishino et al., 2019). This mechanism is summarized in
Figure 1.4.

Figure 1.4: Role of LMTK1 in endocytosis, axonal outgrowth and
dendritic formation
Adapted from from (Hisanaga et al., 2020; Nishino et al., 2019; Takano
et al., 2014, 2012).

1.3.5

LMTK1, SPAK and cation-chloride cotransporters

In cerebellar granule cells, low extra-cellular potassium induces apoptosis and
upregulation as well as hyperphosphorylation of LMTK1 involving LMTK1's selfkinase activity and specific serine residues. On the other hand, high extra-cellular
potassium, conducive to survival, leads to hypophosphorylation of LMTK1 following
calcium influx (through L-type voltage-dependent calcium channels) triggering Ca 2+dependent protein phosphatase activity (Tomomura and Furuichi, 2005). The work
of (Hughes et al., 2009) showed that GSK-3 and JNK are involved in low-potassium
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induced LMTK1 phosphorylation and confirmed that high-potassium LMTK1
hypophosphorylation, but not low-potassium hyperphosphorylation, is controlled by
calcium signaling. LMTK1 deletion does not render the cells resistant to lowpotassium induced apoptosis.
The Na-K-2Cl cotransporter (NKCC1) is an ion transport protein involved in
various mechanisms such as cell volume regulation, cell proliferation and survival,
epithelial transport, neuronal excitability, and blood pressure control. SPAK (Ste-20
related proline-alanine rich kinase) is a protein highly expressed in epithelia and
neurons, whose expression shows high correlation with NKCC1. SPAK may act as a
scaffold with OSR1 (homology to Oxidative Stress Response kinase) to assemble
proteins acting as sensors of environmental stress in the vicinity of the
cotransporters (NKCC1-2, NaCl cotransporter, Na+-independent KCl cotransporters
KCC1-4). LMTK1, with two confirmed SPAK-binding motifs, is identified as a
potential element in this scaffold (Piechotta et al., 2003). Heterologous expression of
LMTK1 in Xenopus laevis oocytes leads to inhibition of NKCC1 activity under
isosmotic conditions, independently of LMTK1's kinase activity but requiring the
physical interaction between PP1 and LMTK1. This suggests indirect inhibition of
SPAK/WNK4 activation of NKCC1 by LMTK1 through scaffolding PP1, an
inhibitory phosphatase, in proximity to an activating kinase (as illustrated in Figure
1.5). LMTK1 inhibiting NKCC1 activity during apoptosis could prevent ion influx
into the cell and facilitate dehydration (Gagnon et al., 2007).

Figure 1.5: Model for LMTK1 as a scaffold protein for PP1 and SPAK
Model proposed by (Gagnon et al., 2007) for interactions between LMTK1, PP1,
SPAK, WNK4 and NKCC1.
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LMTK1 may be involved in several diseases

LMTK1 has been shown to interact with FMRP, an RNA-binding protein essential
for normal brain development, whose absence results in Fragile X syndrome
(Blackwell et al., 2010; Brown et al., 2001; Stetler et al., 2006).
It has also been identified by (Lin et al., 2011) that the methylation levels of the
AATK gene encoding LMTK1 are lower in intestinal tissues of patients suffering
from inflammatory bowel disease than in healthy patients. However, actual protein
expression of LMTK1 or downstream consequences have not been examined.
1.3.7

LMTK1 is involved in cancer

Recent studies also established involvement of LMTK1 in cancer.
In melanoma, LMTK1 is downregulated and contributes to cancer progression
(Ma and Rubin, 2014). Melanoma cells derive from the embryonic neural crest, and
pathways involved in neuronal development are also significantly involved in cancer
formation and metastasis. Comparison of LMTK1 protein expression in various
healthy and cancerous melanocyte cell lines showed that expression is highest in
healthy cells and lowest in metastatic cells. LMTK1 downregulation contributes to
melanoma progression by promoting cell proliferation, colony formation, cell
migration and inhibiting apoptosis. The apoptotic role of LMTK1 is independent of
its anti-proliferative effects and is observed only when cells are subjected to complete
deprivation of nutrients and growth factors (when the culture medium is switched to
PBS). An inverse correlation exists between the expression level of LMTK1 and Src
phosphorylation on its Y416 tyrosine residue, without any direct interaction being
identified experimentally. The phosphorylation of Akt, S6 or ERK is unchanged by
LMTK1 expression (Ma and Rubin, 2014).
Analyses showed that hypermethylation of the AATK gene encoding LMTK1 is
very frequent in cancer cell lines, and frequent in primary tumours (lung and breast)
(Haag et al., 2014). LMTK1 is found to be expressed in normal tissues, with the
AATK CpG island promoter being unmethylated, whereas the promoter is
frequently hypermethylated in cancer cell lines (lung, breast, leiomyoscarcoma,
follicular thyroid cancer, larynx cancer, pancreatic carcinoma, cervical cancer, but
not melanoma) as well as primary tumors. LMTK1 protein expression was partially
restored in some cell lines after demethylation treatment with 5-Aza-2'deoxycytidine (Aza).
LMTK1 mRNA expression is reported to be downregulated in colon cancer (Lee
et al., 2006).
mRNA expression of LMTK1 was also found to be downregulated, and the
AATK gene to be hypermethylated, in the lower grade glioma (LGG) and
glioblastoma (GBM) datasets of The Cancer Genome Atlas (Laffaire et al., 2011).
Recently, LMTK1 was found to be epigenetically silenced in pancreatic cancer
(Ding et al., 2020), with an impact on cellular transdifferentiation, proliferation and
cell cycle progression.
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1.3.8 miRNA 338 is hosted in an intron of the AATK gene, regulates
LMTK1 mRNA levels and is involved in cancer progression
MicroRNAs are short non-coding RNA strands (21-23 nucleotides) which regulate
gene expression in a post-transcriptional manner (Pillai et al., 2007; Rana, 2007;
Valencia-Sanchez et al., 2006). In cancer, miRNA expression is also heavily
deregulated and contributes to cancer development, which gives them a tumor
suppressor or oncogene status (Lu et al., 2005; Thomson et al., 2006).
The AATK gene encoding LMTK1 is associated with a cluster of 4 microRNAs,
as illustrated in Figure 1.6: miR-657, miR-338 and miR-1250 in its 7th intron, and
miR-3065 on its antisense strand. Of these, the most well-studied so far is miR-338.

Figure 1.6: LMTK1 is associated with a cluster of microRNAs
Four microRNAs are associated with LMTK1: mir657, mir338 and mir1250 in LMTK1's
7th intron, and mir3065 on the antisense strand (Source: UCSC Genome Browser)

microRNA 338 (miR-338) is hosted in the 7th intron of the AATK gene
(Rodriguez et al., 2004) and exists in two forms, miR-338-3p and miR-338-5p. It is
activated and transcribed along with LMTK1, and it has been identified by (Barik,
2008) as a positive regulator of neuronal differentiation through its silencing of a
number of mRNAs (UBE2Q1: Ubiquitin Conjugated Enzyme E2 Q1, involved in
protein degradation; MAP1A, whose function is unknown but is not expressed
during axonal development; NOVA1: regulating brain specific splicing; DAB2IP:
tumor suppressor gene; C2H2171: POZ-domain zinc-finger protein, sequence-specific
transcriptional repressor in the brain), required along LMTK1 for optimal neurite
growth. miR-338 also affects axonal growth through regulation of COXIV
(cytochrome c oxidase IV) in axons (Aschrafi et al., 2012), oligodendrocyte
differentiation through SOX6 and HES5 (Zhao et al., 2010), axonal guidance
through ROBO2 and other mRNAs (Kos et al., 2016). Interestingly, (Kos et al.,
2012) showed that LMTK1 mRNA itself is a target of miR-338-3p in neurons,
exerting a limited regulation over the expression of LMTK1. However, this
regulation could represent a mode of fine-tuning consistent with some mathematical
models (Mukherji et al., 2011).
miR-338-3p is upregulated in ALS patients (Felice et al., 2014) and has been
shown to intervene in a number of cancers, summarized in Table 2.
Table 2. Involvement of miR-338 in various types of cancers.
Type of cancer
LGG
GBM

Role
Reference
Associated with survival time
(Doecke et al., 2016)
miR-338-3p
acts
as
a
tumor (Shang et al., 2016)
suppressor in glioma cells by targeting
MACC1 (Metastasis Associated in
Colon Cancer 1), promotes apoptosis,
inhibites proliferation
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LUAD
NSCLC

Neuroblastoma

Gastric cancer

Prostate cancer

Nasopharyngeal
carcinoma
Ovarian cancer
Hepatocellular
carcinoma
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miR-338-5p sensitizes GBM cells to
radiation through regulation of genes
involved in DNA damage response
(NDFIP1, RHEB, PPP2R5A)
Associated with survival time
miR-338-3p is a tumor suppressor
targeting Ras-related protein 14
miR-338-3p suppresses metastasis by
targeting EMT regulator SOX4
miR-338-3p suppresses metastasis by
targeting integrin β3
miR-338-3p suppresses EMT and
metastasis by targeting ZEB2
miR-338 is overexpressed, involved in
neuroblast differentiation, stemness
and
apoptosis,
contributing
to
neuroblastoma progression
miR-338-3p
contributes
to
neuroblastoma proliferation, invasion
and migration through PREX2a and
PTEN/AKT
miR-338-3p suppresses gastric cancer
progression through PTEN-AKT
miR-338-3p inhibits EMT
miR-338-5p expression upregulates
proapoptotic Bcl-2 proteins BAK and
BIM
miR-338-3p acts as tumor suppressor,
has anti-proliferative and anti-invasive
roles
miR-338 inhibits migration and
proliferation
miR-338-3p affects proliferation and
metabolism
Downregulation
of
miR-338-3p
promotes angiogenesis
miR-338-3p inhibits cell proliferation
through FOXP4

(Besse et al., 2016)

(Doecke et al., 2016)
(Sun et al., 2015)
(Li et al., 2016)
(Chen et al., 2016)
(Hong-yuan and Xiaoping, 2015)
(Ragusa et al., 2010)

(Chen et al., 2013)

(Guo et al., 2014)
(Huang et al., 2015)
(Xing et al., 2016)

(Bakkar et al., 2016)

(Shan et al., 2015)
(Y. Zhang et al., 2016)
(T. Zhang et al., 2016)
(Wang et al., 2015)

14

Colorectal
carcinoma
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miR-338-3p inhibits tumor growth and (Xu et al., 2014)
sentitizes
it
to
sorafenib
by
downregulating HIF-1α
miR-338-3p inhibits invasion and (Xue et al., 2014)
migration by targeting Smoothened

Chapter 2. Project aims and methodology
Lung cancer remains the leading cause of cancer-related death in the world and, as
such, requires continued research efforts to clarify its molecular mechanisms. In
cancer, multiple genetic and molecular events lead to dysregulation of a large
number of genes, making each tumor, and each patient, unique. Understanding these
mechanisms can not only help identify new potential drug targets, but also help
define “tumor profiles” whose unique biochemical signature can be leveraged for
personalized treatments.
Little is still known about the role of the LMTK family members in health and
disease. The aim of this project was to study the role of the kinase LMTK1 in lung
cancer progression and, ultimately, to determine whether LMTK1 could constitute a
promising candidate for therapeutic target. As such, our project was guided by the
following hypothesis:
Working hypothesis: LMTK1 plays a role in cancer development.
Our research questions were as follows:


What is the status of LMTK1 expression in cancer patients and its
effect on prognosis?



What is the effect of LTMK1 expression on cancer hallmarks?



What are the molecular mechanisms involved?

We organized this project along two complementary axes to take advantage of
big data resources made possible by advances in high-throughput sequencing.
Using
data
generated
by
the
TCGA
Research
Network
(http://cancergenome.nih.gov/), we established the status of LMTK1 expression in
lung cancer patients and its effect on prognosis, and explored possible correlations
between LMTK1 and targets, regulators and networks.
Then, after restoring LMTK1 expression in a lung adenocarcinoma cell line, we
performed a preliminary exploration based on RNA sequencing (RNA-seq) analysis,
followed by functional analysis of the impact of LMTK1 expression on a number of
cancer hallmarks. Further biochemical analyses allowed us to identify cellular
processes and molecular mechanisms affected by LMTK1 expression, which we
confirmed by performing siRNA knock-down experiments in an additional cell line.
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Chapter 3. Materials and Methods
3.1

Human datasets and corresponding analyses

The TCGA lung cancer datasets (LUAD and LUSC) were downloaded directly from
the TCGA portal (TCGA Research Network: http://cancergenome.nih.gov/), or in
the form of pre-processed files made available by the Broad Institute (Broad
Institute TCGA Genome Data Analysis Center, 2016).
Analyses of these datasets were performed using LibreOffice Calc and its
standard statistical and graph functions, or the R platform (R Development Core
Team, 2008) manually compiled for Linux, and supplemented by additional libraries,
essentially coming from the Bioconductor project (Huber et al., 2015).
A number of online tools were also used to provide additional analyses and
graphs based mainly on TCGA datasets and, if available, additional datasets:


GTEx portal: https://gtexportal.org/



cBioPortal: https://www.cbioportal.org/



TCGA expression browser: https://tools.altiusinstitute.org/tcga/



OncoLNC: http://www.oncolnc.org/



GEPIA: http://gepia.cancer-pku.cn/

3.2

Cell lines

Cell lines were kindly provided by members of the Cell Signal Unit:


A549 (lung adenocarcinoma), common laboratory resource purchased from
the Japanese Collection of Research Bioresources Cell Bank.



NCI-H1975
(lung
adenocarcinoma),
NCI-H441
(lung
papillary
adenocarcinoma) NCI-H520 (lung squamous cell carcinoma) purchased from
ATCC by Yo-taro SHIRAI.

A549 cells were maintained in Wako Low-Glucose DMEM medium supplemented
with 10% heat-inactivated fetal bovine serum, 50 U/mL penicillin and 50 U/mL
streptomycin.
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NCI-H1975 and NCI-H520 cells were maintained in Wako RPMI medium
supplemented with 10% heat-inactivated fetal bovine serum, 50 U/mL penicillin and
50 U/mL streptomycin.
NCI-H441 cells were maintained in Wako RPMI medium supplemented with 15%
heat-inactivated fetal bovine serum, 50 U/mL penicillin and 50 U/mL streptomycin.
All cells were grown in humidified atmosphere with 5% CO2 at 37ºC.
Cells were tested for mycoplasma contamination using the e-Myco plus
Mycoplasma PCR Detection Kit from Intron Biotechnology (Catalog number:
25237).

3.3

Retrovirus production

LTMK1A and LMTK1B pBabe-Hygro plasmids were kindly provided by the Rubin
lab (Ma and Rubin, 2014).
Platinum-A retroviral packaging cells were kindly provided by Hong Huat HO.
The cells were maintained in Wako Low-Glucose DMEM medium supplemented
with 10% heat-inactivated fetal bovine serum, 50 U/mL penicillin and 50 U/mL
streptomycin, in humidified atmosphere with 5% CO2 at 37ºC.
3.3.1

Plasmid subcloning

The inserts were separated by double digestion using BamHI and EcoRI enzymes.
Insert and backbone were separated in a 1% agarose gel. The sections corresponding
to the inserts were excised, followed by purification using the QiaEX II Agarose Gel
Extraction kit following the manufacturer's instructions. The inserts were then
ligated into the pMXs-puro vector commonly used in the laboratory, using the
Takara DNA ligation kit 2.0.
Subsequently, the plasmids obtained were used for transformation of E. coli
(DH5α). Select colonies were sequenced for verification by FASMAC. The resulting
plasmid maps are presented in Figures 3.1, 3.2 and 3.3.

