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Abstract

STK11/LKB1 is a tumor suppressor gene and mutated in 18% of lung adenocarcinomas.
Tumor suppressor liver kinase B1 (LKB1) is known to activate adenosine monophosphate-
activated protein kinase (AMPK) and 12 AMPK-related kinases (ARKs) by phosphorylating
a conserved threonine residue in their T-loop region. A number of studies focused on
investigating the influence of LKB1-AMPK signaling on cancer cell proliferation. However,
there is no systematic study for identifying the critical LKB1 kinase substrates in suppressing
lung cancer cell growth. In this project, the LKB1-deficient lung adenocarcinoma cell line
A549 cells were sequentially overexpressed with constitutively active mutants of AMPKa1,
AMPKa2, MARK1, MARK2, MARK3, MARK4, NUAK1, NUAK2, SIK1, SIK2, SIK3. The
overexpression status was confirmed at both genetic and protein levels by qPCR and
Western blotting, correspondingly. In vitro growth assays demonstrated up to 33% reduced
growth rate of A549 cells overexpressing AMPKa1, AMPKa2 and NUAK1. Furthermore,
siRNA knockdown of the selected substrates in LKB1-overexpressing A549 cells
significantly rescued the cell growth defect. These findings suggest, that AMPKa1, AMPKa2
and NUAK1 kinases are critical for LKB1-mediated cell growth defect in lung

adenocarcinoma.

Keywords: LKB1; AMPK; NUAK1; lung adenocarcinoma; ARKs; growth defect; tumor

suppressor.
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1 Introduction

Tumor suppressor LKB1 along with its 13 downstream substrates of AMPK
subfamily comprise a signaling pathway that maintains a broad spectrum of functions

within a cell — from the cell cycle control to the regulation of the cell metabolism'-2.

Antitumor properties of LKB1 were first identified in Peutz-Jeghers syndrome, a
hereditary cancer susceptibility disease, caused by germline truncating mutations of
LKB1/STK11 gene3®4. Later, LKB1 mutations were also identified in sporadic tumors with
different tissue localization®~’, including lung adenocarcinomas, the most common form of
lung cancer®, where LKB1 loss-of-function mutation is detected in 18% of cases®.
However, it remains unclear, which of the LKB1 downstream kinases are crucial for LKB1

mutant lung tumorigenesis.

To elucidate this mechanism, | conducted a systematic screening of LKB1 kinase
substrates for their tumor suppressive functions and selected LKB1-deficient human lung
adenocarcinoma cell line A549 for this purpose. While previous reports demonstrated, that
reintroduction of the wild type LKB1 in A549 cells rescued the cell growth defect'?, in this
study, in vitro growth assays were performed for 11 LKB1 kinase substrates that are
expressed in A549 cells, including AMPKa1, AMPKa2, NUAK1, NUAK2, SIK1, SIK2, SIKS,
MARK1, MARK2, MARK3, MARK4.

Altogether, this study identifies LKB1 downstream kinases with growth suppressive
potential in lung cancer cell lines and provides evidence to the LKB1 tumor suppressive

properties in lung cancer.



2 Literature review

2.1 Lung cancer: epidemiology and classification

Lung cancer has the highest incidence rate and mortality among cancers killing 1.8
million people annually'"-'2. In 90% of lung cancer cases the primary cause is tobacco
consumption. Despite this fact, no reduction in tobacco smoking has been observed.
Moreover, a number of new lung cancers will arise in former smokers within the next 20
years because of the time needed for lung tumors to develop'3.
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Based on histopathological observations, primary lung tumors can be classified in
non-small cell lung carcinomas (NSCLCs) and small cell lung carcinomas (SCLCs). NSCLC,
which is responsible for 85% of lung cancers'#'5, can further be divided into squamous cell
carcinomas (SCCs, ~28%), large-cell carcinoma (LCC, ~24%) and adenocarcinomas (ACs,
~48%)8. There is strong evidence that differences in morphology stand in line with genetic

variations of these tumors'6-1°.

A number of specific genes is known to be involved in lung cancer onset, both
oncogenes altered by activating mutations: KRAS, NRAS, EGFR, BRAF, ERBB2, PIK3CA,
MYC; and tumor suppressor genes affected by inactivating mutations: LKB1, PTEN, MYC,
TP53, P16, RB, BRG120-22,

One of these genes, LKB1/STK11, has been reported to harbor inactivating biallelic
somatic mutations in NSCLC?%3-2%, being the third most frequently modified gene in this type
of lung cancer after TP53 and P162%2. The protein coding gene is located at chromosome
19p, where loss of heterozygosity is observed in up to 80% of NSCLC cell lines?®.
Interestingly, LKB1 mutations not only predominate in adenocarcinomas from smokers but
also tend to accompany KRAS mutations, resulting in more aggressive forms of cancer with
shorter tumor latency, more common metastasis and increased tumorigenesis compared to

cases when P16 or TP53 are missing?%27:28,
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2.2 LKB1: functions and signaling pathways

Liver kinase B1 (LKB1) is a serine-threonine kinase that activates a group of kinases
that belong to the AMPK subfamily. This group consists of AMPK and 11 AMPK-related
kinases: NUAK1, NUAK2, SIK1, SIK2, SIK3, MARK1, MARK2, MARK3, MARK4, BRSK1,
BRSK2. More than 50 fold activation of these substrates is achieved by LKB1
phosphorylating a conserved threonine residue in their T-loop region®. Later study revealed

sucrose non-fermenting related kinase SNRK as another LKB1 substrate?®.

An interaction of LKB1 with STE-20-related adaptor (STRAD)* and mouse protein
25 (MO25)3' is necessary to activate the kinase and relocate it from the nucleus to cell’s
cytoplasm32-33, which is an important condition for expressing its tumor suppressor

properties3.

LKB1 inactivating mutations were first identified in context of Peutz-Jeghers
syndrome, a hereditary condition characterized by high susceptibility to cancer®. LKB1 has
versatile functions in the cell, such as controlling cell growth, regulating cell polarity and
autophagy, managing cell metabolism.

LKB1 has been reported to cause cell cycle arrest at the G1 phase by interacting with
TP53 and phosphorylating its Ser15 and Ser392 residues as well as activating its target
gene - cyclin-dependent kinase inhibitor p21/WAF 133, It was also proposed that interaction
with TP53 enables LKB1 to promote apoptosis in epithelial cells®. Later, however, evidence
of the contrary effect was obtained. Cells lacking LKB1 appear to become especially
susceptible to apoptosis when the AMP:ATP ratio is raised as they cannot stop their anabolic
processes due to impaired LKB1-AMPK signaling®”-38. This indicates that LKB1 might

prevent apoptosis caused by nutrient starvation through its downstream target AMPK.

Regulation of the autophagy by LKB1 was also suggested to be mediated by AMPK
as it can suppress mTOR pathway, which inhibits the autophagy when activated.
Phosphorylation of cyclin-dependent kinase inhibitor p27 by LKB1-AMPK signaling is
needed to initiate autophagy and improve the endurance of the cells®**. LKB1 was shown to

be entangled in the autophagy process also by other mechanisms: either by ataxia



telangiectasia (ATM) following the increase in reactive oxygen species (ROS) level %°, or by
Poly(ADP-ribose) polymerase-1 (PARP-1) after exposure to hydrogen peroxide*'. Later
study revealed that autophagy activating kinase ULK1/2 was directly phosphorylated by
AMPK, and knockdown of these kinases led to impaired autophagy and build-up of abnormal
mitochondria in mouse embryonic fibroblasts. Defective AMPK-ULK1 interaction showed
similar phenotype in LKB1-deficient NSCLC cells. These findings represent the protective

role LKB1 exerts by means of autophagy in cells that undergo metabolic stress.

LKB1 induces the differentiation of the epithelial cells by promoting the association of
the polarity complex3® and counteracts the transforming growth factor-g (TGF-B) signaling
which is responsible for the initiation of the epithelial-mesenchymal transition (EMT) in
epithelial cells*2. This is achieved through blocking the Smad4 transcription which is an
important part of TGF- signaling pathway. Smad4 is recruited to the complex with LKB1
and scaffolding protein LKB1-interacting protein 1 (LIP1), that results into blocking TGF-
effect, maintaining cell polarity and preventing the increased migration and invasiveness of
the cells*344. LKB1 was also reported to induce the establishment of the brush border in
epithelial cells through the interaction with MST4 kinase and further phosphorylation of

cytoskeletal peripheral protein Ezrin®®.