Figure 3.1: Empty pMXs-puro vector
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Figure 3.2: pMXs-LMTK1A vector

Figure 3.3: pMXs-LMTK1B vector

3.3.2

LMTK1 mutant versions

We produced additional selected mutated versions of LMTK1, based on existing
references (adapted to the human sequence):




kinase-deficient mutants, targeting the active site of the catalytic kinase
domain (Nishino et al., 2019; Takano et al., 2012; Tomomura et al., 2001)
•

D253A (in LMTK1B)

•

D150A (in LMTK1A)

PP1-binding site mutants, targeting the PP1 docking site identified by
(Gagnon et al., 2007)
•

V1232A (in LMTK1B)

•

V1129A (in LMTK1A)
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The mutant versions of LMTK1 were obtained by site-directed mutagenesis,
using primers produced using NEBaseChanger (listed in Table 3).
Table 3. List of primers used for site directed mutagenesis
Mutation
Kinase negative

Primer direction
Primer sequence
Forward
GTGCACAGCGCCCTGGCCCTG
Reverse
GAAATTGTTGCGATGAAGGTGCAGG
PP1 docking site Forward
AAGAAGGCCGCGTCCTTCTTC
Reverse
CTTGCGTTCCAGGTCCTC
The reaction was performed using the KOD-plus mutagenesis kit (Toyobo)
following the manufacturer's instructions, using 2-step cycling conditions:


2 min at 94ºC for pre-denaturation



followed by 10 cycles of
•

10 s at 98ºC for denaturation

• 11 min at 68ºC for extension
Amplification was verified by electrophoresis on an agarose gel. The resulting
products were ligated using Ligation High ver. 2 (Toyobo) following the
manufacturer's instructions. Subsequently, the plasmids obtained were used for
transformation of E. coli (DH5α). Select colonies were sequenced for verification by
FASMAC.
3.3.3

Retrovirus production

Stocks of retrovirus were produced using the following protocol.


On day 0, Platinum-A cells were seeded in antibiotics-free medium.



On day 1, cells were transfected with the pMXs-puro (empty vector), pMXsLMTK1A or pMXs-LMTK1B (wild-type and mutants) plasmids obtained at
the previous stage, using Mirus TransIT as a transfection agent following the
manufacturer's instructions.



On day 2, the transfection supernatant was discarded, cells were rinsed with
PBS and fresh, antibiotics-free medium was added.



On day 3, the supernatant was collected, centrifuged, filtered (45 μm PVDF
filter), aliquoted and frozen at -80ºC.

3.3.4

Establishment of cell lines stably expressing LMTK1

A total of 17 cell lines was established by retrovirally transducing A549 cells using
the following protocol: 3 control cell lines ( “mock ” retrovirus), 3 over-expressing
each wild-type LMTK1 variant (wt-LMTK1A, wt-LMTK1B), 2 for each mutant
(kn-LMTK1A, kn-LMTK1B, pp1n-LMTK1A, pp1n-LMTK1B).
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On day 0, cells were seeded in regular medium supplemented with penicillinstreptomycin, in identical conditions, with one additional dish for the antibiotic cell
selection control.
On day 1, the medium was removed. Viral supernatant was added to the cells
with polybrene (10 μg/mL) and incubated for 6 hours in humidified atmosphere with
5% CO2 at 37ºC. Following this 6 hour incubation, the viral supernatant was
removed and fresh medium was added.
Starting from day 2, puromycin was added to the medium at a concentration of
1 μg/mL to begin the cell selection process. Fresh medium containing puromycin
was supplied every other day, and cells were passaged when reaching confluence,
while continuing the puromycin selection process as needed until all cells in the
antibiotic selection control plate died.

3.4

RNA extraction

Total RNA was extracted using ISOGEN II (Nippon gene) following the
manufacturer's instructions. The resulting pellet was dissolved in sterile TE Buffer
(10 mM Tris pH 8.0, 1 mM EDTA pH 8.0). RNA purity and concentrations were
evaluated by spectrophotometry using a NanoDrop ND-2000 (ThermoFisher)
instrument, concentration was adjusted to 1 μg/μl.

3.5

RNA sequencing

The quality of RNA was assessed using an Agilent 2100 Bioanalyzer microfluidicsbased platform (Agilent Technologies, Inc.). RNA-seq was performed by the Next
Generation Sequencing section at OIST Graduate University for three samples
obtained from different cell passages per condition. Total RNA (250 ng) was used for
RNA-seq library preparation with TruSeq Stranded mRNA LT Sample Prep Kit
(Illumina, San Diego, CA, USA), according to the manufacturer ’s protocol. Custom
dual index adaptors were ligated at the 5 ʹ and 3 ʹ-ends of the library, and PCR was
performed for 11 cycles. 150-base-pair pair-end read RNA-seq was performed using a
Hiseq 3000/4000 PE Cluster Kit (PE-410-1001; Illumina) and a Hiseq 3000/4000
SBS Kit (300 Cycles) (FC-410-1003; Illumina) on a Hiseq4000 (Illumina), according
to the manufacturer’s protocol.

3.6

Bioinformatics processing of RNA-seq data

The fastq files obtained from the sequencing step were first analyzed with fastqc for
quality control on the raw sequence data, and then verified against potential
contaminants using fastqscreen.
Once the files were cleared for use, the RNA-seq data was mapped onto the hg19
human genome using STAR. samtools was then used to index results and generate
the bam files containing the mapped genes.
Based on these files, count tables were assembled in R (v3.5.2, manually
compiled for Linux and used with RStudio) using the Rsubread library. Data
clustering was verified by PCA and (given the nature of the samples submitted)
corrected for batch effect. The analysis of differentially expressed genes was
performed using standard Bioconductor packages, in particular DESeq2.
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Quantitative real-time RT-PCR

cDNA was obtained from 1 μg of RNA using the Takara PrimeScript 1st strand
cDNA Synthesis kit. For the first step, the mixture was incubated in a PCR thermal
cycler at 65ºC for 5 minutes followed by cooling at 4ºC. For the second step, the
mixture was incubated in a PCR thermal cycler at 42ºC for 60 minutes, followed
by 15 minutes at 70ºC. cDNA was diluted as needed with TE buffer, and stored at
4ºC.
Quantitative real-time PCR was performed using TB Green reagents, on a ViiA
7 Real-Time PCR System (Applied BioSystems), using 2 μl of cDNA, 5 μl of TB
Green Premix Ex Tag (Takara), 0.2 μl of ROX reference dye, 0.2 μl of 5 μM forward
primer, 0.2 μl of 5 μM reverse primer, completed by 2.4 μl RNase-free water to 10 μl
total reaction volume. Each sample was run in three technical replicates.
Expression was determined using the standard curve method for all targets.
GAPDH mRNA levels were used for normalization.
Table 4 below lists the primers used for qRT-PCR reactions and the
corresponding sequences. Primers for LMTK1 were designed manually and checked
using Primer3Plus and Blast, spanning over introns. Due to LTMK1B presenting
two additional exons corresponding to its transmembrane domain, primers specific to
this splice variant were designed using these additional exons.
Other primers were either common primers shared in the Cell Signal Unit, or
ordered personally after selection from the Harvard Primerbank Primer Database
(https://pga.mgh.harvard.edu/primerbank/index.html).
Table 4. List of LMTK1 primers used qRT-PCR
Target
LMTK1
LMTK1B
GAPDH
CCNB1
CCNE1
CCNA2
CDKN1A
E2F1
CDK1
CDK2
CD44

3.8
3.8.1

Forward primer (5'-3')

Reverse primer (3'-5')

ACCTTCATCGCAACAATTTCGT

AGTAGTCCTCTCTGTACTTGCAG

GTAAGAAGGGCGGTATCGGG

CAAGGAGACCTCCGTGAGTG

GAAGGTGAAGGTCGGAGTCA

TTGATGGCAACAATATCCACTT

ACATGGTGCACTTTCCTCCT

GAGTTGGTGTCCATTCACCAT

GGCCAAAATCGACAGGAC

GGGTCTGCACAGACTGCAT

ACAAAGCTGGCCTGAATCAT

TGCTGTGGTGCTTTGAGGTA

AGTGGACAGCGAGCAGCTGA

CGAAGTTCCATCGCTCACGG

CATCCCAGGAGGTCACTTCTG

GACAACAGCGGTTCTTGCTC

GAAGCCTAGCATCCCATGTC

CCATTTTGCCAGAAATTCGT

CCAGGAGTTACTTCTATGCCTGA TTCATCCAGGGGAGGTACAAC
CCAGAAGGAACAGTGGTTTGGC ACTGTCCTCTGGGCTTGGTGTT

Protein expression analysis
Western blotting

Cells were lysed using TNE buffer (1% NP-40, 50 mM Tris-HCL [pH 7.5], 150 mM
NaCl, 1 mM EDTA, complete list of buffers in Table 5) supplemented with 1%
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protease inhibitor cocktail (Nalacai Tesque). Protein concentration was evaluated
using the Pierce BCA assay kit. Protein samples were adjusted to equal protein
amounts and dissolved in 3x SDS sample buffer containing mercaptoethanol.
Samples were then boiled at 95ºC for 5 min.
Protein samples were resolved on a gel of appropriate percentage based on
protein size (SDS-PAGE), for approximately 2 hours (until the protein front reaches
the bottom of the gel) at 125 V. Following SDS-PAGE separation, proteins were
electrotransferred onto 0.45 μm methanol activated polyvinylidene fluoride (PVDF,
Millipore catalog number IPVH0010) membrane at 12 V for 12 hours using a wet
transfer system. PVDF membrane was then blocked in 5% skimmed milk for 2 hours
and probed with primary antibodies, diluted in Can Get Signal solution 1, for 2
hours at 25ºC (list of antibodies and dilutions: see Table 6 below). Membranes were
then incubated with horseradish peroxidase (HRP)-conjugated secondary antibody,
diluted in Can Get Signal solution 2, for 45 min at 25ºC, followed by Western
Lighting Plus-ECL enhanced chemiluminescence substrate (PerkinElmer) or
Immobilon Western Chemiluminescent HRP substrate (Millipore) for antibodies
requiring higher sensitivity. Imaging was performed using an ImageQuant LAS 4000
mini (GE Healthcare). Protein levels were quantified using Image Studio ™ Lite (LICOR Biosciences) and normalized to a housekeeping gene (GAPDH, α-tubulin or βactin).
For phosphorylation analysis, SuperSepTM Phos-TagTM precast gels (Wako) were
used instead of classical gels.
Table 5. List of buffers
Buffer
30% acrylamide stock

Ingredients

29 g Acrylamide
1 g Bis-acrylamide
Dissolved in ddH20 and brought to 100 ml volume, filtered
10x SDS running buffer 30.3 g Tris
144.9 g Glycine
10 g SDS
Dissolved in ddH20 and adjusted to 1000 ml volume
10x Transfer buffer
30.3 g Tris
144.9 g Glycine
Dissolved in ddH20 and adjusted to 1000 ml volume
10x TBS
200 ml 1.0 M Tris HCl pH 7.5
87.66 g NaCl
Dissolved in ddH20 and adjusted to 1000 ml volume
Tris-HCl buffer
Tris dissolved in about 800 ml ddH20:


1.0 M: 121.14 g



1.5 M: 181.71 g



2.0 M: 242.28 g

pH adjusted to desired value with concentrated HCl at
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Buffer

TBST

TNE Buffer

3x Sample Buffer

Ingredients
25ºC
Final volume adjusted to 1000 ml
Lower gel: 1.5 M Tris pH 8.8
Upper gel: 1.0 M Tris pH 6.8
TBS: 1.0 M Tris pH 7.5
TNE Buffer: 2.0 M Tris pH 7.4
100 ml 10x TBS
1 ml Tween 20 (Polysorbate 20)
900 ml ddH20
50 mM Tris-HCl pH 7.4
120 mM NaCl
5 mM EDTA
1% NP-40
Dissolved in ddH20 and adjusted to 1000 ml volume
A variant with no EDTA was made for lysates subject to
phosphatase treatment to serve as negative controls for
phos-Tag gels
7.5 ml Upper gel buffer
0.6 ml 0.5 M EDTA pH 8.0
30 ml 10% SDS
10 ml Glycerol
1.9 ml ddH20 to 50 ml volume
Bromophenol blue
For use, add 15% 2-mercaptoethanol to buffer before
dilution

Table 6. List of antibodies used for Western blotting
Target
LMTK1
TBC1D9B
Rab11
Cyclin A
Cyclin B1
Cyclin D1
Cyclin E1
CDK1
Phospho-CDK1 (Tyr15)
CDK2

Manufacturer
Abcam
Bethyl Laboratories
BD Biosciences
Santa Cruz Biotechnology
Cell Signaling Technology
Santa Cruz Biotechnology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Abcam

Reference
ab566325
A304-655A-M
610656
sc-751
4138
sc-246
4129
77055
4539
ab32147

Dilution
1μg/ml
1:200
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
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Target

Manufacturer
CDK4
Santa Cruz Biotechnology
CDK6
Santa Cruz Biotechnology
p53
Cell Signaling Technology
p27
Santa Cruz Biotechnology
p21
Santa Cruz Biotechnology
Rb
BD Pharmingen
YAP
Cell Signaling Technology
Merlin
Cell Signaling Technology
SAV1
Cell Signaling Technology
MST1
Cell Signaling Technology
MST2
Cell Signaling Technology
LATS1
Cell Signaling Technology
MOB1
Cell Signaling Technology
CD44
Cell Signaling Technology
Akt
Cell Signaling Technology
Phospho-Akt (Ser473)
Cell Signaling Technology
Erk
Cell Signaling Technology
Phospho-Erk (Thr202/Tyr204) Cell Signaling Technology
Src
Cell Signaling Technology
Phospho-Src (Tyr416)
Cell Signaling Technology
PARP/Cleaved PARP
Cell Signaling Technology
LC3
MBL
p62
Cell Signaling Technology
α-tubulin
Sigma
β-actin
Santa Cruz Biotechnology
GAPDH
Cell Signaling Technology
Vinculin
Santa Cruz Biotechnology
3.8.2
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Reference
sc-260
sc-177
2524
sc-1641
sc-6246
554136
14074
12888
13301
3682
3952
3477
13730
3570
9272
4060
4695
9101
2110
2101
9542
PM036
5114
T9026
sc-69879
2118
sc-25336

Dilution
1:1000
1:1000
1:1000
1:500
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:500

Validation of the LMTK1 antibody for Western Blot analysis

The LMTK1 antibody purchased from abcam was first tested on a panel of cell lines
including lung cancer cell lines (A549, NCI-H520 and NCI-H1975), and a number of
widely used cell lines: HeLa (cervical adenocarcioma), HepG2 (hepatocellular
carcinoma), Jurkat (leukemia), and SH-SY5Y (neuroblastoma), as shown in Figure
3.4.
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Figure 3.4: Preliminary analysis - LMTK1 expression in a panel
of cell lines

The presence of the lower band, of relatively stable intensity across cell lines,
required additional verification to confirm it as a non-specific band.
Based on the intensity of the upper band, HeLa cells exhibited a potentially
higher level of LMTK1 expression than most cell lines in the panel, so it was
selected to perform a series of siRNA knock-down experiments to further validate
the antibody.
HeLa cells were maintained in Wako Low-Glucose DMEM medium supplemented
with 10% heat-inactivated fetal bovine serum and 1% penicillin-streptomycin, and
incubated at 37ºC in humidified atmosphere with 5% CO2.
LMTK1 nanoscale siRNA was purchased from Sigma Aldrich (Catalog number:
SIHK0009). HeLa cells were transfected using Opti-mem and Invitrogen
Lipofectamine RNAimax following the manufacturer's protocol for reverse
transfection. RNA and lysates were collected after 48 hours, and processed according
to the protocols described in this chapter.
The experiment was repeated three times, and a representative set of data is
shown in Figure 3.5. The mock-treated cells are treated as a positive control. The
knock-down confirmed the non specificity of the lower band, and the specificity of
the antibody for LMTK1 protein expression.
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Figure 3.5: Validation of the LMTK1 antibody
HeLa cells were treated as a positive control for LMTK1 expression and the antibody was
validated by siRNA knock-down of LMTK1.

3.9

Colony formation assay

100 cells of each type (mock, LMTK1A, LMTK1B) from each set of clones were
seeded in triplicate (total: 9 wells per cell type) in 6-well plates and incubated in
humidified atmosphere with 5% CO 2 at 37ºC. Once colonies reached a sufficient
size, the medium was removed and cells rinsed twice with PBS before fixation with a
solution of 20% ethanol and 0.5% crystal violet. The plates were scanned using an
HP computer scanner, and colonies were then counted in ImageJ.

3.10 Cell migration assay
Migration assays were performed using the IncuCyte 96-well Scratch Wound Cell
Migration assay protocol, following the manufacturer's instructions (Essen
BioScience). For each clone (mock and wild-type LMTK1 clones), 8 wells of a 96well ImageLock plate (Cat No: 4379, Essen BioScience) were seeded with 40,000 cells
and incubated for 24 hours to reach confluence. The IncuCyte WoundMaker was
then used to generate a uniform scratch wound in each well. Wells were rinsed with
fresh medium to remove all floating cells. The Incucyte Live-cell Imaging System
(Essen BioScience) was used to acquire images every 2 hours over a 48 hour time
period. The images were analyzed using the IncuCyte Cell Migration Software
module.

3.11 Proliferation assay
25,000 cells of each type (all 17 mock/wild-type LMTK1/mutant LMTK1 clones)
were seeded in duplicate in 12-well plates. Every 24 hours, duplicate wells for each
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cell line were collected. For each duplicate, the number of cells was counted twice,
using a TC20 Automated Cell Counter (BioRad) and averaged.

3.12 Apoptosis and autophagy induction
To analyze the effect of LMTK1 expression on the apoptotic or autophagic response
of cells, mock/LMTK1A/LMTK1B cells were seeded for 24 hours before being
subjected to different treatments in order to induce apoptosis or autophagy:
•

Serum starvation: complete medium was removed, cells were rinsed with PBS
and medium containing 0% FBS was added.

•

Tunicamycin treatment: complete medium was removed, cells were rinsed
with PBS and complete medium containing 5 μg/ml tunicamycin (MBL,
Catalog number: CC104-0010).

•

Mitomycin C treatment: complete medium was removed, cells were rinsed
with PBS and complete medium containing 5 μg/ml mitomycin C (Wako,
Catalog number: 133-15931).

Lysates were collected after 24 hours of treatment and processed for Western
Blot analysis.

3.13 Cell cycle synchronization
Cell synchronization in late G1 phase was performed using a modified version of the
hydroxyurea-mediated synchronization described in (“Studying Cell Cycle-regulated
Gene Expression by Two Complementary Cell Synchronization Protocols |
Protocol,” n.d.).


0.25 x 106 cells per well were seeded in 6-well plates or glass bottom dishes
(for immunostaining) in 2 ml complete culture medium per well. For each
type of cells (mock, LMTK1A, kn-LMTK1A) and for each collection time
point, we prepared:
•

2 or 3 glass bottom dishes as needed;

•

one 6-well plate distributed as follows:


1 well for Ethanol fixation for Flow Cytometry




1 well for PFA fixation for Flow Cytometry (only the last
experiment)
1 well for RNA extraction



4 wells for lysates (3 when PFA fixation was performed)



Cells were incubated for 24 hours at 37ºC in a humidified atmosphere with
5% CO2.



Complete medium was removed from wells. Each well was rinsed with PBS,
followed by the addition of 2 ml FBS-free medium per well. Cells were
incubated for an additional 24 hours at 37ºC in a humidified atmosphere
with 5% CO2.
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G1/S cell cycle arrest with hydroxyurea (HU).
•





Fresh HU stock solution (500 mM) was prepared prior to each use.
76.06 mg of HU powder (Sigma-Aldrich, Catalog number: H8627) was
dissolved into 2 ml of ddH 20, followed by filtration through a 0.2 μm
pore size filter. For a final HU concentration of 4 mM, 800 μL of filtersterilized HU stock solution was then dissolved into 100 ml complete
medium.
• Medium was removed from all wells and replaced with a freshly
prepared 4 mM HU-containing complete medium (2 mL/well).
• Cells were incubated for another 24 hours in HU-containing medium at
37ºC in a humidified atmosphere with 5% CO2.
Cells were then released from HU-mediated arrest: HU-containing medium
was removed from the wells, each well was rinsed twice with PBS, followed
by addition of 2 ml complete medium per well.
Samples for the 0h time point were collected immediately. Remaining plates
were incubated again until collection. Samples were collected every 4 hours
(4h, 8h, 12h, 16h, 20h).

3.14 Flow cytometry
3.14.1 Ethanol fixation
Cells destined for FACS analysis were trypsinized and washed twice in PBS, before
being fixed in an ice-cold solution of 70% ethanol. Fixed cells were stored at -30ºC
until use.
3.14.2 PFA fixation
Cells destined for FACS analysis were trypsinized and fixed in 2% PFA in
phosphate-buffered solution (Wako) for 15 minutes at room temperature. Following
fixation, the cells were rinsed twice with PBS and resuspended in a blocking solution
(2% FBS in PBS). Fixed cells were stored at 4ºC until use.
3.14.3 FACS analysis
For flow cytometry, cells were dissociated in staining buffer (PBS, 0.1% Triton X100, 2% FBS) and labelled with 7-AAD (BD Biosciences) for cell cycle analysis, or
Annexin V for apoptosis analysis. At least 20,000 events were acquired in triplicate
using a FACS ARIA III (BD Biosciences). The data was subsequently analyzed
using FlowJo 10.3 software (Tree Star) using Dean-Jett-Fox algorithm.

3.15 Immunofluorescence
3.15.1 PFA fixation
Cells seeded on glass bottom dishes were rinsed twice with PBS before fixation in
2% PFA in phosphate-buffered solution (Wako) for 15 minutes at room temperature.
The dishes were then rinsed twice in PBS, and covered in blocking solution (PBS +
2% FBS). Fixed plates were stored in the dark at 4ºC until use.
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3.15.2 Staining and imaging
PFA fixed cells were permeabilized with eBioscience transcription factor Perm/Wash
buffer (ThermoFisher) for Yap staining or Perm/Wash buffer I (BD Bioscience) for
all other conditions. After incubating with primary antibody, cells were washed with
PBS following incubation with fluorochrome conjugated secondary antibody and
phalloidin. After further washing, cells were mounted in Vectashield (Vecta)
mounting media with DAPI. All immunofluorescence images were acquired using a
Leica confocal microscope (TCS SP8 Leica) using Lightning algorithm.
3.15.3 Validation of the LMTK1 antibody for immunostaining
To validate the specificity of the LMTK1 antibody for immunostaining, LMTK1A
expressing cells were fixed with PFA and stained for LMTK1 and FLAG using the
protocol described above. Assigning the green channel to the FLAG signal, and the
red channel to the LMTK1 signal, colocalization was confirmed when the overlay
produced a yellow signal, as illustrated in the right panel of Figure 3.6.

Figure 3.6: Immunofluorescence analysis for FLAG and LMTK1 in LMTK1A
expressing cells confirms specificity of the LMTK1 antibody

3.16 Co-immunoprecipitation
For co-immunoprecipitation, 1 mg of protein lysate was processed using antiFLAG M2 magnetic beads (Sigma Aldrich, M8823), following the manufacturer's
instructions. 10% of the lysates were initially aliquoted to serve as loading input.
Elution was performed either directly with SDS Page Sample buffer, or with 3X Flag
peptide solution (30 μL at a concentration of 1 μg/ml). The resulting samples were
then analyzed using the Western Blot protocol and antibodies described above.

3.17 Additional experiments in NCI-H441 cells
3.17.1 Cell culture
NCI-H441 cells were maintained in Wako RPMI medium supplemented with 15%
heat-inactivated fetal bovine serum, 50 U/mL penicillin and 50 U/mL streptomycin.
The cells were grown in humidified atmosphere with 5% CO2 at 37ºC.
3.17.2 siRNA transfection
NCI-H441 cells were transfected using Opti-mem and Invitrogen Lipofectamine
RNAimax following the manufacturer's protocol. Initial transfections were performed
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using the protocol for reverse transfection, at a final concentration of 25 nM. When
needed, a follow-up transfection was performed after 96 hours, using following the
protocol for forward transfection, at a final concentration of 25 nM as well. The
siRNA used for knock-down were purchased from Invitrogen:
•

LMTK1 Stealth siRNA (siRNA ID: AATKHSS190470)

•

Stealth RNAi Negative Control High GC Duplex (Catalog Number: 12935400)

3.17.3 Proliferation assay following LMTK1 siRNA knock-down
For each collection point (Day 4 and Day 8), 100,000 NCI-H441 cells were reversetransfected with siLMTK1 or control siRNA and seeded in duplicate (experiment 1)
or triplicate (experiments 2 and 3) in 6-well plates. At Day 4, the cells seeded for
Day 8 were subjected to a second, forward-transfection with siLMTK1 or control
siRNA. On Day 4 and 8, cells were collected. For each replicate well, the number of
cells was counted twice, using a TC20 Automated Cell Counter (BioRad) and
averaged. Lysates and RNA were extracted from the cells for qRT-PCR and
Western Blot validation of the knock-down.
Additionally, the experiment was repeated twice in the Incucyte Live-Cell
Imagine System (Essen Bioscience), with triplicate wells for siLMTK1 and control
siRNA for each experiment. The cells were initially incubated for 24 hours in a
regular incubator before being placed in the Incucyte. Images were acquired on a
daily basis for the following 7 days.

3.18 Statistical methods
Differences between groups were examined for statistical significance using Student's
t-test (two-tailed distribution with two-sample equal variance). For intranuclear
YAP quantification, comparison between groups was performed for each time point
using a chi-squared method. p-values of 0.05 were considered to be statistically
significant.

Chapter 4. Results
4.1 Analysis of patient data shows that LMTK1 is downregulated
in lung cancer, with a moderate impact on the survival of lung
adenocarcinoma patients
Before examining the status of LMTK1 expression in cancer, we first confirmed its
expression in healthy lung tissue using data from the GTEx database (Figure 4.1).
Consistent with previous reports (Gaozza et al., 1997), these data confirmed that
LMTK1 is expressed in lung tissue. We noted that the exons corresponding to the
transmembrane domain characteristic of LMTK1B (exons 1 and 2 to the right) have
very low expression, which corroborates the idea that the main isoform present in
healthy lung cells is LMTK1A.

Figure 4.1: LMTK1 exon expression in lung tissue
Data from the GTEx database (https://gtexportal.org/) confirms that LMTK1 is
expressed in lung tissue, mainly as the LMTK1A isoform. Exons 1 and 2, to the right of
the figure, correspond to the transmembrane domain characteristic of LMTK1B and
exhibit very low expression.

We then analyzed the RNA-seq data from patient cohorts provided by the
TCGA project and confirmed that LMTK1 expression is severely altered in both
lung adenocarcinoma (hereafter abbreviated as LUAD) and lung squamous cell
carcinoma (abbreviated as LUSC). A box-plot representation of the distribution of
LMTK1 mRNA expression considering all available samples (Figure 4.2) showed an
approximately 8-fold reduction in median LMTK1 expression in LUAD and about
10-fold in LUSC.
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Figure 4.2: Comparison of LMTK1 mRNA expression levels in lung cancer tissues
and healthy tissue
Box-plot analysis of LMTK1 mRNA expression levels (RSEM normalized fragments) over
all TCGA samples available, for LUAD and LUSC (generated using The TCGA
Expression Browser https://tools.altiusinstitute.org/tcga/). All are displayed as notched
plots centered on the median value, representing the 95% confidence interval. Outliers are
left untrimmed.
LUAD:
n(normal) = 59
median = 850.9
95% CI (notch) [782.4, 919.3]
n(tumor) = 517
median = 110.2
95% CI (notch) [92.46, 127.9]
The confidence intervals do not overlap: medians differ significantly.
LUSC:
n(normal) = 51
median = 654.0
95% CI (notch) [553.5, 754.5]
n(tumor) = 502
median = 62.31
95% CI (notch) [58.21, 66.41]
The confidence intervals do not overlap: medians differ significantly.

This was further confirmed by paired tumor-healthy-tissue analysis (Figure 4.3),
based on a similar analysis already conducted in the lab (Shirai et al., 2019). In both
subtypes, all but one patient exhibit downregulation of LMTK1 mRNA expression.
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Figure 4.3: LMTK1 mRNA levels: paired tumor-healthy tissue analysis
Analysis of LMTK1 mRNA expression levels (RSEM normalized fragments) in
paired tumor-healthy tissue for LUAD (top, n=58) and LUSC (bottom, n=51).
Each pair of one red bar and one blue bar represents one patient, the red bar
expressing tumor mRNA levels while the blue bar expresses mRNA levels in
neighboring healthy tissue.
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Survival analysis showed that high expression of LMTK1 seems to have a
moderately protective effect in LUAD patients (Figure 4.4 top) with a logrank p
value close to significance (p = 0.0549). On the other hand, in LUSC (Figure 4.4
bottom), high expression levels of LMTK1 seem to have a slightly detrimental effect,
but with no statistical significance.

Figure 4.4: Analysis of patient survival against LMTK1 mRNA expression
levels
Kaplan-Meier curves generated with OncoLNC (http://www.oncolnc.org/) for
lowest/highest tertiles of LMTK1 mRNA expression.
For LUAD (top, n=162 for each tertile), high expression of LMTK1 correlates
with longer survival, with a logrank p-value of 0.0547 that is close to significant.
For LUSC (bottom, n=161 for each tertile), high expression of LMTK1 correlates
with poorer survival, but with a logrank p-value of 0.277 that is not significant.
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A brief analysis of DNA mutations and copy number variation (CNV), illustrated
in Figure 4.5, shows that mutation or amplification of the AATK gene are rare
events and do not explain the prevalence of LMTK1 downregulation. On the other
hand, previous research by (Haag et al., 2014) already established the role of DNA
methylation in LMTK1 dowregulation both in cell lines and in primary tumor
samples, so we did not explore further the possible causes of LMTK1
downregulation.