The regulation of the cell metabolism by LKB1 is mostly mediated by AMPK and
described below.



2.3 The role of LKB1 in cancer

The contribution of LKB1 to the induction of tumors in various epithelial cell types was
previously reported in different studies. LKB1 deletion in vivo could promote the formation
of gastrointestinal polyps*8, breast tumors#’, as well as the development of hepatocellular
carcinoma*®, pancreatic serous cystadenoma*® and invasive endometrial cancer®. However,
this effect might be tissue specific, as LKB1 inactivation in mouse lungs was not sufficient

to cause the induction of a malignancy?’.

Rather intriguing is the observation that in lung adenocarcinoma with KRAS mutation,
LKB1 could induce the trans-differentiation towards squamous cell carcinoma?’. However,
more research is needed to define whether this happened due to the stemness of cancer

cells provided by LKB1, or because of its effect on basal cell differentiation.

There is evidence that LKB1 has a prominent role in suppressing cancer metastasis
in vivo?’, and interaction with tumor stroma was marked a significant part of this process. An
upregulation of lysyl oxidase (LOX), caused by mTOR-HIF-1a signaling, induces
extracellular matrix (ECM) remodeling with the redundant deposition of collagen, that
together with the activation of v-src sarcoma viral oncogene homolog (SRC) and focal
adhesion kinase (FAK) supports the spreading of cancer cells.>' Additionally, dysregulated
cyclooxygenase-2 (COX-2), that is normally suppressed by LKB1 through the
phosphorylation of polyomavirus enhancer activator-3 (PEA3), grants beneficial

environment for tumor development by mediating prostaglandin E2 synthesis®2.



2.4 Description of LKB1 substrates and their role in disease

2.4.1 AMPK

One of the most studied downstream targets of LKB1, 5’ AMP-activated protein kinase
(AMPK), serves as an important cellular energy sensor and maintains ATP homeostasis in
the cell. It consists of three subunits, and each of them is encoded by several genes:
catalytic a-subunit (encoded by PRKAA1 and PRKAA2 genes), regulatory y-subunit
(encoded by PRKAG1, PRKAG2, PRKAG3) and scaffolding B-subunit (encoded by PRKAB1
and PRKAB2)%. Activity of the kinase depends on the [AMP]:[ATP] ratio in the cell in directly
proportional manner. Upon energy deprivation, AMPK restrains anabolic reactions in the
cell, such as protein and lipid synthesis, and promotes catabolic processes like oxidative
phosphorylation, glycolysis and fatty acid oxidation to retain ATP level needed for the normal

functioning of the cell®*-57,

There are two major upstream kinases that target AMPK — LKB1 and
calcium/calmodulin-dependent protein kinase kinase B (CaMKKB)%. Both of them
phosphorylate Thr172 residue in N-terminal domain of the a-subunit that results into more
than several hundred-fold AMPK activation®®-%'. AMPK is additionally activated allosterically
by AMP molecules that bind to its y-subunit, but the increase in activity is much more modest
in this case - only 2-5 fold®?. What is more important, AMP prevents Thr172 from
dephosphorylation by protein phosphatase 2Ca®0-63,

Considering the severe demand of cancer cells for nutrients and energy resources
needed for extensive proliferation, AMPK must play a crucial role in the tumor development

and maintenance.
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Upon energy stress, AMPK is known to inhibit mechanistic target of rapamycin
complex 1 (mTORC1), which is often upregulated in cancer, through the activation of its
negative regulator tuberous sclerosis complex (TSC)®. mTORC1 promotes protein
translation through its downstream targets - ribosomal S6 kinase (p70S6K1) and 4EBP1%°,
mTORC1 regulates several transcriptional factors, needed for the cell growth, that are
inhibited by AMPK as well. One of them is sterol-regulatory element binding protein 1
(SREBP-1), responsible for the lipid synthesis®’, and the other is hypoxia-inducible factor 1a
(HIF-1a), which promotes the activity of various glycolytic enzymes, glucose transporters

and angiogenic factors®-70.

The activation of AMPK by hypoxia and elevated levels of reactive oxygen species
(ROS) independently of changes in AMP:ATP ratio is another noteworthy observation as
these factors can facilitate angiogenesis and acquisition of new mutations resulting in the
increased chance of metastasis”'~"3. AMPK was reported to secure the levels of antioxidant
through the suppression of acetyl-CoA carboxylase 1/2 (ACC1/2). This way, the expenditure
of NADPH is decreased due to the inhibition of fatty acid synthesis, while its production is
boosted because of the activated fatty acid oxidation’®. Another discovery in favor of
protective role of AMPK against ROS concerns folliculin, a tumor suppressor, that was
shown to inhibit AMPK, and whose depletion prevented cell death caused by hydrogen

peroxide and other stimuli. AMPK-induced autophagy might be a part of this response”>7®.



Several studies also noted the potential involvement of AMPK in controlling cell
polarity. Raise in the amount of polarized cancer colon cells under metabolic stress and
higher number of tight junctions in kidney cells were observed upon the activation of
AMPK'7-79,
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Recent study also showed that melanoma-associated antigen A3/6 (MAGE A3/6)
upregulated mTORC1 activity and endorsed AMPKa1 degradation whereas its depletion
had a contrary outcome®!. These findings allow to assume that LKB1 might exert its tumor
suppressor properties via the same role of AMPK, especially knowing that the activity of this
kinase is severely diminished in mouse and human LKB1-deficient tumors®283. However,

there are several factors that make reevaluate this point of view more carefully.

One of them is the finding that AMPK activation can be provoked in LKB1-deficient
cells (A549, HelLa) with chemical compounds of either direct action, such as A769662, or
indirect one, like 2-Deoxy-D-glucose or Ca?* ionophore’#84-86_ |t was also observed that a-
subunit of AMPK can be directly phosphorylated at Thr172 not only by LKB1 but by CaMKKp
and TGFB-activated kinase TAK1 as well®*87. Furthermore, the data shows PRKAA1 and
PRKAB2 upregulation is a common event in different cancer types and correlates with the
mutations of principal oncogenes (KRAS, AKT, BRAF, MYC)8289_ Lastly, the abundance of

9



genes encoding AMPK subunits makes it possible for 12 different variants of AMPK
complexes to be assembled that potentially may have different functions and downstream
effectors. For instance, a novel study discovered the prevalence of AMPKa1 over AMPKa2
subunits in the kinase located in Golgi apparatus, plasma membrane and lysosomes®. Also,
the activity of AMPKo2 is downregulated in LKB1-depleted cardiac myocytes in case of

ischaemia while AMPKa1 activity remains unchanged®'.

These revelations may hold back from making univocal conclusions about the
definitive role of AMPK in mediating LKB1 tumor suppressor properties.
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2.4.2 NUAK1

NUAK1 (ARK5) was the fifth kinase discovered in the ARK family. Early evidence
suggested that this enzyme benefited cell survival in the condition of nutrient deprivation
after phosphorylation at Ser600 by protein kinase B (Akt)%. More studies revealed that this
effect was achieved due to the ability of NUAK1 to inhibit caspase 8 and negatively
phosphorylate procaspase 6%%. Also, clinical data showed robust correlation between
NUAK1 expression and increased invasiveness and metastatic capacity of the tumors®-97
as well as the link with poor prognosis in patients with pancreatic cancer®, colorectal
cancer-%8, hepatocellular carcinoma®:'%?, glioma'®! and multiple myeloma'%2. In addition,
NUAK1 was reported to phosphorylate the myosin phosphatase target subunit 1 (MYPT1)
and regulate cell adhesion. Cell adhesion was enhanced with the LKB1-NUAK1 signaling
impaired.'® These findings seem paradoxical, considering that NUAK1 is activated by the
tumor suppressor kinase. However, there is evidence on the tumor suppressing properties
of this kinase as well.

One of them is the induction of aneuploidy and premature senescence through the
interaction with large tumor suppressor kinase 1 (LATS1). The phosphorylation of NUAK1
by LKB1 at Thr211 and the kinase properties of the enzyme are needed in this case'%.
Another discovered role of NUAK1 might explain the growth restricting property of LKB1 —
apparently, G1/S cell cycle arrest caused by the master kinase is mediated by NUAK1 and

its association with p53 and p21/WAF promoter'%.