Figure 4.5: Frequency of alterations affecting the AATK
gene encoding LMTK1

We also examined the correlation between the expression of miR-338 and the
mRNA expression of LMTK1. As noted in section 1.3.8, miR-338 is hosted in an
intron of the AATK gene, and is activated and transcribed along with LMTK1
(Barik, 2008; Rodriguez et al., 2004). It has been shown to act as a tumor suppressor
in NSCLC (Chen et al., 2016; Doecke et al., 2016; Hong-yuan and Xiao-ping, 2015;
Li et al., 2016; Sun et al., 2015). The results of this analysis, shown in Figure 4.6,
demonstrate high levels of correlation between the expression of miR-338 and
LMTK1 (Pearson correlation coefficient: r=0.775 for LUAD and r=0.570 for LUSC),
as expected based on existing research.

Figure 4.6: Correlation analysis: expression of miR-338 correlates
well with expression of LMTK1 mRNA in LUAD and LUSC
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This result indicates that LMTK1 dysregulation could affect cancer progression
in two ways:
•

directly, through LMTK1 expression levels;

•

indirectly, through the expression levels of this intronic microRNA.

While the effects of mir-338 have already been well studied in NSCLC, no
existing research has demonstrated the direct effect of LMTK1 downregulation in
lung cancer. Therefore, our efforts to shed some light on the mechanism of action of
LMTK1 in the context of lung cancer could provide a broader and more accurate
picture of the effects of LMTK1 downregulation.
This preliminary analysis allowed us to confirm that:
•

LMTK1 is expressed in lung tissue, mainly as LMTK1A.

•

LMTK1 mRNA expression is downregulated in lung cancer.

•

LMTK1 mRNA levels correlate with poorer survival in the lung
adenocarcinoma subtype with a logrank p-value that is close to
significant.

For the experimental phase, we therefore decided to focus our efforts more
specifically on LUAD and on the effects of LMTK1 downregulation in this cancer
subtype.

4.2

Experimental approach

To further inform our experimental approach, we first determined the protein
expression levels of LMTK1 by immunoblotting in a panel of representative lung
cancer cell lines (Figure 4.7): A549, NCI-H1975, NCI-H441 (lung adenocarcinoma)
and NCI-H520 (lung squamous cell carcinoma).

Figure 4.7: LMTK1 protein expression in a panel of
representative NSCLC cell lines
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Among the LUAD cell lines, A549 cells expressed the lowest levels of LMTK1
and NCI-H441 the highest. Therefore, we selected these two cell lines to explore the
function of LMTK1 with two complementary approaches:
•

The main experiments were conducted in A549 cells using LMTK1
overexpression by retroviral transduction.

•

A few targeted experiments were conducted in NCI-H441 cells using
LMTK1 siRNA knock-down. While the major drawback of this approach is
the transient nature of siRNA knock-down, these experiments were designed
to confirm the results obtained by overexpression and reflect more accurately
the physiological levels of LMTK1 expression in lung tissue.

To produce A549 cell lines with stable overexpression of LMTK1, we subcloned
FLAG-tagged expression vectors kindly provided by the Rubin lab (Ma and Rubin,
2014) into the pMXs-puro vectors commonly used in the Cell Signal Unit to produce
cells stably expressing the wild-type variants of LMTK1 (A and B). In addition, we
used site-directed mutagenesis to produce mutant versions of these two variants, to
analyze in more detail the impact of the known functions of LMTK1:


One mutation targeted the active site of the catalytic kinase domain (Nishino
et al., 2019; Takano et al., 2012; Tomomura et al., 2001), thereby abrogating
the kinase function of LMTK1 (noted as kn-LMTK1A or B).



The other mutation targeted the PP1 docking site (noted as pp1n-LMTK1A
or B) identified by (Gagnon et al., 2007), which was determined to be a key
regulator of LMTK1's SPAK-binding ability. We also speculated that this
PP1 binding site activity may have broader implications than SPAK-binding
regulation and therefore had more potential to uncover LMTK1's function.

A total of 17 cell lines was established by retrovirally transducing A549 cells:


3 control cell lines (designated as “mock”)



3 over-expressing wild-type LMTK1 (wt-LMTK1A, wt-LMTK1B)



2 for each mutant (kn-LMTK1A, kn-LMTK1B, pp1n-LMTK1A, pp1nLMTK1B).

Expression levels of LMTK1 were confirmed both by quantitative real-time PCR
and by Western Blot analysis, as illustrated in Figure 4.8. For brevity, qRT-PCR
data only shows a representative set of wild-type and mutants each. A set of
LMTK1B specific primers (spanning the exons corresponding to the transmembrane
domain) allowed us to validate the expression of this specific variant, as illustrated
in the right column of this figure.
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Figure 4.8: Validation of LMTK1 overexpression in all cell lines
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Exploratory phase: RNA sequencing analysis

To understand if restoring LMTK1 expression had any effect on global gene
expression, we performed RNA-seq on a set of samples. As a general quality control
on the data, we first generated the dispersion plot for our samples (Figure 4.9) and
detected no anomaly.

Figure 4.9: Dispersion plot of the RNA-seq data obtained from
mock/LMTK1A/LMTK1B samples
The dispersion decreases as the means of normalized counts increase, the
data show no major anomaly.

Due to a number of technical and time constraints, the different samples were
composed of RNA extracted at different passages (P3, P4 and P6) from the same set
of cell lines (set I, as described above). As a consequence, we first performed a
principal component analysis to assess the strength of the passage effect on the data
(Figure 4.10).

Figure 4.10: Principal
samples RNA-seq data

component analysis

of

the
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Figure 4.10 shows that samples clustered by passage rather than LMTK1 expression,
which would introduce a strong distorsion in any further analysis. To account for
this effect, we introduced a batch correction in the data analysis performed with the
DESeq2 library. Without any correction, the only gene being significantly
differentially expressed was LMTK1. Once the batch correction was applied,
comparison of gene expression profiles revealed:
•

3639 differentially expressed genes with LMTK1A overexpression

•

4866 differentially expressed genes with LMTK1B overexpression

as illustrated in the MA plots (Figure 4.11) generated for LMTK1A (top) and
LMTK1B (bottom).

Figure 4.11: Differentially
overexpression

expressed

genes

after

LMTK1
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The analysis showed that there is large overlap (3218 genes, Figure 4.12) between
the genes differentially expressed in the LMTK1A and LMTK1B expressing samples.
A Kegg pathway analysis (Figure 4.13) confirmed that the pathways enriched by
LMTK1A and LMTK1B overexpression also overlap. In particular, we noted that
DNA replication and Cell cycle related pathways were enriched for both LMTK1A
and LMTK1B.

Figure 4.12: Differentially expressed genes associated
with LMTK1A and LMTK1B overlap significantly.

Figure 4.13: Kegg pathway analysis on LMTK1A/LMTK1B differentially expressed
genes
The analysis was performed for all of the following subgroups:
• all genes differentially expressed due to LMTK1A / LMTK1B overexpression (first
and second column)
• the genes common to both LMTK1A and LMTK1B (center column)
• genes unique to LMTK1A or LMTK1B (fourth and fifth column)
The analysis was limited to 15 categories for readability.
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Interestingly, since LMTK1 was initially discovered to be elevated during
apoptosis (Gaozza et al., 1997), and thus named “Apoptosis-Associated Tyrosine
Kinase”, we began this project with the idea that LMTK1 downregulation might be
linked to the development of apoptosis resistance in lung cancer. However, we were
surprised to find no mention of apoptosis in the results of the Kegg pathway
analysis. We also performed gene ontology analyses (not shown here for brevity)
which showed that a large number of cell processes associated with DNA replication,
cell cycle progression and cell cycle checkpoints were affected by LMTK1 expression,
but little involvement in apoptosis per se.
Finally, we generated a visualization of the gene regulatory networks associated
with the differentially expressed genes common to LMTK1A and LMTK1B
overexpression. We restricted the network to genes with a p-value less than 10⁶
(0.000001). The resulting figure was reduced to the section illustrated in Figure 4.14,
centered on LMTK1 and genes central to the networks. E2F1, a transcription factor
essential to cell cycle progression (DeGregori et al., 1995, p. 1; Ohtani et al., 1995, p.
1), features prominently in the network as an indirect target of LMTK1
overexpression.

Figure 4.14: Regulatory gene networks associated with differentially expressed genes
common to LMTK1A and LMTK1B

Using the Gepia2 Gene Expression Profiling Interactive Analysis tool
(http://gepia2.cancer-pku.cn/#correlation), we performed a correlation analysis
between LMTK1 and E2F1 mRNA expression levels across all available datasets
(LUAD patient tumor tissue and healthy tissue, as well as GTEx healthy lung
tissue). The results (Figure 4.15) show a negative correlation between LMTK1 and
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E2F1 mRNA expression levels, which is particularly strong when taking all datasets
into account.

Figure 4.15: LMTK1 and E2F1 mRNA expression - correlation analysis
Left: Correlation analysis for TCGA LUAD tumor data only.
Pearson correlation coefficient R=-0.12 with p-value=0.0086.
Right: Correlation analysis for TCGA LUAD tumor data, TCGA LUAD healthy data,
and GTEx healthy lung tissue data.
Pearson correlation coefficient R=-0.4 with p-value=6.2 x 10-34 .

Taken together, the results from this exploratory analysis suggest a possible
involvement of LMTK1 in cell cycle regulation.

4.4 Effect of LMTK1 expression on colony formation, cell
migration, cell growth, autophagy and apoptosis
Our preliminary analyses on TCGA data led us to hypothesize that LMTK1 might
play a role in cancer development. To test this hypothesis and shed some light on
the function of LMTK1, we examined the effects of the expression of both LMTK1
splice variants on a number of cancer hallmarks: clonogenicity, migration,
proliferation, autophagy and apoptosis.
First, we examined the effect of LMTK1 expression on colony formation by
seeding 100 cells in 6-well plates until the formation of colonies of sufficient size
(Figure 4.16). We observed a significant and comparable reduction in the number of
colonies when LMTK1 expression was restored: the mean colony formation rate was
92% (± 6.6% SEM) in the mock cells, reduced to 68% ( ± 5.6% SEM, p=0.00018) in
cells expressing LMTK1A and 72% (± 7.3% SEM, p=0.00040) in cells expressing
LMTK1B.
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Figure 4.16: LMTK1 expression inhibits colony formation
100 cells of each type (mock, LMTK1A, LMTK1B) from each set of
cell lines were seeded in triplicate (9 wells total per cell type) in 6well plates. Resulting colonies were fixed with an Ethanol-Crystal
violet solution, and colonies were counted in ImageJ. All values are
expressed as means ±SEM.
* = p<0.05 ** = p<0.01 *** = p<0.001

To examine the effect of LMTK1 expression on cell migrative abilities, we
performed a scratch-wound assay using the IncuCyte 96-well Scratch Wound Cell
Migration assay protocol. To assess the migration capabilities, we chose to use the
criterion of rate of cell migration which is less sensitive to cell morphology than
wound confluence or density:
rate of cell migration=

( Width at t=0 ) – ( Width at t=final )
total time

We find a small and statistically non significant reduction of migration ability in
cells expressing LMTK1 (Figure 4.17).
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Figure 4.17: LMTK1 expression does not significantly affect cell migration
40,000 cells of each type (mock, LMTK1A, LMTK1B) from each set of cell lines were
seeded in 8 wells (24 wells total per cell type) in an 96-well ImageLock plate, incubated to
reach confluence and scratched using the Incucyte WoundMaker. Images were acquired
every 2 hours from 0 to 46h. All values are expressed as means ±SEM.

We then performed a proliferation assay by seeding 25,000 cells in 12-well plates
and measuring cell growth every day. Interestingly, this experiment showed a
statistically significant reduction in proliferation in the cells expressing LMTK1.

Figure 4.18: LMTK1 expression significantly reduces cell proliferation
25,000 cells of each type (mock, LMTK1A, LMTK1B) from each set of cell lines
were seeded in duplicate in 12-well plates and counted every 24 hours. All values
are expressed as means ±SEM.
* = p<0.05 ** = p<0.01
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We analyzed possible causes for this decrease in proliferation:


increased cell death, including apoptosis and autophagy



elongation of the cell cycle

To examine the effect of LMTK1 on cell death, we subjected the cells to
complete serum starvation for 24 hours. Apoptosis levels were evaluated both by
flow cytometry (PFA fixation followed by Annexin V staining, Figure 4.19) and by
immunoblotting for PARP and cleaved PARP (Figure 4.20). In both cases, we could
not detect any significant effect of LMTK1 expression on the apoptotic response.

Figure 4.19: LMTK1 expression does not increase apoptosis under starvation
conditions
Flow cytometry analysis of apoptosis (Annexin V staining) in cells subjected to serum
starvation.
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Figure 4.20: LMTK1 expression does not increase apoptosis under
starvation conditions
Immunoblotting for PARP shows no major increase in cleaved PARP
in cells subjected to serum starvation, and no visible effect of LMTK1
expression on apoptotic response.

To further confirm this result, we additionally subjected mock and LMTK1A
cells to treatments with tunicamycin and mitomycin C, in order to induce apoptosis
more visibly (Figure 4.21). Both treatments led to increased cleaved PARP, which
confirmed that apoptosis could indeed take place. However, we still observed no
difference in response to starvation (0% FBS) as opposed to complete medium, and
no difference in the response between LMTK1A and control cells with any of the
treatments.

Figure 4.21: Additional analysis: LMTK1A expression does not
affect apoptotic response of the cells in response to various proapoptotic treatments

To analyze a possible autophagic response, we also performed immunoblotting
analysis of LC3 (Figure 4.22). Autophagy is characterized by an increase in LC3-II
and a concomitant decrease in p62 expression. All cells exhibited a slight increase in
LC3-II expression when subjected to starvation.
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Figure 4.22: LMTK1 expression does not increase autophagy in
cell subjected to starvation
Immunoblotting for LC3 and p62 shows no effect of LMTK1 on
autophagy.

To further confirm this result, we additionally subjected mock and LMTK1A
cells to treatments with tunicamycin and mitomycin C, in order to induce
autophagy more visibly (Figure 4.23). Only mitomycin C led to a decrease in p62
protein levels, which would indicate that autophagy is taking place. However, we
still observed no difference in response to starvation (0% FBS) as opposed to
complete medium, and no difference in the response between LMTK1A and control
cells with any of the treatments.

Figure 4.23: Additional analysis: LMTK1A expression does not
affect autophagic response of the cells in response to various
treatments

Having ruled out cell death as an explanation for the decreased proliferation of
LMTK1 cells, we then hypothesized that LMTK1 may impact the cell cycle and
began to examine more closely whether the kinase activity or the PP1-binding
activity of LMTK1 was the main driver of reduced cell proliferation. We repeated
the cell growth assay, this time with all 17 cell lines (mock, wild-type, kinase
mutants and PP1-docking site mutants), as illustrated in Figure 4.24.
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Figure 4.24: LMTK1 kinase activity (top) is the main driver of reduced
cell proliferation rather than the PP1 binding function (bottom)
All values are expressed as means ±SEM.
* = p<0.05 ** = p<0.01
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This experiment confirmed two points of consequence for following experiments:


All the experiments conducted in this preliminary phase confirmed that both
LMTK1A and B variants exert comparable effects on cell proliferation. We
have shown in Figure 4.1 that LMTK1A seems to be the main variant
expressed in lung tissue. While we cannot fully rule out LMTK1B expression,
the corresponding levels would most likely be extremely low. Any
downregulation of LMTK1 expression in cancer tissue would therefore
translate most significantly as loss of the LMTK1A variant. As a
consequence, from here on, we focused our experimental efforts on
LMTK1A only.



The anti-proliferative effect of LMTK1 is abrogated both by the kinasenegative variants and the PP1-docking site deficient variants of LMTK1.
However, we note that the proliferation of the cells expressing the kinasenegative mutants matches the proliferation of the mock cells almost perfectly,
while the PP1-docking site deficient variant of LMTK1 seems to drive
proliferation to a level beyond that experienced by the mock cells. Taken
together, these data seem to indicate that the kinase activity of LMTK1 is
the main control mechanism lost due to LMTK1 downregulation. As a
consequence, from here on, we focused our experimental efforts on the
kinase activity of LMTK1A, by including the kinase-negative mutants
in all further experiments.

Figure 4.25 presents a simplified view of the proliferation assay, focusing only on
the mock, wt-LMTK1A and kn-LMTK1A cells.

Figure 4.25: LMTK1A kinase activity reduces cell proliferation
Proliferation assay conducted on mock cells and cells expressing wtLMTK1A and kn-LMTK1A, cultured in normal medium.
All values are expressed as means ±SEM.
* = p<0.05 ** = p<0.01
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Starting from Day 4, we begin to observe a visible divergence in the growth rates
of wt-LMTK1A cells compared to the mock and kn-LMTK1A cells. Based on the
values obtained for Day 4 and Day 6 (exponential phase) in the proliferation assay
from Figure 4.25, we calculated the hypothetical length of the cell cycle using the
formula described in (Uzbekov, 2004):

Cell cycle length=

duration∗log(2)
log ( FinalCellCount) − log( InitalCellCount )

and estimated the cell cycle to last:
•

23.39 hours in the mock cells

•

23.37 hours in the kn-LMTK1A cells

•

25.70 hours in the wt-LMTK1A cells.

4.5 LMTK1A kinase activity increases the length of the cell cycle
by slowing down progression from G1 through S phase
We sought out to confirm this increase in cell cycle length and study the underlying
mechanisms by performing cell synchronization in late G1 phase, mediated by 24h
serum starvation followed by 24h exposure to hydroxyurea. The cell synchronization
was lifted at t=0h and samples were then collected every 4h up to 20h total.
Flow cytometry analysis (Figure 4.26) shows that the wt-LMTK1A cells
experience delayed progression from G1 through S phase compared to the mock cells
and kn-LMTK1A cells. At t=4h, 84.20% (±1.27% SEM) of the wt-LMTK1A cells
are still in G1 phase, compared to only 70.63% ( ±1.58% SEM) of the mock cells
(p=0.009) and 58.93% (±0.18% SEM) of the kn-LMTK1A cells (p=0.001). At t=8h,
the wt-LMTK1A cells are still predominantly in S and G2/M phases, with only
37.33% ±1.78% SEM in G1 phase, while the mock and kn-LMTK1A cells have
already begun to cycle back to G1, reaching 49.37% ±1.31% SEM (p=0.036) and
52.13% ±0.44% SEM (p=0.005) respectively. At t=12h, the wt-LMTK1A cells show
approximately the same distribution (G1: 50.3% ±0.2% SEM, S: 25.9% ±0.82%
SEM, G2/M: 23.7% ±0.58% SEM) as the mock and kn-LMTK1A cells at 8h,
showing the extent of the delay. The difference in cell cycle phase distribution
between wt-LMTK1A and mock/kn-LMTK1A remain significant at this time point,
though to a greater extent with mock cells. After t=12h, the cell cycle phase
distribution pattern homogeneizes and the populations of wt-LMTK1A, mock and
kn-LMTK1A cells become indistinguishable. From this point on, we considered that
the most drastic changes occur in the first 8 hours after synchronization lift, and we
only used the time points 0h, 4h and 8h in further experiments.
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Figure 4.26: Cell cycle analysis of cells synchronized in late G1 phase by exposure to
hydroxyurea
Samples (n=3 for each condition) were collected at synchronization lift (t=0h) and every
4 hour post-synchronization lift until t=20h. All values are expressed as means ±SEM.
* = p<0.05 ** = p<0.01 *** = p<0.001

This is further confirmed by immunoblotting analysis of cell cycle associated
proteins (Figure 4.27).
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Figure 4.27: Immunoblotting analysis of cell cycle associated proteins after
hydroxyurea-mediated cell synchronization
Lysates were collected at synchronization lift (t=0h) and every 4 hour postsynchronization lift until t=20h. All images were quantified using Image Studio™ Lite
and normalized to an appropriate housekeeping gene. Quantification data is provided in
Figure 4.28 for the elements framed in red.

Most notably, we found that the expression (quantified in Figure 4.28 right) of
Cyclin E1 is reduced in wt-LMTK1A cells at time points 0h, 4h and 8h, while the
expression of p21 is consistently increased in wt-LMTK1A cells throughout the cell
cycle. Both of these changes in expression are concomitant with a similar pattern of
mRNA expression (Figure 4.28 left). We note that neither p53 expression, nor the
pattern of phosphorylation of Rb exhibit any difference between wt-LMTK1 cells
and the mock or kn-LMTK1A cells. We also note that wt-LMTK1A cells exhibit a
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strong increase in Cyclin B1 protein expression consistent with delayed cell cycle
progression, which does not result from transcriptional activation as confirmed by
qRT-PCR analysis.

Figure 4.28: Quantification graphs for Cyclin E1, p21 and Cyclin B1 (right)
and corresponding mRNA expression analysis (left)
qRT-PCR: RNA was collected at synchronization lift (t=0h) and every 4 hour
post-synchronization lift until t=20h. mRNA levels were normalized to GAPDH.
Analysis is shown for one set of representative data from 4 experiments.
Protein quantification: samples from 2 or 3 different experiments were
immunoblotted and quantified with normalization to a housekeeping gene. A
second normalization was applied to the quantification for the mock samples at
t=0, so that the final amount for mock(t=0) displayed in the graphs is always 1.
For clarity, only t=0, 4 and 8h are shown. Differences between groups were
analyzed at each time point using a Student t-test.
* = p<0.05 ** = p<0.01 *** = p<0.001
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4.6 LMTK1A kinase activity reduces mRNA levels of E2F1 by
promoting cytoplasmic retention of YAP
The change in Cyclin E1 mRNA expression led us to examine expression levels of
E2F1 (Figure 4.29), a known regulator of Cyclin E1 transcription. We found that at
the time points 4h and 8h, cells expressing wt-LMTK1A expressed significantly less
E2F1 mRNA than the mock or kn-LMTK1A cells.

Figure 4.29: E2F1 mRNA expression is significantly reduced in wt-LMTK1A
cells
qRT-PCR analysis of E2F1 mRNA levels (normalized to GAPDH) after
hydroxyurea-mediated cell synchronization. RNA was collected at
synchronization lift (t=0h) and every 4 hour post-synchronization lift until
t=20h. Data collated from 3 experiments. For clarity, only t=0, 4 and 8h are
shown. Differences between groups were analyzed at each time point using a
Student t-test.
* = p<0.05 ** = p<0.01 *** = p<0.001

We verified that other E2F1 targets mRNA levels were similarly affected: Cyclin
A, CDK1 and CDK2 (Figure 4.30) exhibited a pattern of expression that closely
followed that of E2F1 and Cyclin E1, confirming decreased transcriptional activity
of E2F1.
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Figure 4.30: Cyclin A2, CDK1 and CDK2 expression is significantly reduced
in wt-LMTK1A cells
qRT-PCR analysis of Cyclin A2, CDK1 and CDK2 mRNA levels (normalized to
GAPDH) at 0h, 4h and 8h after HU-mediated cell synchronization. mRNA levels
were normalized to GAPDH. Analysis is shown for one set of representative data
from 4 experiments. For clarity, only t=0, 4 and 8h are shown. Differences
between groups were analyzed at each time point using a Student t-test.
* = p<0.05 ** = p<0.01 *** = p<0.001

YAP is a known regulator of E2F1 transcription (Goulev et al., 2008; Kim et al.,
2019; Yuan et al., 2020) and its location is regulated during the cell cycle, with
nuclear localization peaking in G1 phase (Kim et al., 2019), so we then used
immunofluorescence and confocal microscopy on hydroxyurea-synchronized cells that
were fixed at the same time points (0h, 4h, 8h and 12h after synchronization was
lifted) to analyze YAP intracellular localization. We first verified that YAP protein
expression levels were unchanged (Figure 4.31). A representative sample of the
images obtained by immunofluorescence is illustrated in Figure 4.32.

Figure 4.31: YAP protein expression is unchanged by wtLMTK1A expression
Immunoblotting analysis of YAP shows no variation of expression at
0, 4 and 8h post-synchronization lift.
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Figure 4.32: YAP nuclear translocation is affected by wt-LMTK1A expression
Hydroxyurea-synchronized cells were fixed with PFA at 4h intervals post
synchronization lift.
The top row of the panel displays cells from the 0h time point, immunostained with
LMTK1 antibody (green), with nuclei stained with DAPI (purple) as a control of
LMTK1 expression.
The bottom three rows of the pannel display cells from the 0h, 4h and 8h time points,
immunostained with YAP antibody (red). Nuclei were stained with DAPI (white).
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For each cell type and each time point, fluorescence was measured for 50-100
cells sampled from 2-6 different images. Cells were characterized as “intranuclear
YAP” if their intranuclear fluorescence level was greater than the mean cytoplasmic
fluorescence + 2SD. The resulting quantification (Figure 4.33) showed a dramatic
difference in the proportion of wt-LMTK1A cells with intranuclear YAP at 0h (only
7.1% ±4.0% SEM, compared to 97.2% ±1.4% SEM for mock cells and 98.8% ±1.2%
SEM for kn-LMTK1A cells, p<0.001 in both cases), progressively rising at 4h (56.6%
±10.2% SEM, p<0.001 compared to mock and kn-LMTK1A) and finally peaking at
8h (100% ±0.0% SEM).

Figure 4.33: Quantification of YAP nuclear localization
YAP nuclear localization was quantified as a percentage of cells exhibiting an
intranuclear fluorescence level greater than the mean cytoplasmic fluorescence +
2SD. For each cell type and each time point, fluorescence was measured for 50100 cells sampled from 2-6 different images. Differences between groups were
analyzed at each time point using a chi-squared method.
* = p<0.05 ** = p<0.01 *** = p<0.001

YAP nuclear translocation is uninhibited in the mock and kn-LMTK1A
cells in G1 phase, whereas in the wt-LMTK1A cells, YAP nuclear
translocation is gradual and consistent with slower cell cycle progression.

4.7 LMTK1A kinase activity leads to cytoskeletal changes and its
effect is independent of Rab11. LMTK1A interacts with the tumor
suppressor Merlin/NF2
Finally, we examined a number of possible elements that could be mediating the
effects of LMTK1A kinase activity on YAP.
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Actin is known to be a regulator of YAP activation (Gao et al., 2020; Seo and
Kim, 2018; Wada et al., 2011) so we performed phalloidin staining of cells expressing
wt-LMTK1A and kn-LMTK1A which showed a dramatic change in the structure
and density actin fiber network (Figure 4.34).

Figure 4.34: wt-LMTK1A expression leads to a dramatic change in f-actin fiber
structure and distribution
Cells fixed with PFA and stained with DAPI (purple, nuclei) and Phalloidin (green, factin) show major changes in f-actin fiber structure and distribution when wtLMTK1A is expressed.

To detect whether YAP directly associated with actin filaments, we performed
additional staining for YAP and actin. While Figure 4.35 only shows a set of images
for time point t=0h, we examined other time points and could not detect any
particular pattern of colocalization between YAP and actin that would be dependent
on LMTK1A expression.

Figure 4.35: Immunostaining for YAP and actin shows no LMTK1A-dependent
pattern of colocalization
Cells fixed with PFA and stained with DAPI (blue, nuclei), Phalloidin (green, f-actin)
and YAP (red) show no major pattern of colocalization between YAP and actin.

In neurons, LMTK1A is known to regulate the activity of Rab11 through
TBC1D9B (Hisanaga et al., 2020), and Rab11 was shown to interact with YAP,
with Rab11 overexpression promoting YAP overexpression in NSCLC (Dong et al.,
2017). Therefore, we considered the possibility that the activity of Rab11 (and not
just its expression levels) may affect YAP activity as well. Previous work (Sharma et
al., 2016) reported strong colocalization of wt-LMTK1A and Rab11 in the endosomal
recycling compartment of Neuro2A cells, so we examined the colocalization of
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LMTK1A and Rab11 by immunofluorescence (Fig. 4.36). However, we could not
detect any pattern of colocalization.

Figure 4.36: Immunostaining for LMTK1 and Rab11 does not corroborate
colocalization
Cells fixed with PFA and immunostained with LMTK1 (green) and Rab11 (pink)
antibodies do not show any colocalization between wt-LMTK1A and Rab11. Nuclei were
stained with DAPI (white).

We verified that Rab11 and TBC1D9B expression levels were unchanged, and
examined the phosphorylation of TBC1D9B by Phos-Tag gel, but could not detect
any significant difference between the mock cells, kn-LMTK1A cells and wtLMTK1A cells (Figure 4.37).

Figure 4.37: Rab11 expression and TBC1D9B phosphorylation are unchanged with
wt-LMTK1A expression
Immunoblotting analysis of Rab11 and TBC1D9B shows no variation of expression.
TBC1D9B phosphorylation (using a Phos-tag gel) also shows no variation.

We noted that intracellular Rab11-enriched areas seemed slightly more compact
in wt-LMTK1A cells (Figure 4.38).

Chapter 4. Results

63

Figure 4.38: Rab11-enriched areas in wt-LMTK1A and kn-LMTK1A
cells
Cells fixed with PFA and immunostained for Rab11 (red) show more
compact Rab11-enriched areas in wt-LMTK1A cells. Nuclei were stained
with DAPI (white).

CD44 (Fan et al., 2018; Hu et al., 2018; Yu et al., 2014, p. 44; Zhang et al.,
2014), Erk (Yu et al., 2014, p. 44), Akt (Basu et al., 2003; Yu et al., 2014) and Src
(Hsu et al., 2020) have all been shown to modulate activity of the Hippo pathway in
cancer, so we examined the expression levels of all these candidate modulators, as
well as phosphorylation levels of Erk, Akt and Src. We did not detect any change in
Src or Erk phosphorylation levels (Figure 4.39).