2.4.3 NUAK2

Little is known about NUAK2 functions, but it can be regarded as part of the cellular
stress response in different cell types'® and seems to cause cell detachment under
metabolic stress'?”. It might also contribute to the apoptosis resistance as decreased activity
of NUAK2 makes cells less motile after death receptor CD95 stimulation. Consistently,
NUAK2 was upregulated in several apoptosis-resistant cell lines by CD95 triggering°8,
NUAK2 depletion shortens the S phase, triggers senescence, inhibits migration and mTOR
activity in melanoma cells'%. Upregulation of NUAK2 predicts poor clinical outcome in
melanoma patients'%®, whereas in ovarian cancer patients it correlates with a better

survival'19,
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2.4.4 MARK subfamily

Microtubule affinity regulating kinases (MARK) are a family of serine-threonine
kinases comprised of 4 related isoforms: MARK1, MARK2, MARK3, MARK4.
They are known to be crucial for the regulation of the cell polarity and microtubule
organization'"'. MARK kinases phosphorylate microtubule associated proteins (MAPs),
reducing the dynamic stability of the microtubules, and Dishevelled (Dvl) proteins, which

are part of Wnt signaling pathway''2113,

MARK1 and MARK4 have recently been reported to downregulate SNAIL1
expression through the phosphorylation of the scaffolding protein DIXDC1, possibly
explaining the ability of LKB1 to abolish epithelial to mesenchymal transition and,
consequently, the progression of metastasis''4. LKB1-dependent activation of MARK2 was
shown to inhibit tubulin polymerization via phosphorylation of microtubule-associated
protein Tau and promote further proteasomal degradation of Tau. Respectively, the
depletion of LKB1 causes the increased growth of the microtubules''®. In addition, MARKSs
appear to also participate in the regulation of metabolism as the deletion of MARK2,
MARK3 and MARK4 in vivo develops a phenotype characterized by increased metabolic
rate, insulin hypersensitivity and resistance to adiposity, implying its potential link with the

advancement of diabetes'16-118,
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Fig.5 LKB1 regulation of AMPK and MARK signaling pathways®*
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2.4.5 SIK subfamily

This group of enzymes consists of 3 salt-inducible kinases - SIK1, SIK2, SIK3, - that
are responsible for suppressing the activity of CAMP response element-binding protein
(CREB) via phosphorylation of its transcriptional co-activators (CRTCs) and transcriptional
regulators class Il histone deacetylases (HDACs)'"®. Apart from regulating the gene
expression, SIK subfamily of kinases was shown to be involved in glucose metabolism'2.

However, their cancer-related functions are still not very clear.

There is evidence that SIK1 is required for LKB1 ability to encourage p53-dependent
anoikis and restrict metastasis progression in human mammary epithelial cells and lung
adenocarcinoma cells'?'. SIK1 was also reported to suppress the migration of gastric
adenocarcinoma cells'®?. Recent discovery shed light on the role of SIKs in pancreatic
cancer: the inhibition of SIK signaling caused by mutated G protein as (GNAS) within cAMP-
PKA pathway promotes tumor development and extensive rewiring of lipid metabolism'23.

At the same time, closely related SIK2 kinase was reported to phosphorylate
centrosome protein CEP250 (C-Nap1) and promote centrosome splitting and mitosis in
ovarian cancer cells. Elevated expression of SIK2 is also linked to a poor prognosis for high-
grade ovarian cancer patients'?*. SIK3 was also identified to maintain mitosis and ensure
correct mitotic exit. The duration of the mitosis in cells with SIK3 knockdown is extended'?.
Moreover, SIK2 together with SIK3 kinase were shown to upregulate myocyte-specific
enhancer factor 2C (MEF2C) transcription factor through the phosphorylation of its
repressive cofactor histone deacetylase 4 (HDAC4). As a result, proliferation of acute
myeloid leukemia cells was stimulated’?®. SIK2 was also reported to be crucial for the

growth of prostate cancer cells'?’.

In addition to this controversial evidence about the role of SIKs in human cancer, two
latest studies claim that SIK1 and SIK3 might be in charge for the tumor suppressor
functions of LKB1 in KRAS-driven lung adenocarcinoma as the genetic loss of these kinases

leads to enhanced cell growth both in vivo and in vitro'19.128,
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2.5 LKB1 interaction with the Hippo pathway

The LKB1 pathway was observed to cross over the Hippo pathway, which is known
to regulate the organ volume and possess both pro- and antitumorigenic properties’?®130, In
the Hippo pathway, MST1/2 kinases phosphorylate LATS1/2 kinases, that, in turn, provide
negative regulation for the transcription unit comprised of yes-associated protein 1 (YAP1)
and taffazin (TAZ). Interestingly, other AMPK-related kinases apart from AMPK are
suggested to participate in YAP1 regulation by LKB1'3",

The study showed that direct phosphorylation of LATS1 by NUAK1 and NUAK2
provoked its deterioration, potentially leading to the upregulation of the YAP1/TAZ
transcription'®*. MARK1 and MARK4 were also reported to affect LATS1/2, but in a different
fashion. MARKs promote the association of SCRIB factor with MST1/2 and, further, the
phosphorylation of LATS1/2, thus restricting YAP1 activity'32. Finally, AMPK was also

observed to inhibit YAP1/TAZ transcription under metabolic stress'33-135,

More research on the extent of integration of these two intertwined pathways could

provide exciting discoveries on their contribution to tumorigenesis.
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Fig.5. Regulation of Hippo signaling by AMPK and ARKs'36
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3 Hypothesis

While ectopic expression of LKB1 in LKB1-deficient A549 cells is demonstrated to
have a kinase dependent suppression of its growth'0, it is plausible that this happens via
one or several of its downstream kinase substrates. Therefore, gain-of-function experiments
by overexpressing constitutively active mutants of these kinases in LKB1-deficient cells is a
robust model for investigating the cell growth defect. After identifying the LKB1 substrates
exhibiting the growth-restrictive properties, a loss-of-function rescue experiment utilizing
RNAi-mediated silencing is expected to establish a LKB1-dependent growth suppression

mechanism.

4 Aims and objectives

The aim of this study is to identify the LKB1 substrates that are crucial for the LKB1-
caused cell growth defect in lung adenocarcinoma cells.

Therefore, the principal objective is to screen 11 LKB1 downstream kinases for their
ability to affect the lung cancer cell growth in a series of gain-of-function experiments,
concurrently verifying the genetic and protein expression. After detecting the potential
candidates, a loss-of-function rescue experiment will be conducted to establish a LKB1-

dependent growth suppression mechanism of lung adenocarcinoma cells.
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5 Materials and Methods

5.1 Cell culture

The A549 and 293FT cells were obtained from American Type Culture Collection.

The A549 and 293FT cells were grown in DMEM high glucose (4.5 g/L) growth media
(Lonza, USA) with the addition of 10% FBS (Gibco, USA), 1% L-glutamine (Lonza, USA)
and antibiotics (penicillin and streptomycin) (Lonza, USA) in 10 cm CELLSTAR dishes

(Greiner Bio-One, Germany) at 37°C, maintaining humidity and 5% CO: in the atmosphere.