Figure 4.39: Phosphorylation of Erk and Src is unchanged with LMTK1A expression

Intriguingly, though, we found that wt-LMTK1A cells exhibited higher protein
levels of CD44 (Figure 4.40 top). We verified mRNA expression levels of CD44 and
actually found no increase, but actually a small decrease in CD44 transcription
(Figure 4.40 bottom).
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Figure 4.40: CD44 protein expression is elevated in wt-LMTK1A
cells despite reduced transcription
Immunoblotting analysis of CD44 shows an increase in CD44 protein
expression in wt-LMTK1A cells (one representative set of membranes
from 2 experiments). qRT-PCR analysis of CD44 (normalized to
GAPDH) shows that mRNA levels are decreased in wt-LMTK1A cells.
Differences between groups were analyzed using a Student t-test.
* = p<0.05 ** = p<0.01 *** = p<0.001

We also identified an increase in Akt phosphorylation (Figure 4.41).
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Figure 4.41: Akt phosphorylation is increased in wt-LMTK1A cells
Immunoblotting analysis of Akt and phospho-Akt (Ser473) shows an
increase in Akt phosphorylation in wt-LMTK1A cells (one
representative set of membranes from 2 experiments).

Previous research has uncovered an interplay between Erk, Akt and YAP with
CD44 as upstream modulator and possible involvement of the tumor suppressor
NF2/Merlin as a mediator (Yu et al., 2014). Merlin is known to play a major role in
actin cytoskeleton organization (Petrilli and Fernández-Valle, 2016) and its
phosphorylation by Akt reduces its tumor suppressive activity and leads to its
degradation by ubiquitination (Okada et al., 2009; Tang et al., 2007; Ye, 2007). Our
results showing increased YAP cytoplasmic retention despite increased CD44
accumulation led us to question whether LMTK1 could interact with CD44 or
Merlin. To test this hypothesis, we first used the PSOPIA protein-protein
interaction prediction tool (https://mizuguchilab.org/PSOPIA/) to predict the
probability of interaction between Merlin and LMTK1. The overall score obtained
was 0.9426. While it remains below the optimal threshold value of 0.995, it is high
enough to warrant some investigation, so we performed co-immunoprecipitation with
FLAG-M2 beads, using the FLAG-tagged LMTK1A proteins (wild-type and kinasenegative) as bait. The results are illustrated in Figure 4.42.
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Figure 4.42: Co-immunoprecipitation of FLAG-tagged LMTK1
Merlin interaction with LMTK1A is confirmed.
No interaction is identified with YAP.
Faint bands are detected in wt-LMTK1A samples only for proteins known to interact with
Merlin.

CDK5 is known to phosphorylate LMTK1 (Honma et al., 2003; Tsutsumi et al.,
2010, 2010), so it served as a positive control for the success of the
immunoprecipitation.
TBC1D9B is also known to mediate LMTK1 regulation of Rab11 (Nishino et al.,
2019). However, we previously found no evidence of TBC1D9B phosphorylation by
LMTK1A, which seems further confirmed by the lack of identified interaction by coimmunoprecipitation.
We detected a clear band for Merlin in the wt-LMTK1A samples, as well as the
kn-LMTK1A samples. A faint band is also detected in the mock samples, which
could indicate some non-specific binding of Merlin to the FLAG-M2 beads directly
(an amino-acid sequence of Merlin presents some similarity, 6 amino-acids out of 8,
with the FLAG sequence). These data would suggest the existence of a physical
interaction between LMTK1A and Merlin that is independent of LMTK1A
kinase activity.
The analysis clearly shows the absence of interaction between LMTK1A and
YAP.
However, for wt-LMTK1A samples only, we could detect weak bands for proteins
which are known to interact directly or indirectly with Merlin:
•

CD44, as discussed previously;

•

and a number of protein involved in the Hippo Pathway: SAV1, MST1,
MST2 (SAV1 forms a complex with MST1/2), LATS1, MOB1 (which forms a
complex with LATS1).

These bands are absent from the kn-LMTK1A samples, which suggests that
LMTK1A kinase activity, while not directly involved in the interaction with
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Merlin, is somehow necessary for Merlin to interact with all of these
substrates and thus contributes to regulation of the Hippo Pathway .

4.8 LMTK1 siRNA knock-down experiments in NCI-H441
confirm that loss of LMTK1 drives cell proliferation
To conclude this study, we sought to confirm the results demonstrated by LMTK1
overexpression in A549 cells by performing the opposite experiment, LMTK1 knockdown, in a cell line with expression levels representative of physiological LMTK1
expression levels. As we demonstrated earlier in Figure 4.7, NCI-H441 cells express a
higher level of LMTK1 protein than A549, so this cell line constitutes a good
candidate for knock-down experiments. For a proliferation assay, due to the slower
growth rate of NCI-H441 cells (58-60 hours, as opposed to 23.5 hours for A549 cells)
and the transient nature of siRNA transfection, we had to modify the parameters of
the experiment. With NCI-H441 cells, we conducted proliferation assays by seeding
100,000 cells in 6-well plates with concomitant siRNA reverse transfection. Half of
the cells were collected and counted on day 4 post-transfection. The other half was
subjected to a second, forward transfection in order to extend the knock-down, and
collected and counted on day 8.
LMTK1 expression levels were verified by Western Blot analysis, as illustrated in
Figure 4.43.

Figure 4.43: LMTK1 siRNA knockdown in NCI-H441 cells
We observed a decrease in LMTK1 protein expression of about
30% on Day 4 and 10% on Day 8. Quantification was performed
on the membranes obtained from 2 separate knock-down
experiments.

A manual count of the cells, performed in 3 separate knock-down experiments on
duplicate or triplicate wells (8 wells total), consistently showed that reduced
LMTK1 expression levels lead to increased cell proliferation.
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Figure 4.44: LMTK1 knock-down significantly increases cell
proliferation
100,000 cells were seeded and reverse transfected in 6-well plates on
day 0. On day 4, half of the cells were collected, the other half was
subjected to a second, forward transfection, for collection on day 8.
Each data point represents 8 wells from 3 separate experiments
(2/3/3 wells for each experiment, each condition and each time
point). All values are expressed as means ±SEM.
* = p<0.05 ** = p<0.01 *** = p<0.001

The experiment was also repeated twice in the Incucyte Live-Cell Imagine
System, and provided scans which confirm the effect of LMTK1 knock-down on cell
proliferation illustrated in Figure 4.45.
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Figure 4.45: Incucyte scans after LMTK1 siRNA knock-down show increased cell
proliferation
100,000 cells were seeded and reverse transfected in 6-well plates on day 0. On day 1, the
plates were placed in the Incucyte for imaging. On day 4, the cells were subjected to a
second, forward transfection.
Top: Sample scans from the same well and same area on day 4 and day 8 for each
condition (control/siLMTK1). Cell confluence is indicated by the yellow overlay in the
scans, and obtained by automatic segmentation of the scans by the Incucyte system.
Bottom: The corresponding growth curve produced by the Incucyte system, based on the
analysis of 16 scans per well, for triplicate wells for each condition (control/siLMTK1).
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For each of these experiments, we also collected RNA samples, which we used to
verify the expression levels of one of our targets of interest, E2F1. Across 3 separate
experiments, we obtained a consistent and significant increase of E2F1 mRNA levels
on day 4, which reflects our previous results obtained with LMTK1 overexpression
in A549 cells (Figure 4.46).

Figure 4.46: E2F1 mRNA expression is significantly increased by
knock-down of LMTK1
qRT-PCR of E2F1 mRNA levels (normalized to GAPDH).
Data collated from 3 experiments. Differences between groups were
analyzed using a Student t-test.
* = p<0.05 ** = p<0.01

These initial knock-down results on cell proliferation and E2F1 mRNA expression
both confirm the results we previously established using overexpression.
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The aim of this project was to shed some light on the possible involvement of
LMTK1 expression in lung cancer progression and the associated mechanisms.
We first sought out to confirm the status of LMTK1 expression in lung tissue
and in NSCLC. We confirmed that LMTK1A is the main isoform found in healthy
lung tissue, and that LMTK1 was downregulated in NSCLC (consistent with
previous studies (Haag et al., 2014)) with a moderate effect on patient survival in
LUAD. Based on these preliminary data, we chose to focus on LUAD by using the
A549 cell model to generate cell lines overexpressing LMTK1.
A preliminary exploration using RNA sequencing, despite some technical
weaknesses due to the limited statistical power of samples extracted from the same
set of cell lines, nevertheless yielded some interesting results once proper corrections
were applied. These pointed towards a large number of functions common to
LMTK1A and LMTK1B, including regulation of the cell cycle and of DNA
replication. The gene regulatory network analysis turned our attention towards
E2F1, which turned out to be one of our central experimental results.
Initial experiments on cell proliferation demonstrated comparable effects of
LMTK1A and LMTK1B and a more significant effect of LMTK1's kinase activity,
so we narrowed all further experiments to LMTK1A's kinase activity by using cells
expressing both the wild-type and the kinase deficient mutant versions of LMTK1A.
Our cell proliferation assay showed that wt-LMTK1A expression lead to
decreased proliferation, while the kn-LMTK1A abrogated this effect to match mock
cells near perfectly. After ruling out apoptosis or autophagy as possible causes for
this observation, we determined that cell cycle progression was most likely slowed
down by the presence of active LMTK1A.
We performed cell synchronization mediated by 24 hour starvation and 24 hour
hydroxyurea exposure, leading to cell cycle block in late G1 phase. FACS analysis
showed that cells expressing wt-LMTK1A experienced a delayed progression through
G1 and S phases, compared to the mock cells and kn-LMTK1A cells. By
immunoblotting, we confirmed that wt-LMTK1A cells exhibited decreased
expression of Cyclin E1, as well as increased expression of p21, a known CDK
inhibitor which exerts its control on cell cycle progression at all stages of the cell
cycle (Abbas and Dutta, 2009; Vermeulen et al., 2003). p21 expression was increased
independently of p53, which showed no noticeable variations with and without
expression of LMTK1A, ruling out involvement of the DNA damage response. We
also observed an accumulation of Cyclin B1 in wt-LMTK1A cells, which was not
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associated with increased transcriptional activation (no difference was noted in
mRNA expression levels) but most likely resulted from the overall delay in cell cycle
progression and, more importantly, the change in the distribution of cells in different
phases.
The G1 phase of the cell cycle is associated with progressive phosphorylation and
inactivation of Rb (Vermeulen et al., 2003) leading to the release of E2F factors, in
particular E2F1 which regulates the transcription of Cyclin E (Ohtani et al., 1995),
Cyclin A, CDK1 and CDK2 (DeGregori et al., 1995), all contributing to cell cycle
progression to S phase. When the synchronization is lifted in late G1 phase, Rb is
highly phosphorylated in all conditions (mock, wt-LMTK1A and kn-LMTK1A) and
therefore inactive. E2F factors are unsequestered and able to exert their
transcriptional activity, and in these conditions, the amount of E2F factors becomes
the limiting factor. While wt-LMTK1A expression had no discernable effect on Rb
phosphorylation over time, the decrease in mRNA expression of Cyclin E1, Cyclin
A2, CDK1 and CDK2 led us to verify the expression of E2F1 by qRT-PCR. We
noted a significant downregulation of E2F1 mRNA levels at 4h and 8h after
synchronization lift, with the difference normalizing at 12h.
E2F1 was previously shown to be a direct target of the YAP-TEAD
transcriptional complex (Goulev et al., 2008; Kim et al., 2019; Yuan et al., 2020).
YAP is inactive and cytoplasmic when phosphorylated, and dephosphorylation
triggers nuclear translation that is necessary for YAP to play its role as a
transcriptional coactivator (Gao et al., 2017; Pocaterra et al., 2020). YAP is a
known oncogene in lung cancer, rarely amplified by genomic alterations but rather
displaying increased oncogenic activity due to upstream signalling modifications (Lo
Sardo et al., 2018). We considered YAP to be a target of interest due to previously
demonstrated interactions with Rab11 (Dong et al., 2017, p. 11). Our observations
on the effect of LMTK1A on cell cycle progression also fit well with the data
reported by (Kim et al., 2019) on the regulation of Hippo signaling during cell cycle
progression, with maximum nuclear localization during G1/S phase. Therefore, we
examined the distribution of YAP by immunofluorescence in cells subjected to the
same synchronization protocol and fixed with PFA at 4h intervals starting from
synchronization lift. Immediately after lifting the synchronization, we already found
a dramatic difference in the mock and kn-LMTK1A cells, where YAP is already
concentrated in the nucleus, as opposed to cells expressing wt-LMTK1A, in which
YAP is still predominantly cytoplasmic. Nuclear accumulation progressively
increases in the wt-LMTK1A cells until 8h, at which point the mock and knLMTK1A cells already exhibit a redistribution of YAP to the cytoplasm.
Consistently with our previous cell cycle analysis, the differences in YAP
intracellular distribution begin to normalize at 12h, when the distribution of cells
between phases begin to homogeneize across conditions. From these data, we
conclude that wt-LMTK1A exerts an inhibitory effect on YAP nuclear translocation.
These data are also consistent with our other results. Notably, decreased YAP
activation could explain the increase in p21 expression, an effect which was already
demonstrated in esophageal squamous cell carcinoma (Muramatsu et al., 2011). It
was also previously shown that in NSCLC, YAP preferentially regulates cell cycle
progression (Shaked et al., 2020) over cell migration (preferentially associated with
TAZ) for which we could not detect any noticeable effect of LMTK1A expression.
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We then examined possible regulators of YAP activation that may be involved
downstream of LMTK1A.
We first observed the actin cytoskeleton by phalloidin staining, and
demonstrated major changes the structure, density and distribution of actin stress
fibers. F-actin has been previously shown to be a major regulator of YAP activation
(Gao et al., 2020; Seo and Kim, 2018; Wada et al., 2011), so it is tempting to
consider that the effect of LMTK1A on YAP is directly mediated by F-actin.
However, we did not identify any pattern of colocalization between YAP and actin
which would result from LMTK1A activity. It was also demonstrated that YAP
itself regulates actin remodelling (Qiao et al., 2017), so further experiments are
required to determine whether or not the actin conformation changes we observed
are the direct result of LMTK1A activity or YAP activity.
We briefly examined Src as a potential candidate because it was already shown
to interact with LMTK1 (Ma and Rubin, 2014; Tsutsumi et al., 2008) and it is
known to regulate the Hippo pathway (Hsu et al., 2020). However we ruled it out
after not detecting any change in Src phosphorylation in the presence or absence of
active LMTK1A.
Previous research established that Rab11A overexpression promotes YAP
overexpression in NSCLC (Dong et al., 2017, p. 11), so we considered the hypothesis
that Rab11 activity only, regulated by LMTK1A, might contribute to YAP
regulation. However, using immunofluorescence, we could not detect any
colocalization of LMTK1 and Rab11. TBC1D9B, which mediates LMTK1's activity
on Rab11 in neurons (Nishino et al., 2019) did not exhibit any change in
phosphorylation, nor any direct interaction with LMTK1A in our coimmunoprecipitation analysis. While we observed some changes in the distribution
of Rab11 within the cells, these can probably be attributed to the major cytoskeletal
changes discussed earlier. We therefore hypothesize that Rab11 may not be involved
in LMTK1A's regulation of YAP activation in the context of lung cancer.
Finally, we examined CD44 protein levels and Akt phosphorylation. A CD44
-YAP positive feedback loop was previously reported in hepatocellular carcinoma
(Fan et al., 2018). In A549 cells, knockdown of CD44 was also reported to decrease
nuclear localization of YAP through RhoA (Zhang et al., 2014) and to suppress cell
proliferation (Hu et al., 2018). Elevated levels of CD44 are now widely accepted as
markers of cancer stem cells and regulators of stemness (“Concise Review: Emerging
Role of CD44 in Cancer Stem Cells: A Promising Biomarker and Therapeutic
Target,” n.d.). It was therefore intriguing for us to find an accumulation of CD44
protein in wt-LMTK1A cells. By qRT-PCR, we verified mRNA levels and
determined that this increase did not result from transcriptional activation.
The contribution of Akt phosphorylation to lung cancer progression, on the other
hand, remains a complex issue. Activity of the Akt/PKB pathway has been
associated with cell cycle progression (Liang and Slingerland, 2003), direct and
indirect phosphorylation of actin (Enomoto et al., 2006; Xue and Hemmings, 2013),
and generally a large number of processes that are driving cancer rather than
inhibiting it (Manning and Cantley, 2007). On the other hand, Akt is known to
contribute to YAP phosphorylation and cytoplasmic retention (Basu et al., 2003).
We identified an increase in Akt phosphorylation in wt-LMTK1A cells, an effect
that was abrogated by the kinase-negative mutant, and could have multiple
implications on our work.

74

Chapter 5. Discussion

An interplay between Erk, Akt and YAP, modulated upstream by CD44 and
possibly involving the tumor suppressor NF2/Merlin as a mediator, was previously
uncovered (Yu et al., 2014). In this context, CD44 silencing leads to decreased Akt
phosphorylation and increased YAP phosphorylation. Our results showing increased
YAP cytoplasmic retention despite increased CD44 accumulation led us to speculate
that these increases constitute a clue to the function of LMTK1. We further
speculated that LMTK1 is not acting directly on CD44 (which would more likely
lead to a decrease in CD44 expression), but could be interacting with Merlin and
regulating its activity or degradation. Merlin is known to play a major role in actin
cytoskeleton organization and to act as a scaffold protein bringing together F-actin,
transmembrane receptors and intracellular effectors (Petrilli and Fernández-Valle,
2016). Additionally, phosphorylation of Merlin by Akt reduces its tumor suppressive
activity and triggers its degradation by ubiquitination (Okada et al., 2009; Tang et
al., 2007; Ye, 2007). Thus, LMTK1 could be stabilizing Merlin against Akt
phosphorylation, contributing to proper actin cytoskeleton structure and regulation
of YAP cytoplasmic-nuclear shuttling.
Using co-immunoprecipitation, we confirmed the existence of an interaction
between Merlin and LMTK1A. Both wild-type and kinase-negative LMTK1A are
shown to interact with Merlin, which would indicate that the interaction itself is not
dependent on LMTK1A kinase activity. However, since we detected known Merlin
interactors only in the wt-LMTK1 co-immunoprecipitate, we further hypothesize
that LMTK1A kinase activity, while not directly involved in the interaction with
Merlin, is somehow necessary for Merlin to interact with all of these substrates and
thus contributes to regulation of the Hippo Pathway. The exact nature of this
interaction remains to be determined.
To conclude this research, we performed confirmation experiments using a knockdown approach on the NCI-H441 cell line. While the scope of these experiments
remain limited, it allowed us to confirm that loss of LMTK1 expression enhances cell
proliferation and that, consistently with our previous results, decreased LMTK1
expression is associated with increased mRNA expression of the E2F1 transcription
factor, a driver of G1/S cell cycle transition and cell proliferation. While further
experiments are needed, in particular to demonstrate the effect of LMTK1 knockdown on YAP nuclear translocation, the alignment of these results with our
previously established mechanism is encouraging.
With this work, we identified LMTK1 as a novel regulator of the Hippo pathway.
Reexpression of LMTK1A in A549 cells inhibited proliferation by restoring stronger
control of cell cycle progression, through enhanced cytoplasmic retention of YAP
(Figure 5.1). Conversely, loss of LMTK1 itself or its kinase activity accelerates cell
proliferation by weakening the G/1 cell cycle checkpoint through enhanced YAP
activation (Figure 5.2). This mechanism may be mediated by LMTK1-Merlin
interaction (Figure 5.3).
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Figure 5.1: LMTK1A kinase activity regulates the cell cycle by enhancing
cytoplasmic retention of YAP

Figure 5.2: Inactive or absent LMTK1A leads to uninhibited activation of
YAP and accelerated cell cycle
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Figure 5.3: Possible mechanism of action: LMTK1 interacts with Merlin to
regulate the Hippo pathway
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Appendix A. LMTK1 sequences
Source: Consensus CDS Database (https://www.ncbi.nlm.nih.gov/CCDS/)
Blue highlighting indicates alternating exons.
Red highlighting indicates amino acids encoded across a splice junction.

LMTK1A
CCDS58607.1
(https://www.ncbi.nlm.nih.gov/CCDS/CcdsBrowse.cgi?
REQUEST=CCDS&GO=MainBrowse&DATA=CCDS58607.1)
Nucleotide Sequence (3816 nt):
ATGGCCAAGCAGCCTGGGCGCTCAGTGCAGCTCCTCAAGTCCACAGACGTGGGCCGGCACAGCCTCCTGT
ACCTGAAGGAAATCGGCCGTGGCTGGTTCGGGAAGGTGTTCCTGGGGGAGGTGAACTCTGGCATCAGCAG
TGCCCAGGTGGTGGTGAAGGAGCTGCAGGCTAGTGCCAGCGTGCAGGAGCAGATGCAGTTCCTGGAGGAG
GTGCAGCCCTACAGGGCCCTGAAGCACAGCAACCTGCTCCAGTGCCTGGCCCAGTGCGCCGAGGTGACGC
CCTACCTGCTGGTGATGGAGTTCTGCCCACTGGGGGACCTCAAGGGCTACCTGCGGAGCTGCCGGGTGGC
GGAGTCCATGGCTCCCGACCCCCGGACCCTGCAGCGCATGGCCTGTGAGGTGGCCTGTGGCGTCCTGCAC
CTTCATCGCAACAATTTCGTGCACAGCGACCTGGCCCTGCGGAACTGCCTGCTCACGGCTGACCTGACGG
TGAAGATTGGTGACTATGGCCTGGCTCACTGCAAGTACAGAGAGGACTACTTCGTGACTGCCGACCAGCT
GTGGGTGCCTCTGCGCTGGATCGCGCCAGAGCTGGTGGACGAGGTGCATAGCAACCTGCTCGTCGTGGAC
CAGACCAAGAGCGGGAATGTGTGGTCCCTGGGCGTGACCATCTGGGAGCTCTTTGAGCTGGGCACGCAGC
CCTATCCCCAGCACTCGGACCAGCAGGTGCTGGCGTACACGGTCCGGGAGCAGCAGCTCAAGCTGCCCAA
GCCCCAGCTGCAGCTGACCCTGTCGGACCGCTGGTACGAGGTGATGCAGTTCTGCTGGCTGCAGCCCGAG
CAGCGGCCCACAGCCGAGGAGGTGCACCTGCTGCTGTCCTACCTGTGTGCCAAGGGCGCCACCGAAGCAG
AGGAGGAGTTTGAACGGCGCTGGCGCTCTCTGCGGCCCGGCGGGGGCGGCGTGGGGCCCGGGCCCGGTGC
GGCGGGGCCCATGCTGGGCGGCGTGGTGGAGCTCGCCGCTGCCTCGTCCTTCCCGCTGCTGGAGCAGTTC
GCGGGCGACGGCTTCCACGCGGACGGCGACGACGTGCTGACGGTGACCGAGACCAGCCGAGGCCTCAATT
TTGAGTACAAGTGGGAGGCGGGCCGCGGCGCGGAGGCCTTCCCGGCCACGCTGAGCCCTGGCCGCACCGC
ACGCCTGCAGGAGCTGTGCGCCCCCGACGGCGCGCCCCCGGGCGTGGTTCCGGTGCTCAGCGCGCACAGC
CCGTCGCTGGGCAGCGAGTACTTCATCCGCCTAGAGGAGGCCGCACCCGCCGCCGGCCACGACCCTGACT
GCGCCGGCTGCGCCCCCAGTCCACCTGCCACCGCGGACCAGGACGACGACTCTGACGGCAGCACCGCCGC
CTCGCTGGCCATGGAGCCGCTGCTGGGCCACGGGCCACCCGTCGACGTCCCCTGGGGCCGCGGCGACCAC
TACCCTCGCAGAAGCTTGGCGCGGGACCCGCTCTGCCCCTCACGCTCTCCCTCGCCCTCGGCGGGGCCCC
TGAGTCTGGCGGAGGGAGGAGCGGAGGATGCAGACTGGGGCGTGGCCGCCTTCTGTCCTGCCTTCTTCGA
GGACCCACTGGGCACGTCCCCTTTGGGGAGCTCAGGGGCGCCCCCGCTGCCGCTGACTGGCGAGGATGAG
CTAGAGGAGGTGGGAGCGCGGAGGGCCGCCCAGCGCGGGCACTGGCGCTCCAACGTGTCAGCCAACAACA
ACAGCGGCAGCCGCTGTCCAGAGTCCTGGGACCCCGTCTCTGCGGGCGGCCACGCTGAGGGCTGCCCCAG
TCCAAAGCAGACCCCACGGGCCTCCCCCGAGCCGGGGTACCCTGGAGAGCCTCTGCTTGGGCTCCAGGCA
GCCTCTGCCCAGGAGCCAGGCTGCTGCCCCGGCCTCCCTCATCTATGCTCTGCCCAGGGCCTGGCACCTG
CTCCCTGCCTGGTTACACCCTCCTGGACAGAGACAGCCAGTAGTGGGGGTGACCACCCGCAGGCAGAGCC
CAAGCTTGCCACGGAGGCTGAGGGCACTACCGGACCCCGCCTGCCCCTTCCTTCCGTCCCCTCCCCATCC
CAGGAGGGAGCCCCACTTCCCTCGGAGGAGGCCAGTGCCCCCGACGCCCCTGATGCCCTGCCTGACTCTC
CCACGCCTGCTACTGGTGGCGAGGTGTCTGCCATCAAGCTGGCTTCTGCCCTGAATGGCAGCAGCAGCTC
TCCCGAGGTGGAGGCACCCAGCAGTGAGGATGAGGACACGGCCGAGGCCACCTCAGGCATCTTCACCGAC
ACGTCCAGCGACGGCCTGCAGGCCAGGAGGCCGGATGTGGTGCCAGCCTTCCGCTCTCTGCAGAAGCAGG
TGGGGACCCCCGACTCCCTGGACTCCCTGGACATCCCGTCCTCAGCCAGTGATGGTGGCTATGAGGTCTT
CAGCCCGTCGGCCACTGGCCCCTCTGGAGGGCAGCCGCGAGCGCTGGACAGTGGCTATGACACCGAGAAC
TATGAGTCCCCTGAGTTTGTGCTCAAGGAGGCGCAGGAAGGGTGTGAGCCCCAGGCCTTTGCGGAGCTGG
CCTCAGAGGGTGAGGGCCCCGGGCCCGAGACACGGCTCTCCACCTCCCTCAGTGGCCTCAACGAGAAGAA
TCCCTACCGAGACTCTGCCTACTTCTCAGACCTCGAGGCTGAGGCCGAGGCCACCTCAGGCCCAGAGAAG
AAGTGCGGCGGGGACCGAGCCCCCGGGCCAGAGCTGGGCCTGCCGAGCACTGGGCAGCCGTCTGAGCAGG
TCTGTCTCAGGCCTGGGGTTTCCGGGGAGGCACAAGGCTCTGGCCCCGGGGAGGTGCTGCCCCCACTGCT
GCAGCTTGAAGGGTCCTCCCCAGAGCCCAGCACCTGCCCCTCGGGCCTGGTCCCAGAGCCTCCGGAGCCC
CAAGGCCCAGCCAAGGTGCGGCCTGGGCCCAGCCCCAGCTGCTCCCAGTTTTTCCTGCTGACCCCGGTTC
CGCTGAGATCAGAAGGCAACAGCTCTGAGTTCCAGGGGCCCCCAGGACTGTTGTCAGGGCCGGCCCCACA
AAAGCGGATGGGGGGCCCAGGCACCCCCAGAGCCCCACTCCGCCTGGCTCTGCCCGGCCTCCCTGCGGCC
TTGGAGGGCCGGCCGGAGGAGGAGGAGGAGGACAGTGAGGACAGCGACGAGTCTGACGAGGAGCTCCGCT
GCTACAGCGTCCAGGAGCCTAGCGAGGACAGCGAAGAGGAGGCGCCGGCGGTGCCCGTGGTGGTGGCTGA
GAGCCAGAGCGCGCGCAACCTGCGCAGCCTGCTCAAGATGCCCAGCCTGCTGTCCGAGACCTTCTGCGAG
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GACCTGGAACGCAAGAAGAAGGCCGTGTCCTTCTTCGACGACGTCACCGTCTACCTCTTTGACCAGGAAA
GCCCCACCCGGGAGCTCGGGGAGCCCTTCCCGGGCGCCAAGGAATCGCCCCCTACGTTCCTTAGGGGGAG
CCCCGGCTCTCCCAGCGCCCCCAACCGGCCGCAGCAGGCTGATGGCTCCCCAAATGGCTCCACAGCGGAA
GAGGGTGGTGGGTTCGCGTGGGACGACGACTTCCCGCTGATGACGGCCAAGGCAGCCTTCGCCATGGCCC
TAGACCCGGCCGCACCCGCCCCGGCTGCGCCCACGCCCACGCCCGCTCCCTTCTCGCGCTTCACGGTGTC
GCCCGCGCCCACGTCCCGCTTCTCCATCACGCACGTGTCTGACTCGGACGCCGAGTCCAAGAGAGGACCT
GAAGCTGGTGCCGGGGGTGAGAGTAAAGAGGCTTGA
Translation (1271 aa):
MAKQPGRSVQLLKSTDVGRHSLLYLKEIGRGWFGKVFLGEVNSGISSAQVVVKELQASASVQEQMQFLEE
VQPYRALKHSNLLQCLAQCAEVTPYLLVMEFCPLGDLKGYLRSCRVAESMAPDPRTLQRMACEVACGVLH
LHRNNFVHSDLALRNCLLTADLTVKIGDYGLAHCKYREDYFVTADQLWVPLRWIAPELVDEVHSNLLVVD
QTKSGNVWSLGVTIWELFELGTQPYPQHSDQQVLAYTVREQQLKLPKPQLQLTLSDRWYEVMQFCWLQPE
QRPTAEEVHLLLSYLCAKGATEAEEEFERRWRSLRPGGGGVGPGPGAAGPMLGGVVELAAASSFPLLEQF
AGDGFHADGDDVLTVTETSRGLNFEYKWEAGRGAEAFPATLSPGRTARLQELCAPDGAPPGVVPVLSAHS
PSLGSEYFIRLEEAAPAAGHDPDCAGCAPSPPATADQDDDSDGSTAASLAMEPLLGHGPPVDVPWGRGDH
YPRRSLARDPLCPSRSPSPSAGPLSLAEGGAEDADWGVAAFCPAFFEDPLGTSPLGSSGAPPLPLTGEDE
LEEVGARRAAQRGHWRSNVSANNNSGSRCPESWDPVSAGGHAEGCPSPKQTPRASPEPGYPGEPLLGLQA
ASAQEPGCCPGLPHLCSAQGLAPAPCLVTPSWTETASSGGDHPQAEPKLATEAEGTTGPRLPLPSVPSPS
QEGAPLPSEEASAPDAPDALPDSPTPATGGEVSAIKLASALNGSSSSPEVEAPSSEDEDTAEATSGIFTD
TSSDGLQARRPDVVPAFRSLQKQVGTPDSLDSLDIPSSASDGGYEVFSPSATGPSGGQPRALDSGYDTEN
YESPEFVLKEAQEGCEPQAFAELASEGEGPGPETRLSTSLSGLNEKNPYRDSAYFSDLEAEAEATSGPEK
KCGGDRAPGPELGLPSTGQPSEQVCLRPGVSGEAQGSGPGEVLPPLLQLEGSSPEPSTCPSGLVPEPPEP
QGPAKVRPGPSPSCSQFFLLTPVPLRSEGNSSEFQGPPGLLSGPAPQKRMGGPGTPRAPLRLALPGLPAA
LEGRPEEEEEDSEDSDESDEELRCYSVQEPSEDSEEEAPAVPVVVAESQSARNLRSLLKMPSLLSETFCE
DLERKKKAVSFFDDVTVYLFDQESPTRELGEPFPGAKESPPTFLRGSPGSPSAPNRPQQADGSPNGSTAE
EGGGFAWDDDFPLMTAKAAFAMALDPAAPAPAAPTPTPAPFSRFTVSPAPTSRFSITHVSDSDAESKRGP
EAGAGGESKEA