5.2 Lentivirus production and transduction

Following human pLenti (pL) virus constructs were obtained from Makela laboratory:
= pL6 emGFP empty vector

= pL6.3 emGFP empty vector

= pL6 LKB1-WT

= pL6 LKB1-K78M kinase dead mutant

= pL6.3 AMPKa1-WT

= pL6 AMPKa1-T174E constitutively active mutant

* pL6.3 AMPKa2-WT

= pL6 AMPKa2-T172E constitutively active mutant

= pL6.3 SIK1-T182E constitutively active mutant

= pL6.3 SIK2-T175E V5-tagged constitutively active mutant

= plL6.3 SIK3-T221E constitutively active mutant

= pL6 NUAK1-T211A kinase dead mutant

= pL6 NUAK1-T211E constitutively active mutant

= pL6 NUAK2-T208A kinase dead mutant

= pL6 NUAK2-T208E constitutively active mutant

* pL6.3 MARK1-WT

= pL6.3 MARK1-T215E constitutively active mutant

= pL6.3 MARK2-T175E V5-tagged constitutively active mutant
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= pL6.3 MARKS3-T211E V5-tagged constitutively active mutant
= plL6.3 MARK4-T213E V5-tagged constitutively active mutant

The 293FT cell line was used for lentivirus production. 7.5x10° cells were plated in 10
cm CELLSTAR dishes (Greiner Bio-One, Germany) in DMEM high glucose (4.5 g/L) growth
media (Lonza, USA) with the addition of 10% FBS (Gibco, USA) and 1% L-glutamine (Lonza,
USA). The next day the expression construct (10.68 ug) with Delta 8.9 (7.98 ug) and VSVG
(5.34 pg) packaging plasmids were diluted in 3 mL of Opti-MEM reduced serum media
(Gibco, USA) and transfected into the cells using 60 uL of Lipofectamine 2000 (Invitrogen,
USA). The supernatant was collected 48 h later and filtered through a 0.22 um sterile filter
(Jet Biofil, China).

For the transduction, the A549 cells were seeded in 6-well plates at the density of 3x10°
cells per well in DMEM high glucose (4.5 g/L) growth media (Lonza, USA) with the addition
of 10% FBS (Gibco, USA), 1% L-glutamine (Lonza, USA) and antibiotics (penicillin and
streptomycin) (Lonza, USA). After 24 h of incubation the media was removed; 1 mL of the
same media, 1 mL of virus and 8 ug/mL of polybrene (Millipore, USA) were added into each
well. After the 18 h incubation the media was changed. Next day the media was changed
again with the addition of 7 ug/mL of blasticidine S hydrochloride (Sigma-Aldrich, USA).
After 5 days of blasticidine selection the transduced cells overexpressing the according
constructs were collected for protein and RNA samples as well as plated for the growth

assay.

5.3 siRNA transfection

Following human siRNA constructs were obtained from Dharmacon:

e ON-TARGETplus Non-targeting Pool (Cat.nr. D-001810-10-20)

e ON-TARGETplus (SMARTpool) siRNA PRKAA1 (Cat.nr. L-005027-00-0005)
e ON-TARGETplus (SMARTpool) siRNA PRKAA2 (Cat.nr. L-005361-00-0005)
e ON-TARGETplus (SMARTpool) siRNA NUAK1 (Cat.nr. L-004931-01-0005)
e ON-TARGETplus (SMARTpool) siRNA NUAK2 (Cat.nr. L-005374-00-0005)

For the siRNA transfection, the A549 cells were seeded in 6-well CELLSTAR plates
(Greiner Bio-One, Germany) at the density of 1.8x10° cells per well in DMEM high glucose
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(4.5 g/L) growth media (Lonza, USA) with the addition of 10% FBS (Gibco, USA) and 1% L-
glutamine (Lonza, USA). The following day the 20 mM siRNA constructs were diluted in 200
ML of Opti-MEM reduced serum media (Gibco, USA) and transfected into the cells using 5
WL of Lipofectamine RNAIMAX (Invitrogen, USA). After 6 h incubation at 37°C with 5% CO:2
in the atmosphere, the transfection mixture was replaced with DMEM high glucose (4.5 g/L)
growth media (Lonza, USA) with the addition of 10% FBS (Gibco, USA), 1% L-glutamine
(Lonza, USA) and antibiotics (penicillin and streptomycin) (Lonza, USA) to neutralize any
toxic effects of Lipofectamine. The next day the second round of siRNA transfection was
conducted. After 18 h incubation, the cells were counted and plated for the growth assay,
as well as plated in 6-well CELLSTAR plates (Greiner Bio-One, Germany) to be collected
for RNA samples 72 h later.
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5.4 Growth assay

5.4.1 Crystal violet

The cells were counted with Cellometer Auto T4 Plus Cell Counter (Nexcelcom
Bioscience, USA) and seeded in 24-well CELLSTAR plates (Greiner Bio-One, Germany) at
the density of 5x10° cells per well in in DMEM high glucose (4.5 g/L) growth media (Lonza,
USA) with the addition of 10% FBS (Gibco, USA), 1% L-glutamine (Lonza, USA), penicillin
and streptomycin (Lonza, USA), and 7 pg/mL of blasticidine S hydrochloride (Sigma-Aldrich,
USA). After 5 days of incubation, the cells were stained with 0.5% crystal violet solution (0.5%
(w/v) crystal violet (Sigma-Aldrich, USA) and 20% (v/v) methanol (Fisher Scientific, USA))
and left to dry overnight. The plates were then scanned and quantified using ImageJ

software, version 1.8.0 (National Institutes of Health, USA).

5.4.2 Incucyte

The cells were counted with Cellometer Auto T4 Plus Cell Counter (Nexcelcom
Bioscience, USA) and seeded in 96-well COSTAR plate (Corning, USA) at the density of
2,5x103 cells per well in DMEM high glucose (4.5 g/L) growth media (Lonza, USA) with the
addition of 10% FBS (Gibco, USA), 1% L-glutamine (Lonza, USA), penicillin and
streptomycine (Lonza, USA), and 7 ug/mL of blasticidine S hydrochloride (Sigma-Aldrich,
USA), and after 4 h of incubation placed into the IncuCyte S3 Live-Cell Analysis System
(Sartorius, Germany). The confluence of the wells was measured with 2 h interval for 72 h.
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5.5 RNA isolation and cDNA synthesis

The RNA was extracted with NucleoSpin RNA Plus kit (Macherey-Nagel, Germany)

and its concentration was measured with a NanoDrop-1000 spectrophotometer.

The cDNA synthesis was conducted in Eppendorf tubes. 0.2 ug of total RNA was
mixed with HyClone HyPure Molecular Biology Grade water (GE Healthcare LifeSciences,
USA) in the total volume of 7.5 pL, incubated at 65°C for 10 minutes and transferred on ice
for 2 minutes. 2 pL of 10x RT buffer, 8.8 mM MgClz, 3.2 mM dNTP mix, 4 uM random
hexamers and 0.2 pL of water were added to the tube. Lastly, 8 U of RNAse inhibitor and
25 U of MultiScribe Reverse Transcriptase were added to the solution, reaching the final
volume of 20 pL. The reagents used for reverse transcriptase reaction were from TagMan™
Reverse Transcription Reagents kit (Applied Biosystems, USA). After the short
centrifugation, the tube was placed in Peltier Thermal Cycler PTC-2000 (MJ Research, USA)
where it first underwent 10 min incubation at 25°C, then 30 min incubation at 48°C, and,

finally, 5 min incubation at 95°C, after which it was cooled to 15°C and stored at -70°C.

5.6 Real-time polymerase chain reaction

The primers for the PCR reaction were obtained from Sigma-Aldrich. (Tab.1)

The polymerase chain reaction was performed in MicroAmp Fast 96-well reaction
plate (0.1 mL) (Applied Biosystems, USA). A single well was loaded with 1 uL of cDNA, 7.6
uL of HyClone HyPure Molecular Biology Grade water (GE Healthcare LifeSciences, USA),
1 uL of 10 yM primer dilution (Tab. 1), 10.4 puL of Kapa Sybr Fast Abi Prism master mix (Kapa
Biosystems, South Afrcica). Each condition was plated in triplicates. The plate was then
sealed with Q-Stick qPCR seal (4titude Ltd, UK), centrifuged in 5804R centrifuge (Eppendorf,
Germany) at 2000 rpm for 2 min, and inserted into StepOnePlus real-time PCR system. The
PCR run consisted of the holding stage (95°C for 3 min), followed by the cycling stage (40
cycles; each including 95°C for 3 sec and 60°C for 30 seconds), concluded by the melt curve
stage (95°C for 15 sec, 60°C for 1 min, 95°C for 15 sec).
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Tab.1 gPCR primer information.