LMTK1B – Transmembrane domain
CCDS45807.1
(https://www.ncbi.nlm.nih.gov/CCDS/CcdsBrowse.cgi?
REQUEST=CCDS&GO=MainBrowse&DATA=CCDS45807.1)
Nucleotide Sequence (4125 nt):
ATGTCGTCGTCCTTCTTCAACCCCAGCTTCGCCTTCAGCTCGCACTTCGACCCCGACGGCGCCCCGCTCA
GCGAGCTGTCCTGGCCATCCTCCCTCGCCGTGGTGGCTGTGTCTTTCTCCGGGCTCTTCGCCGTCATCGT
CCTCATGCTGGCCTGCCTGTGCTGTAAGAAGGGCGGTATCGGGTTCAAGGAGTTTGAGAATGCGGAGGGG
GACGAGTACGCAGCCGACCTGGCGCAGGGCTCCCCGGCCACGGCAGCACAGAACGGGCCCGACGTGTACG
TCCTGCCACTCACGGAGGTCTCCTTGCCCATGGCCAAGCAGCCTGGGCGCTCAGTGCAGCTCCTCAAGTC
CACAGACGTGGGCCGGCACAGCCTCCTGTACCTGAAGGAAATCGGCCGTGGCTGGTTCGGGAAGGTGTTC
CTGGGGGAGGTGAACTCTGGCATCAGCAGTGCCCAGGTGGTGGTGAAGGAGCTGCAGGCTAGTGCCAGCG
TGCAGGAGCAGATGCAGTTCCTGGAGGAGGTGCAGCCCTACAGGGCCCTGAAGCACAGCAACCTGCTCCA
GTGCCTGGCCCAGTGCGCCGAGGTGACGCCCTACCTGCTGGTGATGGAGTTCTGCCCACTGGGGGACCTC
AAGGGCTACCTGCGGAGCTGCCGGGTGGCGGAGTCCATGGCTCCCGACCCCCGGACCCTGCAGCGCATGG
CCTGTGAGGTGGCCTGTGGCGTCCTGCACCTTCATCGCAACAATTTCGTGCACAGCGACCTGGCCCTGCG
GAACTGCCTGCTCACGGCTGACCTGACGGTGAAGATTGGTGACTATGGCCTGGCTCACTGCAAGTACAGA
GAGGACTACTTCGTGACTGCCGACCAGCTGTGGGTGCCTCTGCGCTGGATCGCGCCAGAGCTGGTGGACG
AGGTGCATAGCAACCTGCTCGTCGTGGACCAGACCAAGAGCGGGAATGTGTGGTCCCTGGGCGTGACCAT
CTGGGAGCTCTTTGAGCTGGGCACGCAGCCCTATCCCCAGCACTCGGACCAGCAGGTGCTGGCGTACACG
GTCCGGGAGCAGCAGCTCAAGCTGCCCAAGCCCCAGCTGCAGCTGACCCTGTCGGACCGCTGGTACGAGG
TGATGCAGTTCTGCTGGCTGCAGCCCGAGCAGCGGCCCACAGCCGAGGAGGTGCACCTGCTGCTGTCCTA
CCTGTGTGCCAAGGGCGCCACCGAAGCAGAGGAGGAGTTTGAACGGCGCTGGCGCTCTCTGCGGCCCGGC
GGGGGCGGCGTGGGGCCCGGGCCCGGTGCGGCGGGGCCCATGCTGGGCGGCGTGGTGGAGCTCGCCGCTG
CCTCGTCCTTCCCGCTGCTGGAGCAGTTCGCGGGCGACGGCTTCCACGCGGACGGCGACGACGTGCTGAC
GGTGACCGAGACCAGCCGAGGCCTCAATTTTGAGTACAAGTGGGAGGCGGGCCGCGGCGCGGAGGCCTTC
CCGGCCACGCTGAGCCCTGGCCGCACCGCACGCCTGCAGGAGCTGTGCGCCCCCGACGGCGCGCCCCCGG
GCGTGGTTCCGGTGCTCAGCGCGCACAGCCCGTCGCTGGGCAGCGAGTACTTCATCCGCCTAGAGGAGGC
CGCACCCGCCGCCGGCCACGACCCTGACTGCGCCGGCTGCGCCCCCAGTCCACCTGCCACCGCGGACCAG
GACGACGACTCTGACGGCAGCACCGCCGCCTCGCTGGCCATGGAGCCGCTGCTGGGCCACGGGCCACCCG
TCGACGTCCCCTGGGGCCGCGGCGACCACTACCCTCGCAGAAGCTTGGCGCGGGACCCGCTCTGCCCCTC
ACGCTCTCCCTCGCCCTCGGCGGGGCCCCTGAGTCTGGCGGAGGGAGGAGCGGAGGATGCAGACTGGGGC
GTGGCCGCCTTCTGTCCTGCCTTCTTCGAGGACCCACTGGGCACGTCCCCTTTGGGGAGCTCAGGGGCGC
CCCCGCTGCCGCTGACTGGCGAGGATGAGCTAGAGGAGGTGGGAGCGCGGAGGGCCGCCCAGCGCGGGCA
CTGGCGCTCCAACGTGTCAGCCAACAACAACAGCGGCAGCCGCTGTCCAGAGTCCTGGGACCCCGTCTCT
GCGGGCGGCCACGCTGAGGGCTGCCCCAGTCCAAAGCAGACCCCACGGGCCTCCCCCGAGCCGGGGTACC
CTGGAGAGCCTCTGCTTGGGCTCCAGGCAGCCTCTGCCCAGGAGCCAGGCTGCTGCCCCGGCCTCCCTCA
TCTATGCTCTGCCCAGGGCCTGGCACCTGCTCCCTGCCTGGTTACACCCTCCTGGACAGAGACAGCCAGT
AGTGGGGGTGACCACCCGCAGGCAGAGCCCAAGCTTGCCACGGAGGCTGAGGGCACTACCGGACCCCGCC
TGCCCCTTCCTTCCGTCCCCTCCCCATCCCAGGAGGGAGCCCCACTTCCCTCGGAGGAGGCCAGTGCCCC
CGACGCCCCTGATGCCCTGCCTGACTCTCCCACGCCTGCTACTGGTGGCGAGGTGTCTGCCATCAAGCTG
GCTTCTGCCCTGAATGGCAGCAGCAGCTCTCCCGAGGTGGAGGCACCCAGCAGTGAGGATGAGGACACGG
CCGAGGCCACCTCAGGCATCTTCACCGACACGTCCAGCGACGGCCTGCAGGCCAGGAGGCCGGATGTGGT
GCCAGCCTTCCGCTCTCTGCAGAAGCAGGTGGGGACCCCCGACTCCCTGGACTCCCTGGACATCCCGTCC
TCAGCCAGTGATGGTGGCTATGAGGTCTTCAGCCCGTCGGCCACTGGCCCCTCTGGAGGGCAGCCGCGAG
CGCTGGACAGTGGCTATGACACCGAGAACTATGAGTCCCCTGAGTTTGTGCTCAAGGAGGCGCAGGAAGG
GTGTGAGCCCCAGGCCTTTGCGGAGCTGGCCTCAGAGGGTGAGGGCCCCGGGCCCGAGACACGGCTCTCC
ACCTCCCTCAGTGGCCTCAACGAGAAGAATCCCTACCGAGACTCTGCCTACTTCTCAGACCTCGAGGCTG
AGGCCGAGGCCACCTCAGGCCCAGAGAAGAAGTGCGGCGGGGACCGAGCCCCCGGGCCAGAGCTGGGCCT
GCCGAGCACTGGGCAGCCGTCTGAGCAGGTCTGTCTCAGGCCTGGGGTTTCCGGGGAGGCACAAGGCTCT
GGCCCCGGGGAGGTGCTGCCCCCACTGCTGCAGCTTGAAGGGTCCTCCCCAGAGCCCAGCACCTGCCCCT
CGGGCCTGGTCCCAGAGCCTCCGGAGCCCCAAGGCCCAGCCAAGGTGCGGCCTGGGCCCAGCCCCAGCTG
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CTCCCAGTTTTTCCTGCTGACCCCGGTTCCGCTGAGATCAGAAGGCAACAGCTCTGAGTTCCAGGGGCCC
CCAGGACTGTTGTCAGGGCCGGCCCCACAAAAGCGGATGGGGGGCCCAGGCACCCCCAGAGCCCCACTCC
GCCTGGCTCTGCCCGGCCTCCCTGCGGCCTTGGAGGGCCGGCCGGAGGAGGAGGAGGAGGACAGTGAGGA
CAGCGACGAGTCTGACGAGGAGCTCCGCTGCTACAGCGTCCAGGAGCCTAGCGAGGACAGCGAAGAGGAG
GCGCCGGCGGTGCCCGTGGTGGTGGCTGAGAGCCAGAGCGCGCGCAACCTGCGCAGCCTGCTCAAGATGC
CCAGCCTGCTGTCCGAGACCTTCTGCGAGGACCTGGAACGCAAGAAGAAGGCCGTGTCCTTCTTCGACGA
CGTCACCGTCTACCTCTTTGACCAGGAAAGCCCCACCCGGGAGCTCGGGGAGCCCTTCCCGGGCGCCAAG
GAATCGCCCCCTACGTTCCTTAGGGGGAGCCCCGGCTCTCCCAGCGCCCCCAACCGGCCGCAGCAGGCTG
ATGGCTCCCCAAATGGCTCCACAGCGGAAGAGGGTGGTGGGTTCGCGTGGGACGACGACTTCCCGCTGAT
GACGGCCAAGGCAGCCTTCGCCATGGCCCTAGACCCGGCCGCACCCGCCCCGGCTGCGCCCACGCCCACG
CCCGCTCCCTTCTCGCGCTTCACGGTGTCGCCCGCGCCCACGTCCCGCTTCTCCATCACGCACGTGTCTG
ACTCGGACGCCGAGTCCAAGAGAGGACCTGAAGCTGGTGCCGGGGGTGAGAGTAAAGAGGCTTGA
Translation (1374 aa):
MSSSFFNPSFAFSSHFDPDGAPLSELSWPSSLAVVAVSFSGLFAVIVLMLACLCCKKGGIGFKEFENAEG
DEYAADLAQGSPATAAQNGPDVYVLPLTEVSLPMAKQPGRSVQLLKSTDVGRHSLLYLKEIGRGWFGKVF
LGEVNSGISSAQVVVKELQASASVQEQMQFLEEVQPYRALKHSNLLQCLAQCAEVTPYLLVMEFCPLGDL
KGYLRSCRVAESMAPDPRTLQRMACEVACGVLHLHRNNFVHSDLALRNCLLTADLTVKIGDYGLAHCKYR
EDYFVTADQLWVPLRWIAPELVDEVHSNLLVVDQTKSGNVWSLGVTIWELFELGTQPYPQHSDQQVLAYT
VREQQLKLPKPQLQLTLSDRWYEVMQFCWLQPEQRPTAEEVHLLLSYLCAKGATEAEEEFERRWRSLRPG
GGGVGPGPGAAGPMLGGVVELAAASSFPLLEQFAGDGFHADGDDVLTVTETSRGLNFEYKWEAGRGAEAF
PATLSPGRTARLQELCAPDGAPPGVVPVLSAHSPSLGSEYFIRLEEAAPAAGHDPDCAGCAPSPPATADQ
DDDSDGSTAASLAMEPLLGHGPPVDVPWGRGDHYPRRSLARDPLCPSRSPSPSAGPLSLAEGGAEDADWG
VAAFCPAFFEDPLGTSPLGSSGAPPLPLTGEDELEEVGARRAAQRGHWRSNVSANNNSGSRCPESWDPVS
AGGHAEGCPSPKQTPRASPEPGYPGEPLLGLQAASAQEPGCCPGLPHLCSAQGLAPAPCLVTPSWTETAS
SGGDHPQAEPKLATEAEGTTGPRLPLPSVPSPSQEGAPLPSEEASAPDAPDALPDSPTPATGGEVSAIKL
ASALNGSSSSPEVEAPSSEDEDTAEATSGIFTDTSSDGLQARRPDVVPAFRSLQKQVGTPDSLDSLDIPS
SASDGGYEVFSPSATGPSGGQPRALDSGYDTENYESPEFVLKEAQEGCEPQAFAELASEGEGPGPETRLS
TSLSGLNEKNPYRDSAYFSDLEAEAEATSGPEKKCGGDRAPGPELGLPSTGQPSEQVCLRPGVSGEAQGS
GPGEVLPPLLQLEGSSPEPSTCPSGLVPEPPEPQGPAKVRPGPSPSCSQFFLLTPVPLRSEGNSSEFQGP
PGLLSGPAPQKRMGGPGTPRAPLRLALPGLPAALEGRPEEEEEDSEDSDESDEELRCYSVQEPSEDSEEE
APAVPVVVAESQSARNLRSLLKMPSLLSETFCEDLERKKKAVSFFDDVTVYLFDQESPTRELGEPFPGAK
ESPPTFLRGSPGSPSAPNRPQQADGSPNGSTAEEGGGFAWDDDFPLMTAKAAFAMALDPAAPAPAAPTPT
PAPFSRFTVSPAPTSRFSITHVSDSDAESKRGPEAGAGGESKEA
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