Target Forward primer sequence Reverse primer sequence
(species: 5 —3 5 —3
human)

LKB1 GCTCTTACGGCAAGGTGAAG | TTTTGTGCCGTAACCTCCTC
AMPKa1 GACAGCCGAGAAGCAGAAAC | CACATCAAGGCTCCGAATCT
AMPKa?2 ACAGGCCATAAAGTGGCAGT | GTTGGAGTGCTGATCACCTG

NUAK1 ATGGAATATGCCAGCAAAGG | GTTGGAAAGCCCAAAGTCAG
NUAK2 ACCACCCTCACATCATTGCC GGACAACTCTGTTCTGATGGC
MARK1 GGGAAATTTTGCCAAAGTCA | TCATTCTTCCATGGGCAACT
MARK2 CTCCCTTCCTCCAAGCTTCT AGTCAAGGTGTCCCAAGGTG
MARK3 TGTTGAAAACAATCGGCAAG TTGGATTCAACTGAGTTTTGTCA
MARK4 TCACTGGTCGGGAGGTTG CCTTCATGATGCGGACTTCT

SIK1 GCTTCTGAACCATCCACACA CCGTTGGAAGTCAAATAATCAAA

SIK2 GGGTGGGGTTCTACGACAT GCATCCAGCTGAGACTTATCG

SIK3 AAGACCCAGCTGGATGAAGA | GCCTCCTTTTCTGCCATTCT

OAZ1 CAGCAGCAGTGAGAGTTCCAG | ATCTTCAGGGGTGGGTGAG
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5.7 Protein isolation and processing

To collect protein samples, SDS lysis buffer was boiled at 98°C and added into wells,
then the plate with the material was placed on ice. SDS boiling buffer composition: 1mM
dithiothreitol (Applichem, Germany), 0.5mM phenylmethanesulonyl fluoride (Sigma-Aldrich,
USA), 10mM glycerol 2-phosphate disodium salt hydrate (Sigma-Aldrich, USA), 2 ug/mL
leupeptin trifluoroacetate salt (Santa Cruz Biotechnology, USA), 50mM sodium fluoride
(Millipore, USA) diluted in SDS buffer (2.5% SDS, 0.25M Tris-HCI pH 6.8). After collecting
protein samples into Eppendorf tubes, they were boiled at 98°C for 5 min and homogenized
using 25G needle. To clear the sample, the tubes were centrifuged at 4°C and 12000 rpm
for 30 min, and the supernatant was collected. Protein concentration was measured in 96-
well CELLSTAR plates (Greiner Bio-One, Germany), using DC Protein Assay kit (Bio-Rad
Laboratories, USA) with FLUOstar microplate reader (BMG Labtech, Germany).

Protein dilutions were prepared in final volumes of 30 pL, boiling SDS lysis buffer, 20
Mg of protein and 7.5 pL of 4x Laemmli Sample Buffer (Bio-Rad Laboratories, USA) (with 2-
mercaptoethanol (Sigma-Aldrich, USA) added freshly to LSB in 1:10 ratio) together at 98°C

for 5 min.

5.8 SDS-PAGE and Western blotting

SDS-PAGE was performed in 4-20% Mini-PROTEAN® TGX™ Precast Gels, 10-well,
50 pL (Bio-Rad Laboratories, USA), at 75 V for 30 min, then switching to 130 V for 1 h,
loading 20 pg of protein in each well.

The gel was transferred on 0.2 ym nitrocellulose membrane using Trans-Blot Turbo
Transfer Pack (Bio-Rad Laboratories, USA) in Trans-Blot Turbo Transfer System (Bio-Rad
Laboratories, USA) at 25 V for 10 min.

The membrane was then stained with Ponceau S (Sigma-Aldrich, USA) to assess
the efficiency of the transfer and washed with water. Next, the membrane was incubated at
the room temperature for 1 h in 5% milk (Valio, Finland) solution in TBS-T (1x TBS
(Medicago AB, Sweden) with 0.1% Tween 20 (Sigma-Aldrich, USA)). After blocking, the

membrane was incubated with primary antibody (Tab.2) at 4°C for 18 h. Then the membrane
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was washed three times with TBS-T for 10 min each and incubated with corresponding HRP-

conjugated secondary antibody (Goat anti-Rabbit IgG antibody (Millipore, AP132), Goat
anti-Mouse 1gG antibody (Millipore, AP308P), Goat anti-Chicken IgY (Abcam, ab6877))
diluted in 1:5000 ratio in 5% milk in TBS-T solution for 1 h. After that, the membrane was
washed again with TBS-T three times for 10 min each. Finally, the membrane was incubated

in Super Signal West Femto Maximum Sensitivity Substrate solution (Thermo Scientific,
USA) in PBS (Medicago AB, Sweden) for 3 min, and developed on the Super RX-N Fuiji
Medical X-ray film (Fujifilm, Japan) using Optimax 2010 X-Ray Film Processor (Protec,

Germany).

Tab. 2 Primary antibody information.

Target protein | Host species Dilution Manufacturer
LKB1 Mouse 1:1000, 5% w/v milk, 1xTBS, Abcam (ab15095)
0.1% Tween 20
AMPKa1 Rabbit 1:1000, 5% w/v milk, 1xTBS, Abcam (ab32047)
0.1% Tween 20
AMPKa2 Rabbit 1:1000, 5% w/v milk, 1xTBS, Abcam (ab3760)
0.1% Tween 20
NUAK1 Rabbit 1:1000, 5% w/v BSA, 1xTBS, Cell signaling
0.1% Tween 20 (#4458)
NUAK2 Rabbit 1:250, 5% w/v milk, 1xXTBS, Abcam (ab107287)
0.1% Tween 20
MARK1 Rabbit 1:1000, 5% w/v milk, 1xTBS, Proteintech
0.1% Tween 20 (#21552-1-AP)
SIK1 Rabbit 1:1000, 5% w/v milk, 1xTBS, Proteintech
0.1% Tween 20 (#51045-1-AP)
SIK3 Chicken 1:1000, 5% w/v milk, 1xTBS, Origene
0.1% Tween 20 (TA319854)
V5 tag Mouse 1:5000, 5% w/v milk, 1xTBS, Invitrogen (#R960-
(C-term.) 0.1% Tween 20 25)
GAPDH Rabbit 1:10000, 5% w/v BSA, 1xTBS, Cell signaling
0.1% Tween 20 (#2118)
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5.9 Statistics

Statistical analyses were performed using GraphPad Prism, version 6.0 (GraphPad
Software, San Diego, CA). Unpaired two-tailed Welch-corrected t test was applied to detect
statistical difference between the two groups. Data are shown as mean + standard error of
the mean. Difference between means was considered not significant (ns) when P > 0.05; *P
<0.05; **P<0.01; ***P < 0.001; ****P < 0.0001).
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6 Results

6.1 LKB1 overexpression in A549 cells leads to the growth
defect

To confirm tumor suppressive properties of LKB1, A549 cells were transduced with
wild type LKB1 (LKB1-WT), kinase dead LKB1 (LKB1-K78M) and vector control (empty
vector (EV)), and their growth potential was monitored (Fig.1).

The overexpression status of LKB1-WT and LKB1-K78M in the cells was supported
both by quantitative RT-gPCR (on average, gene expression was elevated 39-fold and 29-
fold, correspondingly) (Fig.1a), as well as by Western blotting, where the level of LKB1
protein was also higher in the wild type sample than in the kinase dead mutant, and no LKB1
protein was detected in the empty vector control (Fig.1b).

The further analysis of crystal violet staining showed a remarkable 51% reduction in
confluence of wild type LKB1 compared to both empty vector (P=0.0001) and kinase dead
control (P=0.0001) (Fig.1c).

Though the observations from the crystal violet method indicated a significant growth
defect in LKB1 overexpressing A549 cells, however, to mitigate any discrepancy in the initial
seeding density and image quantification, we adapted continuous monitoring of the cell
growth and well confluence changes using the IncuCyte system. This method enhanced the
precision of the calculations by showing the actual starting cell density, and more data, such
as growth rate of the cells, could be acquired. The growth rate was calculated by normalizing
the difference in confluence between the endpoint and the starting point with the confluence
in the beginning of the observation and dividing it by the duration of monitoring in hours.

The growth defect caused by the wild type form of LKB1 was confirmed by 16%
reduction in the growth rate compared to the empty vector control (P=0.0304) and even
higher 32% reduction compared to the kinase-dead mutant (P=0.0021) (Fig.1d).
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Ectopic expression of LKB1 in A549 cells results in diminished cell growth.

(a) Relative gene expression of LKB1 (normalized to empty vector control; + SEM; N=4).
(b) Western blotting of LKB1-WT and LKB1-K78M incubated with a-LKB1 primary antibody
(Predicted molecular weight: 55 kDa; a-GAPDH is a loading control). (¢) Crystal violet
staining demonstrates the difference in confluence between wild type LKB1, kinase-dead
mutant and empty vector control (P=0.0001 (***), unpaired, two-tailed, Welch-corrected t
test; + SEM; N: 10-13 wells from 3 experiments, colour-coded). (d) Growth rate of LKB1-WT
is decreased in comparison to LKB1-K78M and EV control after 43-46h of incubation in
IncuCyte (P=0.0021 (**) and P=0.0304 (*), unpaired, two-tailed, Welch-corrected t test; +
SEM; N: 10-14 wells from 2 experiments, colour-coded).
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6.2 NUAK1 causes the impaired growth of A549 cells

To investigate the possible effect of NUAK kinases on the growth of A549 cells, a
transduction of NUAK1 and NUAK2 constitutively active mutant constructs (NUAK1-TE,
NUAK2-TE) was first performed in these cells and the growth assay was then conducted.

The crystal violet staining revealed an impressive 41% decrease in confluence for
NUAK1 condition (P<0.0001) and similar 46% decrease for NUAK2 mutant (P<0.0001)
compared to the empty vector condition (Fig.2e).

Considering the significance of these results, as well as to investigate, whether the
kinase property of the enzymes was involved in the observed cell growth defect, the
experiment was repeated in the IncuCyte system, including also the kinase-dead mutants
of NUAK1 (NUAK1-TA) and NUAK2 (NUAK2-TA). Strikingly, no reduction in cell growth rate
of NUAK2 constitutively active mutant compared to either empty vector control or kinase-
dead mutant was detected (Fig.2f). However, the NUAK1-TE condition still demonstrated
the inhibition of the cell proliferation: 33% reduction in growth rate in contrast to the empty
vector control (P=0.0214) and 23% decline compared to the kinase-dead mutant (P=0.0195)
(Fig.2f).

Genetic overexpression of NUAK1 and NUAK2 was confirmed by RT-qPCR: 8-fold
upregulation for NUAK1-TA, 34-fold increase for NUAK1-TE and 6-fold upregulation for both
NUAK2 conditions was observed (Fig.2a,b). This was also confirmed on the protein level
with an obvious contrast between NUAK bands and the empty vector (Fig.2c,d). Although
NUAK1-TE on the gene level was expressed at least twice more than the kinase-dead
mutant, almost no difference between these two conditions could be spotted on protein level,
which might be due to the limited capacity of the cells to produce such amounts of the protein.

On the Western blots, the bands appear to have higher molecular weight than
expected, with a pattern of TE-mutants having slightly bigger size than TA-mutants. This
could be explained by potential post-translational modifications and incomplete denaturation
of the proteins that could affect the protein separation during SDS-PAGE. Nevertheless,
these results were reproducible across the experiments and the antibodies were tested with

both positive and negative controls.
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Fig.2

NUAKT1 patrticipates in A549 cell growth decrease.

(a) Relative gene expression of NUAK1 (normalized to EV control; £+ SEM; N=2-4). (b)
Relative gene expression of NUAK2 (normalized to EV control; + SEM; N=2-4). (c) Western
blotting of NUAK1 kinase-dead and constitutively active mutants incubated with a-NUAK1
antibody (Predicted molecular weight: 78 kDa; a-GAPDH is a loading control). (d) Western
blotting of NUAK2 kinase-dead and constitutively active mutants incubated with a-NUAK2
antibody (Predicted molecular weight: 70 kDa; o-GAPDH is a loading control). (e) Crystal
violet staining displays the difference in confluence between NUAK1-TE, NUAK2-TE and
EV control (P<0.0001 (****), unpaired, two-tailed, Welch-corrected t test; + SEM; N: 16-19
wells from 3 experiments, colour-coded). (f) Growth rate of NUAK1-TE is decreased in
comparison to kinase-dead mutant and EV control after 46-70h incubation in IncuCyte
(P<0.05 (%), unpaired, two-tailed, Welch-corrected t test; + SEM; N: 8-12 wells from 3
experiments, colour-coded).
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6.3 AMPK is involved in the growth defect of A549 cells

The A549 cells were transduced with AMPKa1 and AMPKa2 wild type (AMPKa1-WT,
AMPKo2-WT) and constitutively active mutant constructs (AMPKa1-TE, AMPKa2-TE),
followed by the growth assay.

The gene expression was upregulated on average 5- to 6-fold for AMPKa1-TE and
AMPKo1-WT, and 9- to 15-fold for AMPKo2-TE and AMPKo2-WT (Fig.3a,b). The
overexpression of AMPK was also reflected on the protein level — the bands of these
conditions on the blots are thicker than ones that serve as the controls, however, they more
likely demonstrate 2- to 3-fold difference (Fig.3c,d). This discrepancy between the mRNA
and protein levels could be explained by the inability of cells to produce as much protein as
was genetically expressed. Another clarification would be the failure of the exceeding
amount of AMPKa1/a2 subunits to associate with B- and y-subunits, which led to their
degradation in the proteasomes.

Data from the crystal violet staining showed a remarkable drop in confluence for both
AMPK isoforms: 48% in case of AMPKa1-TE compared to the wild type form (P<0.0001)
and the empty vector condition (P<0.0001), and 62% to 66% reduction in confluence of
AMPKa2-TE condition compared to the wild type form (P<0.0001) and the empty vector
(P<0.0001), correspondingly (Fig.3e).

To confirm these observations, the experiment was resumed in the IncuCyte system.
AMPKa2 constitutively active mutant showed 26% lower growth rate than the empty vector
(P=0.1328) and 18% less growth than the wild type form (P=0.3345), however, these results
were not statistically significant (Fig.3f). At the same time, the growth rate of AMPKa1-TE
condition was reduced by 27% in comparison to both wild type (P=0.0208) and empty vector
controls (P=0.0198), thus supporting the growth-restraining role of AMPKa1 (Fig.3f).
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Fig.3

AMPK negatively affects the growth of A549 cells.

(a) Relative gene expression of AMPKa1 (normalized to EV control; £+ SEM; N=2-3).
(b) Relative gene expression of AMPKa2 (normalized to EV control; £+ SEM; N=2).
(c) Western blotting of wild type AMPKa1 and its constitutively active mutant incubated with
a-AMPKa1 primary antibody (Predicted molecular weight: 63 kDa; a-GAPDH is a loading
control). (d) Western blotting of wild type AMPKa2 and its constitutively active mutant
incubated with a-AMPKa2 primary antibody (Predicted molecular weight: 63 kDa; a-GAPDH
is a loading control). (e) Crystal violet staining reveals the difference in confluence of
constitutively active AMPKa1 and AMPKa2 compared to EV and wild type controls
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(P<0.0001 (****), unpaired, two-tailed, Welch-corrected t test; + SEM; N: 12-16 wells from 3
experiments, colour-coded). (f) Growth rate of AMPKa1 and AMPKa2 constitutively active
mutants is reduced in comparison to wild type forms and EV control after 48-70 hours of
incubation in IncuCyte (P<0.05 (*) and P>0.05 (ns), unpaired, two-tailed, Welch-corrected t
test; £ SEM; N: 6-14 wells from 3 experiments, colour-coded).
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6.4 MARK subfamily kinases do not affect the growth of A549
cells

To assess the role of MARK family regarding the growth of the A549 cells, a
transduction with constitutively active mutant constructs of its four members (MARK1-TE,
MARK2-TE, MARKS-TE, MARK4-TE) was first performed, and the growth assay was carried
out.

Crystal violet staining method revealed that only one member of this kinase family
had significant impact on the cell growth. MARK1 constitutively active mutant exhibited 27%
confluence reduction compared to the empty vector control (P<0.0001) (Fig.4e).

This kinase was then additionally tested in the IncuCyte system, and the wild type
control (MARK1-WT) was also included to assess the role of the kinase activity of MARK1.
Surprisingly, this time no evidence of growth arrest caused by MARK1 kinase was acquired.
The growth rate of constitutively active MARK1 mutant was decreased insignificantly
compared to the wild type form of the kinase and even exceeded the growth of the empty
vector control (Fig.4f).

RT-gPCR showed that, on average, the gene expression of MARK2 was elevated 7-
fold, MARK3 — 14-fold, MARK4 — 27-fold (Fig.4b). The average mRNA level of MARK1
seemed to be extremely upregulated: 887-fold in case of MARK1-WT and 510-fold for
MARK1-TE condition (Fig.4a), which was due to the low endogenous expression of MARK1
in A549 cells. The results from Western blots also demonstrated the overexpression of the
substrates as their bands clearly exceeded the signal from the empty vector control
(Fig.4c,d). High genetic expression, however, could result in translation of abundant proteins
to such an extent when the difference between MARKSs could no longer be spotted on protein
level. This, together with potential post-translational modifications, might also be the reason
for the band size shift. In case of MARK2, MARK3 and MARK4, although the V5-tag in these
constructs allowed to conveniently screen these substrates together, at the same time, it
could contribute to a slightly increased molecular weight, but in a very humble manner (1-
1.5 kDa). Still, the alignment pattern of the bands of these kinases was preserved and the

results were reproducible across the experiments.
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MARK subfamily is not involved in restricting A549 cell growth.

(a) Relative gene expression of MARK1 (normalized to EV control; £+ SEM; N=2-4).
(b) Relative gene expression of MARK2, MARK3 and MARK4 in corresponding
constitutively active mutants (normalized to EV control; + SEM; N=2-3). (¢) Western blotting
of wild type MARK1 and its constitutively active mutant incubated with a-MARK1 primary
antibody (Predicted molecular weight: 85-89 kDa; a-GAPDH is a loading control). (d)
Western blotting of MARK2-TE, MARK3-TE, MARK4-TE incubated with o-V5 C-term.
primary antibody (Predicted molecular weight: MARK2 — 88 kDa, MARKS3 - 85 kDa, MARK4
— 83 kDa; a-GAPDH is a loading control). (e) Crystal violet staining shows the difference in
confluence between constitutively active mutant MARK1-TE and EV control (P<0.0007 (***¥),
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unpaired, two-tailed, Welch-corrected t test; + SEM; N: 18-25 wells from 4-5 experiments,
colour-coded), but not for MARK2-TE, MARKS3-TE, MARK4-TE. (f) Growth rate of MARK1-
TE is not decreased in comparison to wild type MARK1 or EV control after 46-70h incubation
in IncuCyte (P>0.05 (ns), unpaired, two-tailed, Welch-corrected t test; + SEM; N: 6-9 wells

from 2 experiments, colour-coded).
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6.5 SIK kinases do not influence the growth of A549 cells

To evaluate the possible role of SIK subfamily kinases in diminishing A549 cell growth,
the cells were transduced with SIK1, SIK2 and SIK3 constitutively active mutant contructs
(SIK1-TE, SIK2-TE, SIK3-TE) and were subjected to the growth assay.

Genetic overexpression of the SIK kinases was confirmed by 8-fold upregulation of
SIK1, 21-fold upregulation of SIK2 and 7-fold increase of SIK3 mRNA (Fig.5a). This was
reflected on the protein level in a similar way — with conspicuous difference between the
empty vector and SIK2 constitutively active mutant, and less prominent distinction between
the control and SIK1 and SIK3 mutants (Fig.5b,c,d).

The analysis of crystal violet staining showed no reduction in confluence of SIK

constitutively active mutants compared to the empty vector control (Fig.5e).
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SIK subfamily does not alter the A549 cell growth.

(a) Relative gene expression of SIK1, SIK2 and SIK3 in corresponding constitutively active
mutants (normalized to EV control; + SEM; N=3). (b) Western blotting of SIK1 constitutively
active mutant incubated with a-SIK1 primary antibody (Predicted molecular weight: 85 kDa;
o-GAPDH is a loading control). (¢) Western blotting of SIK2 constitutively active mutant
incubated with a-V5 C-term. primary antibody (Predicted molecular weight: 103 kDa; a-
GAPDH is a loading control). (d) Western blotting of SIK3 constitutively active mutant
incubated with a-SIK3 primary antibody (Predicted molecular weight: 115 kDa; a-GAPDH is
a loading control). (e) Crystal violet staining displays no reduction in confluence of
constitutively active SIK1-TE, SIK2-TE, SIK3-TE compared to EV control (P>0.05 (ns),
unpaired, two-tailed, Welch-corrected t test; + SEM; N: 14-26 wells from 4-5 experiments,
colour-coded).
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6.6 AMPKa1, AMPKa2 and NUAK1 kinases cause cell growth
defect in A549 cells in LKB1-dependent manner

To establish that the exhibited growth defect in AMPKs and NUAK1 overexpressing
A549 cells is a LKB1-dependent mechanism, rescue experiments with siRNA-mediated
loss-of-function of the kinase substrates in LKB1-overexpressing cells was conducted.
siRNA-mediated knockdown of a kinase exerting growth-restricting properties in LKB1-
reconstituted cells would lead to the rescue of the cell growth and indicate the LKB1-
dependent manner of action of this substrate. Earlier, only AMPKa1, AMPKa2 and NUAK1
overexpressing cells showed growth suppressing potential, therefore these kinase
substrates were considered for the rescue experiments.

First, A549 cells were transduced with constructs of empty vector, wild type LKB1
and kinase-dead LKB1, transfected with non-targeting siRNA (siNT) as knockdown control
(EV+siNT, LKB1-WT+siNT, LKB1-K78M+siNT) and checked for the growth defect using
IncuCyte. The growth rate of LKB1-WT was 65% lower than the kinase-dead mutant control
(P=0.0195), and 50% less than the empty vector control (P=0.1155) (Fig.6c).

LKB1 gene expression in the studied cells was supported by RT-gPCR of the wild
type and kinase-dead LKB1 knockdown controls, displaying 57-fold and 34-fold upregulation,
correspondingly (Fig.6a). RT-qPCR data also confirms the successful knockdown of AMPKs
and NUAK1. On average, AMPKa1 was downregulated by 83-86%, AMPKa2 — by 96%.
Double AMPK knockdown decreased the amount of AMPKa1 mRNA by 76-79% and the
expression of AMPKa2 by 93-95% (Fig.6b). NUAK1 was downregulated slightly less — by
62-66%, and in this case a trend for compensation of its activity by NUAK2 was noted
(Fig.6b). So, in LKB1-K78M+siNUAK1 condition the gene expression of NUAK2 was
elevated by 50%, suggesting the tight balancing of these kinases in the cell.

siRNA knockdown of every tested condition showed the rescue of growth in A549
cells with reconstituted LKB1. AMPKa1 knockdown increased the growth rate by 57%
(P=0.0917), AMPKa2 knockdown - by 72% (P=0.0254), double knockdown of both AMPK
isoforms managed to raise this feature by 78% (P=0.0282), and knockdown of NUAK1
caused 75% gain in growth rate (P=0.0616) compared to LKB1-WT with siNT knockdown
(Fig.6d).

Knockdown conditions in LKB1-WT cells demonstrated similar growth rate as kinase-
dead mutant controls with identical knockdown of AMPKs and NUAK1 (Fig.6d). Consistently,

no significant difference in growth rate between knockdown control and studied conditions
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was detected upon substrate inactivation in cells overexpressing LKB1 kinase-dead mutant

as no growth defect could be observed there initially.
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SiRNA knockdown of AMPKs and NUAK1 rescues growth defect in A549 cells
overexpressing wild type LKB1

(a) Relative gene expression of LKB1 (normalized to EV+siNT control; + SEM; N=2).

(b) Relative gene expression of AMPKal, AMPKa2 and NUAK1 (normalized to
corresponding knockdown controls (LKB1-WT+siNT or LKB1-K78M+siNT); = SEM; N=2).
(c) Growth rate of LKB1-WT+siNT condition is decreased in comparison to LKB1-
K78M+siNT and EV+siNT controls after 48-72h of incubation in IncuCyte (P=0.0195 (*) and
P=0.1155 (ns), unpaired, two-tailed, Welch-corrected t test; + SEM; N: 4-10 wells from 2
experiments). (d) Rescue of growth in A549 cells overexpressing wild type LKB1 after AMPK
and NUAK1 knockdown and 48-72h of incubation in IncuCyte (P<0.05 (*), unpaired, two-
tailed, Welch-corrected t test; £ SEM; N: 4-10 wells from 2 experiments).
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7 Discussion

7.1 NUAK1 and AMPK are the key LKB1 effectors in lung
cancer cell growth suppression

Tumor suppressor LKB1 is mutated in 18% of lung adenocarcinomas and its
inactivation accelerates lung tumorigenesis in mouse model®?’. However, there is limited
knowledge concerning the precise mechanism, by which LKB1 restricts the lung cancer cell
growth. For years, researchers’ attention was mostly drawn to the well-known metabolic
regulator AMPK, and no systematic analysis of all LKB1 downstream targets has been

performed to reveal their involvement in the lung cancer pathogenesis.

In this study, a total of 11 downstream LKB1 substrates were selected for examining
their tumor suppressive functions. BRSK1, BRSK2 and SNRK kinases were excluded from
the screening due to their low baseline expression in lung tissues?®'3’. The whole project
was carried out in three steps: in the first phase of the screening, | used crystal violet staining
method to spot the difference in A549 cell growth caused by constitutively active mutants of
11 LKB1 downstream kinases in the series of overexpression experiments. A remarkable
and statistically significant cell growth reduction was observed for AMPKa1, AMPKa2,
NUAK1, NUAK2 and MARK1 constitutively active mutants. Next, | repeated the experiments
with these selected LKB1 substrates using the IncuCyte system and evaluated the cell
growth. At this stage, all conditions were additionally compared either with the kinase-dead
(for NUAK1 and NUAK2) or wild-type (for MARK1, AMPKa1, AMPKa2) controls to confirm
that the kinase activity of the enzyme was causing the cell growth defect. The acquired data
suggested that only NUAK1 and both AMPK isoforms are crucial for this process as only
these conditions demonstrated the growth rate suppression, which also was quite similar -
ranging from 18% to 33%. The final step was to link the well-known tumor suppressive
properties of LKB1 with the collected data in growth rescue experiments. A549 cells with
ectopically expressed LKB1 and knockdown of NUAK1, AMPKa1, AMPKa1 or double
knockdown of both AMPK isoforms all showed increase in cell growth varying from 57% to
78%. These observations illustrate that the A549 cell growth defect caused by LKB1 is
mediated by its downstream kinases NUAK1, AMPKa1 and AMPKao2.
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The findings from this study in addition to the known functions of AMPK as a
metabolic regulator might provide evidence for its tumor suppressive properties in cancer
cells. The inhibition of mMTORC1 pathway, which is achieved by AMPK through the
phosphorylation of its substrates Raptor®® and TSC2'3® upon energy stress, is believed to
be one of the most significant growth-restricting aspects, as it halts the translation of several
vital transcriptional factors, such as SREBP-1%" and HIF-1a’°. Downregulation of the latter
one causes the inhibition of the glycolytic pathway®8%°, which, together with AMPK-provoked
increase in mitochondrial growth'® and enzymes'#°, comprises the anti-Warburg effect.
Consistently, the silencing of both AMPK a subunits in non-small cell lung carcinoma H1299
cell line demonstrated elevated basal extracellular acidification rate (ECAR) and lactate
concentration, pointing at the involvement of AMPK in counteracting the Warburg effect, a
distinctive feature of cancer cells''.142, Moreover, apart from the metabolic impact, AMPK
was reported to induce the cell cycle arrest by activating the cell cycle regulating proteins
p53 and p21143.144,

A recent study'4® suggests that AMPK interrupts the cell cycle in LKB1-null cells upon
phosphorylation by CAMKK?2, its alternative upstream activator®4146.147  One of the study
models in this project were A549 cells, and activation of AMPK by calcium ionophore
A23187 did disrupt the G1/G2 transition, which stands in line with the results of my research.
What remains unclear, is the authors’ statement about AMPK being the only kinase
responsible for the growth defect, even with the LKB1 expressed in the cell. In their paper,
the authors provide evidence only for LKB1-independent AMPK activation and growth
suppression. Also, their research is focused solely on AMPK, leaving AMPK-related kinases
out of scope. This gave me additional motivation to apply more comprehensive approach in
my study by including ARKSs in the screening and investigating their effect on cell growth

upon activation by LKB1.

My data on NUAK1 is consistent with the findings showing the ability of this kinase to
directly phosphorylate p53 and to halt the cell cycle at the G1/S stage upon activation by the
LKB1 in the same A549 cell line'%. Surprisingly, the involvement of p53 suggests that
NUAK1 and AMPK might share a common mechanism of interrupting the cell cycle

progression.
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My investigation shows no involvement of SIK or MARK kinases in cell growth control.
However, two recent studies highlight SIK1 and SIK3 as the mediators of LKB1-caused cell
growth defect in NSCLC"'9128_ |n both projects, the mice models of KRAS-driven lung
adenocarcinoma are used, which makes it rather challenging to compare the data from my
in vitro experiments with potentially more reliable in vivo studies. Surprisingly, Hollstein et
al. report, that, prior to starting in vivo studies, they failed to observe the LKB1-dependent
cell growth defect in A549 cells cultured in standard adherent conditions, although the
suppressing effect of ectopic LKB1 on A549 cell growth was first described by Jimenez et
al. in 2003'° and reproduced in my project. Also, some data from the paper by Murray et al.
may raise questions. For instance, in addition to SIKs, NUAK and AMPK inactivation seems
to also provoke an increased tumor burden in their mouse model, but this data is not
considered. Unfortunately, no difference in cell growth caused by SIKs was detected in my
in vitro study, and that could be one of the limitations of this project.
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7.2 Limitations of the study

Although the in vitro overexpression experiments suit well for the screening purpose,
they still have certain drawbacks. One such major shortcoming is the redundant expression
of a gene of interest, which exceeds the level of its physiological expression. Consequent
overexpression of an according protein may lead the cell into the state of protein burden,
overloading the resources required for protein translation, folding and breakdown. This can
also be caused by an overexpression of specific subunits of a protein complex (e.g. catalytic
a-subunits in heterotrimeric AMPK complex) and following disturbance of the stoichiometric
balance. Increased expenditure of cell's resources, accumulation of abnormal complexes
and promiscuous protein interactions might impair the cell growth'8. In this regard, a bias
towards the false positive results could arise, considering the design of my project. At the
same time, the discrepancies between gene and protein expression data observed in my
experiments could be explained by the consequences of protein overexpression.

As was mentioned before, AMPK can be activated by either LKB1 or CAMKK2. In my
experiments | did not use CAMKK inhibitors, so, possibly, the wild-type form of AMPK was
left exposed to phosphorylation by this kinase and could continue affecting the cell
proliferation. Since | used the wild-type AMPK as a control for the constitutively active mutant,
blocking CAMKK2 could increase the detected difference in cell growth between these

conditions and strengthen the evidence in favour of AMPK growth-suppressing properties.

This project assumes that several kinases might mediate the growth-restricting
properties of LKB1 in lung cancer cells, however, the outline of this study does not provide
the possibility to measure, whether this effect is individual or cumulative, as well as it does
not answer the question about the exact molecular mechanism responsible for the cell
growth defect.

Also, several experiments should have been repeated to improve the statistical

significance of the results. This is especially relevant for the rescue experiments with siRNA
knockdown.
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8 Conclusions and prospects

The results of this project highlight that the kinase activity of NUAK1 and AMPKa
isoforms is crucial for the LKB1-mediated suppression of the lung adenocarcinoma cell
growth. The involvement of other AMPK-related kinases in the LKB1-mediated lung

adenocarcinoma cell growth suppression appears to be insignificant.

Future studies should focus on investigating the detailed mechanism behind the
LKB1-dependent observed cell growth defect in AMPKa, NUAK1 overexpressed lung
adenocarcinoma cells. For instance, proliferation and apoptosis markers such as phospho-
histone H3 and cleaved caspase 3 can be a good marker to reveal whether the restricted
growth of cancer cells is due to a defect in the cell cycle or apoptosis. ROS assay could help
better understand the metabolic profile of the studied conditions. Also, it would be extremely
useful to adapt the results from this project and carry them over to the physiologically more

relevant in vivo model for investigating functions of LKB1 downstream kinases in lung cancer.

In abundance of often contradictory evidence regarding the role of AMPK and AMPK-
related kinases in cancer, the findings from this project will help to prioritize the aims and
define future course of the research as well as action towards targeting LKB1 mutant lung

cancer.
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